ROYAL SOCIETY

OF CHEMISTRY

PCCP

PAPER

CrossMark
& click for updates

Cite this: Phys. Chem. Chem. Phys.,
2016, 18, 25296

First-principles assessment of CO, capture
mechanisms in aqueous piperazine solutionf
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Haley M. Stowe,® Eunsu Paek® and Gyeong S. Hwang

Piperazine (PZ) and its blends have emerged as attractive solvents for CO, capture, but the underlying
reaction mechanisms still remain uncertain. Our study particularly focuses on assessing the relative roles
of PZCOO™ and PZH* produced from the PZ + CO, reaction. PZCOO™ is found to directly react with
CO, forming COO PZCOO~, whereas PZH" will not. However, COO PZCOO™ appears very unlikely to
be produced in thermodynamic equilibrium with monocarbamates, suggesting that its existence would
predominantly originate from the surface reaction that likely occurs. We also find production of
H*PZCOO™~ to be more probable with increasing CO, loading, due partly to the thermodynamic
favorability of the PZH* + PZCOO~ — H*PZCOO™ + PZ reaction; the facile PZ liberation may contribute
to its relatively high CO, absorption rate. This study highlights an accurate description of surface reaction
and the solvent composition effect is critical in thermodynamic and kinetic models for predicting the CO,
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1. Introduction

Energy-efficient and low-cost methods for capture of carbon
dioxide (CO,) from flue gases have been sought to curb greenhouse
gas emissions while fossil fuels will likely remain a dominant
energy source in the next few decades."” A wet-scrubbing approach
using amines has been considered the most promising short-
term solution.’ Its widespread implementation is limited by the
high cost associated with the high parasitic energy consump-
tion during solvent regeneration, along with amine degradation
and corrosion problems.”® Various types of aqueous amines
have been designed and tested for use in a post-combustion
CO, capture plant.”®

Aqueous piperazine (PZ) has been reported to have many
advantageous qualities including low regeneration energy, low
thermal and oxidative degradation rates, and low corrosivity
relative to widely used alkanolamines such as monoethanolamine
(MEA).>™ In addition, PZ exhibits a relatively high absorption
rate and thus has been often used as a rate promoter in aqueous
amine blends.”>™* For instance, the rate of CO, absorption
has been found to significantly increase when PZ is added to
aqueous solutions of methyldiethanolamine (MDEA)'>™"” and
2-amino-2-methyl-1-propanol (AMP),'®'® while reducing the
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regeneration energy. Although PZ has been typically used in
small amounts (~5-10 wt%) due to solubility and viscosity
concerns, recent studies have also proposed the use of concen-
trated PZ (~ 30-40 wt%) as the risk of solid precipitation tends to
decrease under CO,-loaded conditions.®'® While PZ-based
amine solvents appear to be promising for post-combustion
carbon capture, some fundamental aspects of CO, absorption
in aqueous PZ solutions still remain unclear even though an
accurate description of the reaction processes would be essential
in efforts to optimize their performance.

Like various other amine solvents, CO, capture by aqueous PZ
has been thought to occur via a two-step mechanism where PZ and
CO, react to form a zwitterionic intermediate (PZ'COO™) followed
by deprotonation to form carbamate (PZCOO );>**' the proton
can be abstracted by available basic sites such as PZ forming
protonated PZ (PZH').>* Since each PZ has two basic N atoms,
PZCOO™~ and PZH" may further participate in CO, capture. They
may directly react with CO, to form dicarbamate (COO™PZCOO™)
or protonated carbamate (H'PZCOO ™). Likewise, the protonation/
deprotonation processes can also be influenced by the presence
of PZCOO™ and PZH".

Several thermodynamic models have been proposed to predict
the equilibrium concentrations of the PZ-CO, reaction products
in aqueous solution as a function of CO, loading. The Gibbs free
energy data have been largely extracted from nuclear magnetic
resonance (NMR) measurements of the relative amounts of
PZ/PZH'/H'PZH', PZCOO /H'PZCOO™, and COO~PZCOO.'>*3
In NMR, however, the protonated and unprotonated forms
of PZ and PZCOO™ appear to be difficult to distinguish due
to fast proton transfer. The relative concentrations of the

This journal is © the Owner Societies 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6cp03584a&domain=pdf&date_stamp=2016-08-27

Paper

protonated/unprotonated species have been approximated
using a thermodynamic equilibrium model with additional
thermodynamic data such as pK, values and CO, solubilities.**¢
In addition, several Kkinetic studies have been undertaken to
evaluate the CO, capture processes by PZ and its blends in aqueous
solution.””'**>*” In kinetic modeling, the elementary steps and
their kinetics are mostly formulated based on experimental data;
however, the detailed reaction mechanisms remain uncertain.

Static quantum mechanical (QM) calculations with various
implicit solvation models have been employed to assess PZ’s basicity
and carbamate versus bicarbonate (HCO; ™) formation with compar-
isons to other amine systems.** > A similar approach has been used
to evaluate the effect of different functional groups on the pK, value
of substituted PZ derivatives.*® Very recently, formation of carbamate
from a zwitterionic intermediate has been demonstrated by ab initio
molecular dynamics (AIMD) simulations.* While these theoretical
studies have been able to elucidate some properties of PZ, we still
lack a full understanding of CO, absorption processes in PZ-based
solutions, especially the relative roles played by PZH™ and PZCOO .

In this work, we attempt to elucidate molecular mechanisms
underlying the reaction of CO, with aqueous PZ using com-
bined ab initio and classical force field calculations. First, we
perform AIMD simulations to identify the elementary reactions
involved in CO, capture by PZ in aqueous solution. Then, we
assess the protonation behavior among PZ, PZCOO™~ and PZH"
taking into account the solvation structure and dynamics using
AIMD simulations combined with radial distribution function
(RDF) analysis. In addition, we evaluate the interaction of
CO, with PZCOO™ and PZH', relative to PZ, by utilizing ATIMD
simulations to identify the reaction mechanisms involved and
classical MD simulations for spatial distribution analysis of
CO, around amine species. Thereafter, we estimate the relative
thermodynamic favorabilities of reaction products in the H,O-
PZ-CO, system while accounting for solvent composition. The
near-surface distributions of PZ and PZCOO , relative to other
solvent species, are also analyzed to evaluate their relative
contributions to CO, capture at the gas-solvent interface.
The results of this study provide important insights into
fundamental CO, absorption mechanisms in aqueous PZ
solution. The improved mechanistic understanding may aid
in the development of better kinetic and thermodynamic
models to predict and optimize the performance of PZ in
concentrated solution and as a rate-promoter in PZ-blends.
Furthermore, it may provide valuable guidance on how to
mitigate the disadvantages of PZ as well as in the design of
new PZ-containing mixed solvents.

