Open Access Article. Published on 16 September 2025. Downloaded on 4/18/2026 2:05:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 20787

Received 9th July 2025,
Accepted 8th September 2025

DOI: 10.1039/d5cp02617b

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Revealing the dominant reactive oxygen species in
aqueous amine solutions for carbon capture

Dipam Patel, = Jiwon Yu 2 and Gyeong S. Hwang =/ *

Reactive oxygen species (ROS) play a critical role in the oxidative degradation of amine solvents for
carbon dioxide (CO,) capture, resulting in solvent loss and the formation of harmful byproducts. While
hydroxyl radicals (*OH) or direct oxidation by metal cations have been proposed as potential initiators of
the oxidative degradation, the specific ROS involved remains unclear. In this study, we propose that
superoxide (O,7) may be the dominant ROS under alkaline conditions during CO, capture, based on the
thermodynamic analysis of reduction reactions. Using quantum mechanical (QM) calculations, we
further demonstrate that ferrous iron (Fe2*) complexes, when coordinated to electron-donating ligands
such as carbamates and bicarbonates, exhibit significantly lower reduction potentials, making them
effective reductants for O,. The large concentration of these ligands in CO,-loaded amine solution
may allow for the production of such reductive Fe complexes and in turn facilitate O, reduction to O,".
Finally, we propose a reaction mechanism, supported by molecular dynamics simulations, where O,~
initiates the decomposition of protonated monoethanolamine. These findings offer new insights into the
primary ROS involved in the oxidative degradation of aqueous amines and suggest strategies to mitigate

rsc.li/pcecp

1. Introduction

Chemical absorption of carbon dioxide (CO,) from post-
combustion gases is one of the most promising technologies
for mitigating greenhouse gas emissions.' However, the degra-
dation of amine solvents and the associated costs of solvent
replacement limit widespread implementation of such carbon
capture systems.” In particular, oxidative degradation of amine
solvents leads to substantial solvent depletion, driving up
operational costs. It also produces harmful byproducts like
ammonia, formic acid, and aldehyde, which can damage equip-
ment and decrease process efficiency.

Oxidative degradation occurs in the presence of O, from flue
gas and solvated transition metals leached from the absorber
walls. Previous studies have assumed two possible mechan-
isms: direct oxidation of amines by Fe** or via the production
of hydroxyl radicals (*OH).” However, the former pathway
would produce a highly unstable hydrocarbon radical which
is thermodynamically unfavorable without significant potential
biasing. Our preliminary calculations support this, showing a
standard potential of less than —1.3 V vs. SHE for the reduction
of ferric iron (Fe**) coupled with amine oxidation. Furthermore,
the low solubility of Fe** in aqueous systems suggests that the
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solvent degradation in CO, capture processes.

energetic cost for this reaction could be even higher in real
systems. Hence, this pathway is highly unlikely to occur without
strong chelating agents to modify the environment of Fe**. The
latter mechanism involving the production of *OH is also
somewhat dubious, as the generation of *OH from O, requires
the transfer of 3 electrons and 2-3 protons, depending on pH.
This reaction may be readily observed in electrochemical sys-
tems with an applied potential and an abundant electron source;
however, it is less feasible in aqueous amine-based CO, capture
systems. In such systems, the electron source is a small quantity
(<1 M) of dissolved metal atoms. In addition, oxidative degrada-
tion occurs in alkaline conditions due to the presence of amines.
This alkaline environment results in a scarcity of protons, which
hinders formation of a key ROS intermediate, H,0,, as 2 protons
must be transferred to O,. The complex interplay between
oxygen species, solvated metal ions, and environmental condi-
tions results in a system where the dominant ROS is not obvious.
In this work, we investigate the dominant ROS in aqueous
amine solutions for CO, capture. We conduct a comprehensive
thermodynamic analysis of the reduction reactions of potential
ROS to evaluate their feasibility under typical operating condi-
tions. Additionally, we examine the role of solvated metal ion
complexes and the effect of modifying their ligand environment
on the reduction processes by employing quantum mechanical
(QM) simulations. Also, we propose a mechanism in which
superoxide (O, ) can initiate the oxidative degradation of mono-
ethanolamine (MEA), a benchmark solvent for CO, capture.®
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2. Computational methods

Density functional theory (DFT) static calculations were per-
formed using the Gaussian16 software package.” Fe complex
structures were geometry optimized at the B3LYP/6-31+G(d) level
of theory.® Single point energies were calculated using the MO6L
functional with a split basis of cc-PVDZ (Fe) and 6-31G+(d,p)
(C, H, O, N).° A thermodynamic cycle with the SMD solvation
model was used to account for solvation effects.'® These settings
have been shown previously to produce very accurate estimates
for the redox potentials of Fe*"*" complexes.'* The oxidation
potentials of amines were calculated using a similar method
with the Fe complexes. The CAM-B3LYP functional was used over
MO6 for its accuracy in amines."?