2. Computational methods

Ab initio molecular dynamics (AIMD) simulations based on
density functional theory (DFT) were performed within the
Born-Oppenheimer approximation using the Vienna ab initio
Simulation Package (VASP).>* The generalized gradient approxi-
mation (GGA) parametrized by Perdew, Burke and Ernzerhof
(PBE)*® was used for the exchange-correlation energy functional
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in restricted closed-shell DFT. We employed the projector
augmented wave (PAW) method®” to describe the interaction
between core and valence electrons, and a planewave basis set
with a kinetic energy cutoff of 400 eV; we verified that this energy
cutoff is suitable in predicting the energetics for CO, capture by
aqueous PZ (see the ESIf). Given the lack of symmetry and
structure in aqueous solutions examined, we sampled the Brillouin
zone using only one k-point (the gamma point).

The Gaussian 09 suite of programs®® was used for the static
quantum mechanical calculations at the B3LYP/6-311++G(d,p)
level of theory. The SMD model of Truhlar and co-workers®®
within the polarizable continuum model (PCM) approach was
used to estimate the solvation enthalpies and free energies of
all species. The vibrational contributions to the free energy
were estimated using the harmonic frequency analysis.

Classical MD simulations were performed using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
program.”® We used the AMBER force field*"** for amine species
(PZ/PZH'/PZCOO ™~ /H'PZCOO ™ /COO™ PZCOO ) with atomic charges
obtained using the Merz-Singh-Kollman scheme.** These force
field parameters are included in the ESL{ The SPC/E model**
and a modified version of the EPM2 force field with flexible
bonds and angles*>*® were employed for H,O and CO,, respec-
tively. All bonds involving H atoms were constrained using the
SHAKE algorithm.”” Spherical cutoffs of 10 A and 12 A were used
for the Lennard-Jones and Coulomb interactions, respectively.
Electrostatic interactions beyond the cutoff were calculated
using the Ewald summation method.*® Simulations were run
in the NVT ensemble with a timestep of 1 fs. The temperature
was controlled using a Nosé-Hoover thermostat® with a 100 fs
damping parameter. Each simulated system was first annealed
at 1000 K and then quenched to 323 K, followed by another
annealing and quenching cycle. Production runs for the spatial
distributions were carried out for 1 ns after the system is
equilibrated.

The two-phase thermodynamics (2PT) metho was employed
to calculate the absolute entropy of each aqueous amine system
considered. This method has already been proven to be quite
successful in predicting the entropy of a liquid system from a
relatively short MD trajectory (10-20 ps) after equilibrium is
reached.>® ™ In 2PT, the total entropy of a liquid system is given
as a linear combination of gas-like and solid-like contributions,
i.e., Stor = foSgas + (1 — fg)Ssotia, Where f, (the fluidicity factor) is
the gas-like fraction of the system; the gas-like component is
modelled as a hard sphere gas and the solid-like portion
is treated as a harmonic oscillator. It has been demonstrated
that the f, can be obtained in a self-consistent way from MD
simulations.>® For a liquid, the density of states (DOS) is decom-
posed into translational (S.), rotational (S;), and vibrational
(Svib), -6y SV) = Sera(V) + Sror(V) + Syin(v). Here, the DOS is obtained
from the Fourier transform of a velocity autocorrelation function.
The translational and rotational contributions are calculated,
respectively, from the center of mass and molecular angular
velocities, while the vibrational component is determined from
the remaining velocity after subtracting the translational and
rotational contributions. For the 2PT analysis, velocities were
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obtained from a trajectory of 30 ps in the NVT ensemble at
298 K for both AIMD and classical MD simulations where the
trajectory files were recorded every 1 or 4 fs, respectively;
the entropy values tend to converge after 20 ps, as shown in
the ESL.¥ In order to enhance sampling of the small systems
using AIMD simulations, we averaged the energies from at least
3 cases with different initial configurations.

3. Results and discussion

3.1. Proposed reaction mechanisms

Fig. 1 summarizes the probable routes during absorption of
CO, into aqueous PZ solution that we propose based on our
findings from this theoretical study, involving

e Reaction between PZ and CO, forming a zwitterionic
intermediate [PZ + CO, — PZ'COO ] followed by deprotonation
to produce PZ carbamate [PZ'COO~ — PZCOO™ + H']

e Reaction between PZCOO™ and CO, to produce PZ dicarba-
mate following the two-step zwitterion mechanism [PZCOO™ +
CO, — COO PZ'COO~ — COO PZCOO™ + H']

e Protonation (deprotonation) of PZ (PZH') and PZCOO~
(H'PZCOO") [PZ/PZCOO™ + H' « PZH'/H'PZCOO]

e Direct reaction between PZH" and CO, as well as H'PZH"
formation are highly unlikely

In the following sections, we present the results of our inves-
tigations with emphasis on the relative tendencies of PZ/PZCOO™/
PZH'" towards protonation and CO, reaction.

3.2. Demonstration of reaction of CO, with PZ in aqueous
solution

We first performed AIMD simulations to examine the reaction
of CO, with PZ in aqueous solution. AIMD has been proven to
be a reliable option for identifying likely events and reaction

HN NH
\__/
Piperazine (PZ)
CO% NF—
/ \ /O- w7 N
HN N—C HoN NH
— \\O
Piperazine Carbamate Protonated Piperazine
(PZCOO") (PZHY)
CO% T :/EH+
7 \4 /€0,
- o ;
J hN—c, F *HoN NH,
d ~ % —\ o ‘ 2
Piperazine Dicarbamate  « \/ N—c  Diprotonated Piperazine
(COOPZCOO) ANEVARE (H'PZH")
Protonated Piperazine Carbamate
(H'PZCOO)