DFT-based ab initio molecular dynamics (AIMD) were per-
formed in CPMD." The exchange functional of Becke'* and the
correlation functional of Lee, Yang, and Parr'® were used as they
were employed by previous calculations involving O, .'*'” Norm-
conserving Troullier-Martins pseudopotentials'® in the nonlocal
form of Kleinman and Bylander'® were used to describe the
valence-core electron interaction. A cutoff for the plane-wave basis
was set at 45 Ry. The local spin density (LSD) approximation was
used to treat the spin-polarized character of the system. A fictitious
electron mass of 600 amu and a timestep of 0.12 fs were used
to ensure adiabaticity in CPMD. Hydrogen atoms were treated as
deuterium to ensure no electronic-ionic coupling. Electronic and
ionic dynamics were controlled by a chain of Nose-Hoover
thermostats.”* > Free-energy sampling was performed using the
PLUMED package.>® The well-tempered metadynamics algorithm
was used to sample the free-energy surface.>*** Hills with an initial
height of 0.94 kcal mol™* and width of 0.1 A were deposited at a
rate of 10~ % fs~*. AT was set to 4500 K, corresponding to 7'= 300 K
and a damping parameter of 15. Molecular dynamics trajectories
were analyzed using the MDAnalysis python library.>*>®

A static calculation of the transition state for this reaction
was performed using the Vienna ab initio simulation package
(VASP)*® and the dimer method of Henkelmann.*® This calcula-
tion utilized the generalized gradient approximation (GGA)
functional of Perdew, Burke, and Ernzerhof (PBE)*' and the
Projector-Augmented Wave (PAW) method of Kresse.*”

3. Results and discussion

3.1. Effect of pH on ROS generation

We begin with a simple thermodynamic analysis of ROS gen-
eration by using the reduction potentials for the steps of the
oxygen reduction reaction (ORR) in aqueous solutions. The
three reactions considered, along with their standard reduction
potentials, are as follows:*’

0,+e — 0,7, E°=-0.33Vvs. SHE (R1)
0, +2H +e - H,0,, E°=0.92Vvs. SHE (R2)
H,0,+H ' +e  — H,0+°OH, E°=0.32Vvs. SHE (R3)

As shown in (R1)-(R3), it is assumed that hydroxyl radical (*OH)
is the dominant ROS due to the favorable standard reduction
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potential of the latter steps in comparison to (R1). However,
standard potentials are defined at pH = 0 with 1 M concentrations
of oxidized and reduced species. The value of the true reduction
potential with changing reactant/product concentrations and pH
is given by the Nernst equation, rendered below in eqn (1) as that
for a general redox reaction, Xo + AngH' + ne™ — Xg, where Any
denotes the number of protons consumed, the reduction
potential E can be corrected to account for both proton and
species concentrations, as described in eqn (1). Here, R is gas
constant, F is Faraday’s constant, 7 is temperature. For conve-
nience, eqn (1) can be separated into a reductant/oxidant concen-
tration term and a pH term using the definition of pH (pH =
—log1o[H']), as done in eqn (2).

RT X 1
£-r0 = AT, GXE} [H*]”’“) B
_RT, ([Xg] RT
pop - Al ([x%]) g imH @)

Using eqn (2), we first show the effect of pH alone on the
reduction potentials of each ROS of interest, neglecting concen-
tration effects from the first term. As shown in Fig. 1(a), the
reduction potentials of (R2) and (R3) decline significantly with
increasing pH, becoming endergonic after pH = 5 and pH = 7,
respectively. The requirement of 2H' to form H,0, severely
limits its production under alkaline conditions. On the other
hand, the reduction potential of (R1) remains unchanged with
varying pH as it does not involve protonation. As the pH shifts
further toward the alkaline range, the equilibrium potentials of
all three reactions become comparable at pH =~ 10, with (R1)
becoming the most favorable reaction at higher pH values.