Fig. 1 Reaction routes for CO, absorption into aqueous piperazine (PZ)
solution predicted or confirmed from this theoretical work. Protonated
piperazine (PZH*) may not directly react with CO; (indicated as a dashed
line) and its protonation is unlikely (denoted by symbol X).
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intermediates in an aqueous amine-CO, system with a large
number of degrees of freedom, while a static quantum chemical
approach tends to be rather inadequate to account for the
complex solution structure and dynamics.>*>> We placed 2 PZ,
1 CO, and 20 H,0 molecules in a cubic simulation box of edge
length 9.76 A with periodic boundary conditions in all three
directions, representing =30 wt% aqueous PZ; the corresponding
density of 1.095 ¢ cm ™ is well within experimental values at
normal operating temperatures of 310-340 K.>® The AIMD
simulations were carried out at 400 K (NVT ensemble); this is
below the thermal degradation temperature of 423 K.'® The
relatively high temperature was used in order to speed up the
PZ-CO, reaction so as to identify probable elementary events within
the limited simulation time span (~ 100 ps). This approach appears
to be appropriate as rationalized in our previous papers.>*>®
Fig. 2 displays the temporal variations in the total energy
of the system as well as the distances between N (in PZ) and C
(in CO,) or H (originally attached to N in PZ) as indicated.
Selected AIMD snapshots are also shown as insets. The total
energy is found to gradually decrease as CO, approaches
and reacts with PZ to form a zwitterionic adduct [(a) — (b),
i.e., PZ + CO, —» PZ'COO~]. In the zwitterionic state, the N-C
distance (dn-c) varies between about 1.5 A and 1.8 A, and the
noticeably increased N-H distance in PZ (dy.p) fluctuates
around 1.1 A. Within 0.5 ps, the N-bound proton is transferred
to the water network through a nearby H,O molecule [(c) — (d),
ie.,, PZ'COO~ + H,0 — PZCOO~ + H;0'], accompanied by
a substantial energy drop. The deprotonation strengthens the
N-C bond, as evidenced by the reduced dy.¢ to 1.3 A in the

oo Q] o ®

( i ve o O 4 @
= "X\\' S g:‘ ‘% ‘g‘t%
e 3 . ,

= 2.6 ps| t=28ps v

-540

-542 |

-544

-546 |

Total Energy (eV)
Distance (A)

-548

_550 1 i 1 A 1 A 1
1.5 2.0 25 3.0 3.5 4.0

Time (ps)

Fig. 2 Variations in the total energy (thick gray line) and the distances
between C-N (blue line) and N-H (red line) in the zwitterionic intermediate
during the 2PZ + CO, — PZH* + PZCOO™ reaction from AIMD simulations
at 400 K with the corresponding snapshots. The shaded region indicates
when the zwitterionic intermediate is present. The system contains 2 PZ,
1 CO; and 20 H,O molecules in a periodic cubic box with edge length
9.76 A which represents approximately 30 wt% PZ. Red, gray, blue, and
white balls represent O, C, N, and H atoms, respectively.
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carbamate (PZCOO™). The facile occurrence of deprotonation
suggests that the activation barrier associated would be insig-
nificant if neighboring H,0 molecules are arranged to allow for
proton transfer to the water network. The solvated proton is
subsequently abstracted by another PZ to form a protonated
PZ [(c) —» (d), ie, H;O" + PZ —» PZH']. It would be also
worthwhile to point out that, as shown in Fig. S1 in the ESI, direct
proton transfer from PZ'COO™ to a nearby PZ was also observed in
our AIMD simulations, although it is more likely that protons will be
transferred through water bridges in aqueous solutions with 30 wt%
concentration of PZ. In addition, our AIMD study demonstrates the
possibility of proton abstraction by PZ from water due to its high
basicity (i.e., PZ + H,O — OH™ + PZH"), but readily followed by
protonation of OH™ in the presence of PZ'COO™ and/or PZH"
(i.e., OH™ + PZ'COO™/PZH' — H,0 + PZCOO /PZ).

The AIMD results clearly demonstrate that CO, is absorbed
into aqueous PZ predominantly via the two-step zwitterion
mechanism to produce PZCOO™~ and PZH' (ie., 2PZ + CO, —
PZ'COO™ + PZ — PZCOO™ + PZH"); this mechanism has been
used to describe CO, absorption in other aqueous amines®**
as well as by amine-functionalized ionic liquids.’”*® The pre-
ferred production of PZCOO™ and PZH" at low CO, loading
supports earlier experimental studies."”>** We also note that
PZCOO™~ and PZH' may further participate in CO, absorption
especially at higher CO, loadings, as each PZ has two basic
N atoms. They may directly react with CO, to form PZ dicarba-
mate (COO~PZCOO™) or protonated PZ carbamate (H'PZCOO"),
respectively. Likewise, the available N atoms in PZCOO™~ and
PZH' may act as proton abstractors. The relative tendencies of
PZ, PZCOO~ and PZH" toward CO, capture and protonation can
exert direct influence on the CO, capture process and the relative
concentrations of products. Therefore, in the following sections,
we will also examine how PZCOO~ and PZH' interact with
protons and CO,, as compared to PZ.

3.3. Protonation behavior of PZ, PZH' and PZCOO~

AIMD simulations were performed to examine the protonation
tendencies of PZ, PZCOO™ and PZH". Initially, 2 PZ, 1 H'PZCOO ™,
1 PZH", and 45 H,0 molecules were placed in a cubic periodic box
with edge length 12.37 A, representing approximately 30 wt% PZ.
We observed proton transfer between PZ and PZCOO™ forming
PZH' and H'PZCOO~, but not H'PZH' formation. For example,
Fig. 3 shows a series of AIMD snapshots during the proton transfer
from H'PZCOO™ to PZ. PZ abstracts a proton from H,O [(a) — (b),
ie. PZ + H,0 — PZH' + OH ], while the proton in H'PZCOO™ is
released to OH™ [(b) — (c), .e. H'PZCOO™ + OH™ — PZCOO™ +
H,O0]; the process occurs rapidly, within 10 ps at 313 K.

We also explicitly considered the protonation behavior of PZ.
Fig. 4 shows the temporal variation in the distance between each
N in PZ (indicated as N; or Ny;) and H in its nearest H,O neighbor
(H,0)- Around 0.2 ps, Ny abstracts a proton from water to form
PZH" (the Ni-Hy o distance fluctuates around 1.05 A). Within
the next 0.4 ps, the N;~Hy o distance begins to decrease to about
1AasNyis being protonated; simultaneously, the Ni-Hy; ¢, distance
increases to above 1.5 A, reflecting deprotonation. This clearly
demonstrates that the Ni-Hy o and Np-Hy o distances are inversely
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Fig. 3 AIMD snapshots demonstrating proton transfer through the
hydrogen-bonded water network from H*PZCOO™ to PZ at 313 K. Orange
balls represent the atoms involved in this transfer reaction and blue dotted
lines indicate hydrogen bonds.

related to each other, reinforcing that H'PZH" is unlikely to form
although either of the N sites in PZ may be protonated.

The AIMD simulations imply that PZ and PZCOO™ may act as
proton abstractors whereas the protonation of PZH" may hardly
take place, which can be expected by their relative basicities. The
experimentally measured pK, values for PZ and PZH" are 9.73
and 5.33,%° respectively, and the pK, value of PZCOO™ has been
estimated to be 9.15'> and 9.44>>** based on NMR measure-
ments of equilibrium constants.

In addition to the N sites, the O atoms in carbamate (PZCOO ™
or COO PZCOO) can also abstract a proton to form carbamic
acid (PZCOOH or COO™ PZCOOH). However, the proton is easily
released and tends to be more strongly bound to the N sites in
PZ and PZCOO™, according to our AIMD simulations. This is
apparently because the O sites are less basic than the N sites; the
predicted pK, values for the former are 8.1-8.4, as compared to
9.5-9.8 for the latter obtained from our static QM calculations
(further details are provided in the ESIY).
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Fig. 4 Temporal variations in the distances between each N in PZ
(indicated as Ny and Ny) and its nearest neighbor H in H2O (Hp_o) from
AIMD simulations at 330 K. Black and blue lines indicate the N\_HHZO and
Njj—Hn,o distances, respectively. Snapshots demonstrating protonation/
deprotonation events with specified times in bold are also shown. The

system consists of 1 PZ and 30 H,O molecules in a cubic periodic box of
edge length 10.11 A.

Next, we looked at the spatial arrangement of H,O molecules

around available N atoms in PZ (Npz), PZH' (Npgzy+), and
PZCOO ™ (Npzcoo-)- Recall that proton transfer between amines
in aqueous solution is largely mediated by water, implying that
the protonation behavior would depend on not only the relative
basicities of the N sites but also their connectivity through the
hydrogen-bonded water network. As presented in Fig. 5, the radial
distribution functions (RDFs, g(r)) were calculated to evaluate the
respective pairwise interactions between Np,/Npz+/Npzcoo- and
H in H,0 (Hp,0) using AIMD simulations. The RDF is given by
g(r) = (n(r, r + dr)/anr’pdr), where n(r, r + dr) is the number of
atoms in a spherical shell of radius r (from the reference atom, N)
with thickness dr and p is the bulk number density. Each system
contains 30 H,0 and 1 PZ (PZH" or PZCOO™) in a cubic periodic
box with an edge length of 10.11 A (10.11 A or 10.34 A),
corresponding to about 15 wt% (the relatively dilute system was
considered to minimize the direct interaction between amines).
The AIMD simulations were run in the NVE ensemble for 5 ps,
after being equilibrated in the NVT ensemble at 330 K for 5 ps.
Each RDF plot was obtained from the average of at least 4 cases
with different initial configurations.

The distinct peaks around 1.7 A in Fig. 5 exhibit the attractive
nature of the interaction between the positively charged Hy o
and negatively charged N atoms. There is a noticeable shift in
the peak positions, indicating that Np, interacts more strongly
with neighboring H,O compared to Npzcoo- and Npzyg+ The
integrated area under the peak (up to 2.5 A where the minimum
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Fig. 5 Radial distribution functions between H in H,O (HHZO) and basic N
sites in PZ (Npz) (solid black line), PZCOO™ (Npzcoo-) (dotted red line), and
PZH* (Npz+) (dashed-dotted blue line) predicted using AIMD simulations
at 330 K. The systems consist of 30 H,O and 1 PZ, 1 PZCOO~ or1PZH* ina
cubic periodic box of side length 10.11 A, 10.34 A, or 10.11 A, respectively,
corresponding to about 15 wt% PZ.

is located) shows the number of Hy,o around the N atom. The
predicted value of ~1 in all three cases indicates that each N
interacts with H,O by forming a single hydrogen bond. In the
aqueous solution of 10-30 wt% PZ, our analysis suggests that all
possible base sites can be linked to each other via the hydrogen-
bond network, which would allow rather fast proton transfer
between them. Thus, the protonation tendencies of the N sites
will be largely determined by their relative basicities and relative
availabilities. Note also the small but distinct peak at 1.1 A for
the Np;~Hy o pair, which indicates abstraction of a proton from
H,0 by PZ to form PZH' (ie. PZ + H,0 — PZH' + OH"). This
peak is not visible in the cases of Npzcoo- and Npzy+, indicating
their lower basicities relative to Np,.

Given the facile proton transfer between the N sites, the
protonation/deprotonation processes can reach thermodynamic
equilibrium under moderate temperature conditions. Therefore,
the relative concentrations of PZH'/H'PZCOO /H'PZH" could be
estimated by the basicities and availabilities of PZ/PZCOO~/PZH".
Likewise, the concentrations of carbamate species (PZCOO™,
H'PZCOO~, COO~PZCOO~) have been evaluated based on their
thermodynamic stabilities.>**> However, if CO, is not readily
released from these PZ carbamates under typical absorber
operating conditions, the carbamate concentrations may not
be predicted only in terms of the thermodynamics aspect. In
the following section, we will examine not only thermodynamic

but also kinetic preference for CO, capture by PZH" and PZCOO ™,
relative to PZ.

3.4. Comparison of interactions of CO, with PZ, PZH", and
PZCOO

Reaction with CO,. We first performed AIMD simulations at
400 K to examine the reaction of CO, with PZCOO~ and PZH".
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4PZH', 4 PZCOO™, 4 CO, and 8 H,0 molecules were placed in a
periodic cubic box of edge length 12.066 A. A relatively high
concentration of CO,/PZH'/PZCOO~ was used in order to speed
up the possible amine-CO, reaction during the limited simula-
tion time span by suppressing the hydration of the reactants;
this should be a reasonable approach, as we attempt to demon-
strate whether PZCOO™ and PZH" may directly react with CO,,
rather than to evaluate their relative reaction rates. As seen in
Fig. S2 in the ESL{ CO, is found to be captured by PZCOO™ to
form COO PZCOO™ via zwitterion formation and deprotonation.
In the PZH" case, on the other hand, our AIMD simulations
consistently show that PZH'" is first deprotonated to become PZ,
and then CO, reacts with PZ to form PZCOO™ through a
zwitterionic intermediate; the PZCOO™ further abstracts a proton
nearby to form H'PZCOO™ (see Fig. 6). The AIMD results clearly
demonstrate that PZ and PZCOO™ can both react with CO, to
form PZCOO™ and COO PZCOO™, respectively. On the other
hand, PZH" is not likely to react directly with CO, to yield
H'PZCOO~, which may not be surprising considering its low
basicity; however, H'PZCOO™~ appears to easily form through
protonation of PZCOO™.

CO, accessibility. As we briefly mentioned above, the solvation
shells around PZH" and PZCOO™ may hinder the accessibility
of CO, to the Npyzy+ and Npzcoo- sites. To further examine this

% )

t=25ps ¢

»
=}

g
o

Distance (A)

4 6 8 10
Time (ps)

Fig. 6 Variations in the distances between Npzy+ and C of CO, (dy-c)
(thick gray line), Npzi+ and H/H* (d>) (red line), and N and H™ (d;) (blue line)
using AIMD simulations at 400 K. As also illustrated in the snapshots, first
H* is released from PZH" at about 3 ps [(@) — (b)], indicated by increasing dj.
Then, dy_c decreases as the PZ + CO, — PZ*COO™ reaction occurs [(b) — (c)].
At about 8 ps [(d)], the zwitterionic intermediate is deprotonated followed
by the protonation of PZCOO™ forming H*PZCOO™; the former and latter
are evidenced by the increase of d, and decrease of d,, respectively. The
system contains 4 PZCOO™, 4 PZH* 4 CO, and 8 H,O molecules in a
cubic box with edge length 12.066 A.
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effect, we performed classical MD simulations to evaluate the
spatial distributions of CO, and H,O around PZ, PZCOO, and
PZH'. Fig. 7 shows the pairwise RDFs between the centers of
mass (COM) of PZ (PZH' or PZCOO™) and H,O [(a)], and
between Np; (Npzu+ or Npzcoo-) and C in CO, (Cco,) [(b)]. In
addition, the corresponding spatial distribution functions
(SDFs) between Npy/Npzi+/Npzcoo- and the COM of H,O
(On,0) and CO, (Cco,) are presented in Fig. 7(c). The system
contains 1605 H,0, 49 PZ, 47 PZCOO™, 47 PZH*, and 16 CO,
molecules in a cubical periodic box with an edge length of
41.34 A. This represents approximately 30 wt% PZ at about
0.4 mol CO, per mol PZ loading; the density corresponds
to 1.03 g cm™®, which is in reasonable agreement with
experiment.’® Here, H'PZCOO~ and COO PZCOO~ were not
included because they are expected to have much lower concen-
trations than PZCOO ™ /PZH" at this CO, loading level;'®**?* their
presence is also not expected to significantly influence the inter-
action between PZ/PZH'/PZCOO™~ and H,0/CO, considering that
the amount of water available relative to the amines is high at the
concentration considered. The SDFs were calculated similarly to
the RDFs, except that the atoms were not rotationally averaged
around the reference atom, and therefore can be used to
illustrate where the Oy, and Cco, atoms are most likely dis-
tributed around Np;/Npz+/Npzcoo- in three-dimensional space;
that is, the SDF is given by g(r) = (n(7, ¥ + d)/pdr), where 7 is the
position of the surrounding atom in Cartesian coordinates
from the reference atom N. For the SDF analysis, the simulation
box must be rotated around each N so that the surrounding

g(r)

g(r)

o 2 4r(A)6 8 1

Fig. 7 Radial distribution functions for the pairs (a) between centers of
mass of PZ, PZCOO™ or PZH" and H,O and (b) between Npz/Npzcoo-/
Npz+ and C of CO, (Ccoz). together with (c) spatial distribution functions
with an isosurface threshold of 1.7 between Npz/Npzcoo-/Npzy+ and O in
H,O (solid blue) or C in CO; (transparent yellow) using classical molecular
dynamics simulations at 323 K. The system contains 1605 H,O, 49 PZ,
47 PZCOO™, 47 PZH*, and 16 CO, molecules (representing 30 wt% PZ
with 0.44 mol CO, per mol PZ) in a cubic simulation box of length 41.33 A.
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atoms are positioned from a reference orientation of amine;
here, the plane containing N and the two adjacent C atoms in the
PZ ring is chosen as the reference. The TRAVIS suite was utilized
for the SDF analysis.®® Both g(r) and g(#) were averaged from the
snapshots generated every 500 fs over a trajectory of 1 ns.

As shown in Fig. 7(a), the first-peak intensity for the PZH'-
H,0O COM pair appears to be higher than the PZCOO™ and PZ
cases. The integrated areas under the first peak (up to 6.4 A) are
24 for PZH" and 22 for PZCOO~ and PZ, implying that H,O
molecules may more densely pack around PZH'. It may be
expected that H,0 would more densely pack around both PZH"
and PZCOO™ relative to PZ due to their excess positive/negative
charge. The different solvation behavior is apparently attribu-
ted to the charge distribution in PZH'/PZCOO™. In the PZCOO™
case, this excess charge is largely located on the CO, moiety (the
charge of the carbamate portion is approximately —1.0 e ),
while the excess positive charge in PZH' is more evenly
distributed around the ring, as shown in Table S12 (ESIY).
Correspondingly, as illustrated in the SDFs [(c)], H,O molecules
are rather evenly distributed around PZH" whereas they tend to
be localized around the -NH- group and the CO, moiety in the
PZCOO™ case. Also note that the partial atomic charges in the
-NH- groups are similar among PZ, PZH', and PZCOO™,
leading to a similar distribution of H,O near these groups in
the SDFs; the Npz/Npzu+/Npzcoo- atoms have charges of about
—0.7 e7, and the corresponding H atoms attached to these N
sites (Hy) have charges of about +0.35 ¢~ (see Table S12, ESI¥).

Fig. 7(b) shows RDFs between Npz/Npzy+/Npzcoo- and Ceo,.
The first peaks for the Npz-Cco, and Npzcoo-—Cco, pairs are
located at about 5 A with similar intensity. For the Npzu+—Cco,
pair, the first peak shifts to about 5.5 A and has a relatively
lower intensity. This demonstrates that CO, is less likely to
approach Npyy+ than Npz or Npzcoo-, implying that the even
packing of H,O around PZH' may impede CO, from approach-
ing Npz+. This suggests that the PZH' + CO, reaction may hardly
occur, but H'PZCOO™ can easily form through protonation of
PZCOO™. In the next section, we will discuss the relative thermo-
dynamic favorability of PZCOO /H'PZCOO /COO PZCOO~
production.

3.5. Thermodynamic prediction of PZCOO /H'PZCOO/
COO PZCOO™ formation

Reaction energetics for PZ + CO,. The total energy change
(AE) for the 2PZ + CO,(g) —» PZCOO~ + PZH' reaction was
calculated using AIMD simulations at 298 K. Each PZ, PZCOO ",
and PZH' molecule was placed in a cubic periodic box with
30 H,O molecules, as described in Section 3.3. From 3-6
samples for each system, the average AE is predicted to be
about —13 kcal per mol CO,. Note that our calculation assumes
that the PZ species are fully dispersed and well hydrated in
15 wt% solution; however, in reality they may also interact with
each other especially in high CO,-loaded concentrated solution,
which could cause some discrepancies between the predicted
and experimentally measured energies. Nonetheless, the pre-
dicted value is in reasonable agreement with the experimentally
reported AH of about —17 keal per mol CO, at low CO, loadings
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(where PZH" and PZCOO™ are predominantly formed) in 7-40 wt%
aqueous PZ solution;*"*? in the PZ-CO,-H,0 system considered,
AH =~ AE as the PV work is negligible.

Comparison of PZCOO™ /H'PZCOO~/COO PZCOO~ production.
We evaluated the relative thermodynamic favorability for PZH",
PZCOO ™, H'PZCOO ™, and COO PZCOO™ production considering
two possible major competing reactions depending on CO, loading.

PZH' + PZCOO~ < PZ + H'PZCOO™
(<0.5 mol CO, per mol PZ) (A)

PZCOO™ + H'PZCOO™ « COO PZCOO™ + PZH"
(>0.5 mol CO, per mol PZ) (B)

Helmholtz free energy changes (AA = AE — TAS) for these
reactions were estimated by calculating AE and AS using AIMD
simulations at 298 K; free energy and enthalpy change predic-
tions of the aforementioned reactions using static QM calcula-
tions are included in the ESI.{ As described above, each PZ,
PZCOO~, PZH', H'PZCOO™  and COO PZCOO  molecule was
placed in a cubic periodic box with 30 H,O molecules corres-
ponding to approximately 15 wt% solution where the molecules are
assumed to be fully dispersed; box sizes are specified in the ESL¥

As listed in Table 1, AA is predicted to be about —2 kcal mol !
for the PZH" + PZCOO~ — PZ+H'PZCOO  reaction; this indicates
that protonation at the Np site can be energetically comparable to
the Npzcoo- site, particularly considering uncertainties in the
predicted values (x~+1-2 kcal mol ). A similar favorability is
consistent with experimental observations that PZ has a similar
pK, value to PZCOO™ in dilute aqueous solution;******° AG
estimated from experimentally reported pK, values varies between
0.17 and 0.34 keal mol . The small A4 (AG) is also in agreement
with the facile proton transfer between Np, and Npzcoo- as
observed from our AIMD simulations in Section 3.3. This
suggests that the relative concentrations of protonated species
(PZH'/H'PZCOO ™) would be dependent on the relative avail-
ability of PZ/PZCOO™; at low CO, loadings, formation of PZH"
and PZCOO™~ would be expected to be dominant due to the
greater availability of PZ relative to PZCOO™.

The PZCOO™ + H'PZCOO™ — COO PZCOO™ +PZH" reaction
is predicted to be endergonic by A4 ~ 4 kcal mol " at room
temperature. This implies that dicarbamate formation would be
less probable with respect to monocarbamates. In addition, the
positive AE (~3 kecal mol™') may indicate that the PZCOO™/
H'PZCOO™ pair is more strongly solvated by water than the

Table 1 Predicted changes in the total energy (AE in kcal per mol CO5),
entropy (AS in cal per mol CO, per K), and Helmholtz free energy (AA in
kcal per mol CO,) obtained using AIMD simulations at 298 K for the listed
reactions in aqueous solution. Each PZ, PZCOO~, PZH*, H*PZCOO™ or
COO ™ PZCOO™ was placed in a cubic periodic box with 30 H,O mole-
cules, corresponding to approximately 15 wt%; further details of simulation
conditions can be found in the ESI

Reaction AE AS AA
PZH' + PZCOO~™ — PZ + H'PZCOO™ —-7.9 —-19.7 -2.0
PZCOO™ + H'PZCOO™ — PZH' + COO"PZCOO~ 2.8 —-3.6 3.9
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COO PZCOO /PZH' pair. We also find that the AS is mostly
due to the change in the translational entropy of water; the
translational, rotational, and vibrational contributions of water
and amine species for each system are summarized in Table S6
(ESIT). This suggests that the relative stability of the different
carbamate products is largely determined by their interactions
with water.

Recall that in the AIMD simulations, each system contains a
single amine molecule, not accounting for possible amine-
amine interactions. However, in concentrated solution amine
species may undergo agglomeration, which would affect the
solvation properties and in turn the thermodynamic favorabilities.
According to our additional AIMD simulations where amine
species are allowed to interact (see the ESIY), AS tends to be
rather sensitive to amine agglomeration while AE is less signifi-
cant to the variation of the solvent structure.

To further examine the possible effect of amine agglomera-
tion on AS, we performed classical MD simulations by varying
the PZ concentration and CO, loading at 298 K. As summarized
in Table 2, the following three cases were considered for
reaction (A): (i) 15 wt% PZ at 0.16 CO, loading, (ii) 30 wt% PZ
at 0.16 CO, loading, and (iii) 30 wt% PZ at 0.33 CO, loading.
Accounting for the change in configurational entropy does not
alter the relative entropic favorabilities as presented in Tables 2
and 3 (see the ESIY).

In cases (i), (ii), and (iii), AS is predicted to be 13-14 cal per
mol CO, per K, demonstrating that the PZH' + PZCOO™ — PZ +
H'PZCOO™ reaction is entropically favorable. The unfavorable
entropic change for this reaction from the AIMD simulations is
likely because the amines are well-dispersed, whereas in the
classical MD simulations the amines may aggregate; similar
entropy changes to those shown in Table 1 were predicted using
classical MD simulations when the amines are well-dispersed
(see the ESIT). Note that while AS of the amines does not vary
widely among the three cases, there is a slight increase in AS of
water (from 1.05 to 2.21 and 4.76 cal per mol CO, per K in cases
(i) to (ii) and (iii)). This is likely related to agglomeration of
PZH' and PZCOO~ which occurs more strongly as their con-
centrations increase. With increasing amine agglomeration,
the hydrogen-bonded water network is less perturbed due to
the reduced amine-water interaction, thereby decreasing the
entropy of water; the larger reduction in the entropy of water for
systems with more PZH'/PZCOO™ pairs is further shown in the
ESLt This analysis suggests that the formation of H'PZCOO™
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relative to PZH" would be dependent on the availability of PZCOO™
relative to PZ. At high CO, loadings, PZ liberation may also be
facile due to the thermodynamic favorability of formation of
H'PZCOO~ from PZH'/PZCOO™; this could contribute to the high
CO, absorption rate of PZ as observed experimentally.>™*

In the case of reaction (B), we also estimated how AS changes
with the relative formation of monocarbamate and dicarbamate.
Here, only 30 wt% PZ at 0.67 CO, loading was considered. As
summarized in Table 3, in case (iv), AS is predicted to be —2.8 cal
per mol CO, per K as 20% of H'PZCOO /PZCOO™~ converts to
COO PZCOO /PZH'. Upon increasing the conversion to 50%
[case (v)] and 100% [case (vi)], AS becomes more negative at
—6.8, and —9.9 cal per mol CO, per K, respectively. This clearly
indicates that dicarbamate formation is entropically unfavorable
relative to monocarbamates, which is largely due to the entropy
of water (ASy,o = —2.5, —5.2, and —6.9 cal per mol CO, per K
in cases (iv), (v), and (vi), respectively). Given sizable negative
AS and positive AE leading to highly positive AA (=AE — TAS),
the PZCOO™ + H'PZCOO~ — COO PZCOO~ + PZH' reaction
may be thermodynamically unlikely.

Our thermodynamic analysis suggests that at low CO, loadings,
PZH" and PZCOO~ will predominantly form. With increasing CO,
loading, H'PZCOO™ production will gradually increase as (i) free PZ
becomes less available for proton abstraction and (ii) the PZH' +
PZCOO~ — PZ+ H'PZCOO™ reaction is thermodynamically favor-
able. This prediction is consistent with equilibrium speciation data
generated by NMR measurements and thermodynamic equili-
brium models which find PZH" and PZCOO™ to predominantly
form at low loadings, while H'PZCOO™ predominantly forms at
high CO, loadings.">** However, according to our free energy
estimations, COO PZCOO™ formation is highly unlikely relative
to PZCOO ™ /H'PZCOO™~ in thermodynamic equilibrium, which is in
contrast to experimental studies reporting the presence of dicarba-
mates at high CO, loadings, albeit in a relatively small amount."*?*

3.6. Role of surface reactions in dicarbamate production

Although COO™PZCOO™ formation may not be thermodynami-
cally favorable in highly CO,-loaded concentrated PZ solutions,
our AIMD simulations and RDF analysis (see Section 3.4) suggest
that CO, capture by PZCOO~ to form COO PZCOO™ is not
kinetically prohibited. If COO™PZCOO™~ would form at the gas-
solvent interface and does not easily release CO,, it may not fully
convert to thermodynamically preferred PZCOO /H'PZCOO™
in bulk solution during absorption operations. To examine the

Table 2 Predicted entropy changes (AS = Sp — Sg in cal per mol CO, per K) obtained using classical MD simulations at 298 K for the PZH* + PZCOO™ —
PZ + H*PZCOO™ reaction at varying PZ concentrations (wt%) and CO, loadings (« = mol CO, per mol PZ), as indicated. The decoupled contributions of
H,O and amines are also presented. The corresponding numbers of amine species in the reactant (Sg) and product (Sp) sides placed in a cubic periodic
box with edge length (as specified in parenthesis) are also listed. Systems representing 15 (30) wt% PZ solution contain 1960 (1600) H,O molecules

Composition

AS (=AS11,0 + ASamine)

Sg (edge length) Sp (edge length)

Case (i) (15 Wt%, o = 0.16) 13.98 (=1.05 + 12.92)

Case (ii) (30 wt%, « = 0.16) 13.25 (=2.21 + 11.04)

Case (iii) (30 wt%, o = 0.33) 13.98 (=4.76 + 9.22)
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51 PZ, 12 PZH', 12 PZCOO™ (41.14 A)
100 PZ, 25 PZH', 25 PZCOO~ (41.07 A)

50 PZ, 50 PZH", 50 PZCOO™ (41.05 A)

63 PZ, 12 H'PZCOO™ (41.21 A)
125 PZ, 25 H'PZCOO™ (41.17 A)

100 PZ, 50 H'PZCOO™ (41.25 A)
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Table 3 Predicted entropy changes (AS = Sp — Sg in cal per mol CO, per K) obtained using classical MD simulations at 298 K for the PZCOO™ +
H*PZCOO™ — COO PZCOO™ + PZH* reaction at varying conversions (X). The decoupled contributions of H,O and amines are also presented. The
corresponding humbers of amine species in the reactant (Sg) and product (Sp) sides placed in a cubic periodic box with edge length (as specified in
parenthesis) are also listed. All systems represent 30 wt% PZ solution at 0.67 CO, loading and contain 1600 H,O molecules

Composition

AS (=AS,0 + ASamine) Sg (edge length) Sp (edge length)

Case (iv) (X = 20%) —2.84 (=—2.51 + —0.32) 50 PZH', 50 PZCOO ",

60 PZH", 40 PZCOO ™, 40 H'PZCOO ™,
50 H'PZCOO™ (41.25)

10 COO PZCOO™~ (41.17)

Case (v) (X = 50%) —6.84 (=—5.18 + —1.66)

Case (vi) (X = 100%) —9.92 (=—6.95 + —2.97)

possibility for CO, reaction with PZCOO™, we calculated
the near-surface distributions of amine species in CO,-loaded
aqueous PZ solution using classical MD simulations at 323 K.
The surface was modeled using a slab system consisting of
8777 H,0, 200 PZ, 169 PZCOO, 269 PZH', 100 H'PZCOO ™~ and
50 COO PZCOO™ molecules (representing 30 wt% PZ at about
0.5 CO, loading) in a 50 A x 50 A x 150 A box.

Fig. 8(a) shows atomic distributions for Npz, Npzcoo-, and
Npzi+ near the solvent surface, along with COM distributions of
H,0, PZ, PZCOO~, PZH', H'PZCOO ", and COO PZCOO ™ in (b).
In Fig. 8(a), the C of CO, (Cco,) adsorbed in the PZ solution is
also presented to demonstrate its relative contact with amines.
This analysis clearly shows that PZ tends to accumulate at the
gas-solvent interface, as also seen with other amines in aqueous
solution.”® Some PZCOO™~ and PZH" are also present near the
surface, while H'PZCOO™ and COO PZCOO™ exist farther into
the bulk. Looking at the relative distributions of the N sites
(Npz, Npzcoo-, and Npzy+) possibly available for CO, capture, Np,
is located closest to the surface where Cco, accumulates mostly,
followed by Npcoo- and Npzy+. The strong tendency of surface
accumulation of PZ may be another factor for its exceptionally
high absorption rate relative to other aqueous amines. Although
surface accumulation has also been observed for other amines
such as MEA,* this effect is expected to be enhanced in the case
of PZ due to its much lower solubility relative to other commonly
used amines for CO, capture.®* Notice also an overlap between
Npzcoo- and Cco, near the surface, which may suggest possible
occurrence of the reaction between PZCOO™ and CO, forming
COO PZCOO . The likelihood of the PZCOO + CO, —
COO PZCOO™ reaction may increase as free PZ depletes with
the progression of CO, absorption. Although we do not attempt
to estimate reaction rates herein, our analysis suggests that CO,
predominantly reacts with PZ, while the PZCOO -CO, reaction
occurs to a lesser extent at high CO, loadings; the PZH™-CO,
reaction hardly occurs. This is in qualitative agreement with kinetic
studies evaluating the relative reaction rates of PZ/PZCOO /PZH"
with CO,.'**?

This analysis reiterates that dicarbamate (COO™PZCOO")
production likely originates from CO, capture by PZCOO™ near
the surface, rather than its interconversion with monocarbamates
(PZCOO™~/H'PZCOO™) at thermodynamic equilibrium in the bulk.
Perhaps, NMR spectroscopy combined with isotope labelling
could be used to prove whether or not interconversion between
monocarbamate and dicarbamate easily occurs under typical
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Fig. 8 (a) Near-surface distributions of Npz, Npzcoo-, and Npzy+ and (b) COM

distributions of H,O, PZ, PZCOO~, PZH*, H*PZCOO™, and COO PZCOO~
using classical MD simulations at 323 K with a slab system representing
30 wt% PZ at about 0.5 CO; loading. The distribution of Cco, (shaded gray)
included in (a) has been adjusted to represent Pco, = 1 bar.

absorber operating conditions. Nonetheless, this study highlights
the importance of considering the near-surface composition and
its possible influence on modeling/predicting the performance of
aqueous amine systems, especially when more than one amine
species are involved in CO, capture.

This journal is © the Owner Societies 2016



Paper

3.7. Summary of studies and findings

In this section, we summarize our findings regarding the
underlying mechanisms of CO, capture by aqueous PZ using
combined DFT and force field calculations.

e DFT-based AIMD simulations clearly show that PZ reacts with
CO, to form PZCOO~ and PZH" via the two-step zwitterion mecha-
nism, i.e., 2PZ + CO, — PZ'COO™ +PZ — PZCOO™ + PZH', which is
consistent with previous experimental studies reporting the pre-
ferred production of PZCOO™ and PZH" at low CO, loadings.

e Our AIMD simulations combined with RDF analysis confirms
that PZ and PZCOO™ may act as proton abstractors, whereas the
protonation of PZH" hardly takes place. We also observed proton
transfer between the N and O of amines to occur rather rapidly
while the available basic sites are well-linked via the hydrogen
bond network in CO,-loaded aqueous PZ solution. As such, the
relative concentrations of protonated amine species can be deter-
mined by their thermodynamic favorability for protonation under
typical absorber operating conditions.

e While PZ and PZCOO™ compete for proton abstraction,
ie, PZH" + PZCOO™ « PZ + H'PZCOO™, the production of
H'PZCOO~ is found to be more probable with increasing CO,
loading. This is not only because less PZ is available relative
to PZCOO™ but also because proton transfer from PZH' to
PZCOO~ (forming H'PZCOO™ and liberating PZ) is thermo-
dynamically favorable. According to our free energy calculations,
PZH'/PZCOO™ is less entropically favorable in comparison to
PZ/H'PZCOO~; we attribute this largely to their stronger tendency
to aggregate, leading to a greater reduction in the entropy of water
as the hydrogen bond network is less perturbed. This also high-
lights the important role played by solvent restructuring asso-
ciated with amine aggregation in determining the relative stability
of amine-CO, reaction products.

e Regarding CO, reaction with PZH" and PZCOO™, we find
that PZCOO™ can readily react with CO, to form COO™ PZCOO™,
however the reaction between PZH' and CO, may hardly occur.
Our AIMD simulations consistently show that PZH' first
releases the proton and then free PZ undergoes reaction with
CO, to form PZCOO™ (which can subsequently abstract a
proton to form H'PZCOO™). This is largely attributed to the
low basicity of PZH'. Moreover, according to spatial distribu-
tion analysis using classical MD simulations, water molecules
tend to be more densely packed around PZH", relative to PZ and
PZCOO™, which may hinder CO, accessibility and thus further
suppress the PZH" + CO, reaction.

e Although CO, capture by PZCOO™ may not be kinetically
prohibited, our free energy calculations predict COO"PZCOO™
production to be far less thermodynamically favorable relative
to monocarbamates (PZCOO /H'PZCOO™). This suggests that
the existence of COO PZCOO  tends to be highly unlikely in
thermodynamic equilibrium. However, previous experimental
studies report the presence of COO PZCOO™ at high CO,
loadings, albeit in a relatively small amount.

o Analysis of the near-surface distributions of PZ, PZCOO ™, and
other amines shows that the available N in PZCOO™ (Npzcoo-)
remains near the gas-solvent interface although PZ is located
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closest to the surface where CO, accumulates. This suggests that
while CO, may be predominantly captured by PZ, the PZCOO™ +
CO, — COO PZCOO™ reaction may possibly occur especially
when PZ is depleted with increasing CO, loading. Based on our
findings, we speculate that dicarbamate production originates
from CO, capture by PZCOO near the surface, rather than
interconversion with monocarbamates in the bulk. Perhaps,
NMR spectroscopy combined with isotope labelling could be
used to prove whether or not the interconversion between
COO PZCOO~ and PZCOO /H'PZCOO~ will reach thermo-
dynamic equilibrium under typical absorber operating conditions.

4. Conclusions

We used combined DFT and force field calculations to examine the
molecular mechanisms underlying CO, absorption into aqueous
PZ, including the role of PZCOO™ and PZH'. Our studies and main
findings are summarized in Section 3.7. A deeper understanding of
the molecular mechanisms of reaction of CO, with PZ in aqueous
solution may assist in efforts to develop better kinetic and thermo-
dynamic models by improving the accuracy of the description of
these reaction processes. Furthermore, the improved fundamental
understanding may provide valuable guidance in the design of new
PZ-containing mixed amine solvents.

Additionally, in conjunction with previous experimental and
modeling studies, the results obtained in this work also lead us
to speculate that:

e The exceptionally high CO, absorption rate of PZ relative
to other amines may be attributed to (i) its strong tendency of
surface accumulation and (ii) PZ liberation as a result of the
thermodynamic favorability for the PZH" + PZCOO™ — PZ +
H'PZCOO™ reaction; the liberated PZ may then diffuse to the
surface and contribute to CO, capture.

e CO, absorption into aqueous PZ likely occurs through the
reaction with not only PZ but also PZCOO™, and thus the
absorption rate can be a function of their relative availability.
Therefore, an accurate description of the near-surface distribu-
tions of PZ and PZCOO™ would be critical in kinetic models for
predicting CO, capture processes.
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