Fig. 1(a) describes ROS generation as a function of pH at a
set potential (E) of 0.771 V vs. SHE, similar to assuming an
abundant electron supply from an electrode. However, in
typical CO, stripping processes, the electron source is limited
to a small concentration of dissolved metal ions. These metals
undergo oxidation in the presence of electron acceptors with
their own half-cell reactions at certain standard reduction

potentials (Ey).
M- M +e, E°=Ey (R4)

To account for metal cation oxidation as the sole source of
electrons, we can combine the two half-reactions, reversing
(R4), to obtain a standard full cell potential:

E°=FEg — Ey (3)

We can also write a version of the Nernst equation for the full
cell to account for non-standard concentrations:

RTln([XR] [Mﬂ)

BB B == o) M)

Setting E (the driving force) to 0 to correspond to equilibrium,
the equation for the equilibrium concentration of species Xo

This journal is © the Owner Societies 2025
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Fig. 1 (a) Calculated equilibrium potentials for O, reduction (R1), H>O,

formation (R2), and *OH formation (R3) and (b) concentration of ROS at
different levels of alkalinity.

becomes:

] —(ER—Em)F 1,
[1[\:/[]]e : RRTM e(lOglol‘)A npH (5)

Defining eqn (5) for each reaction (R1)-(R3) gives a system of
equations with unknown concentrations of 5 species (M, M",
0,7, H,0,, *OH), assuming constant H', O,, and H,O concen-
trations. An additional two balances are required to fully define
the system.

[Xo] = [Xg]

[M] = [M], — [O,7] — 2[H,0,] — 3[*OH] (6)
M], = [M] + [M"] (7)

Eqn (6) is a balance on electrons, as the metal is the only
source, and eqn (7) is a balance on the total metal species
concentration. Finally, we also specify a temperature of 313 K,
and unit concentrations of O, and Fe, with the O, concen-
tration being kept constant. Also, the reduction potential of the
metal species (Ey,) is set to be 0.771 V vs. SHE, that of Fe?"** in
water. In practical systems, Fe>" is the most likely metal ion to
serve as electron source for ROS generation, given that the walls
of the absorber are composed of Fe alloy. These relations allow
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us to calculate the equilibrium concentrations of each ROS while
accounting for the effect of dissolved metal concentration, as
illustrated in Fig. 1(b). In acidic conditions (pH < 7), H,0, and
*OH are the dominant species as expected, with their concentra-
tions decreasing as the solution becomes more alkaline. At pH = 6
and pH = 3, the respective concentrations of H,O, and *OH
become equal to that of O, . In a moderately alkaline system
(pH = 10), the concentration of *OH is negligible, while H,0, is
almost 10 orders of magnitude smaller than O, . This analysis
clearly demonstrates that O, is most likely the dominant ROS at
equilibrium in an aqueous amine solution, where pH typically
ranges from 8 to 14.> We note that O, rather than *OH explains
the dominance of a few products in oxidative degradation.® The
latter is much more reactive and therefore has a much shorter
lifetime and,** meaning a great diversity of products would be
expected if *OH were the dominant ROS.

3.2. Effect of metal cation ligand environment

By eqn (4), the concentrations of ROS at equilibrium are a
function of [0,], [M], 7, pH and Ey,. At a reduction potential of
0.771 V vs. SHE, the total concentration of ROS is miniscule
(107° to 10~° M) regardless of the other parameters. The half-
cell potential of the Fe?*/Fe*" redox couple in pure aqueous
media is too positive to reduce substantial amounts of O,,
let alone form *OH. Fig. 2 plots the equilibrium concentrations
of ROS as a function of Ey, at a pH of 10. Decreasing Ey, (making
the complex more reductive) results in large increases in con-
centrations for all ROS species with O, predominating over the
later-stage products (H,O, and *OH) until —0.1 V vs. SHE. In the
presence of such highly reductive metal complexes, *OH can be
produced in greater quantity than O, , although such high
energy complexes are unlikely to exist in large quantities. The
more likely case is that an appreciable amount of moderate
potential complexes produces O, as the main ROS.

With the dominance of O,  shown, the only unknown
remaining is the identity of the moderately reductive metal
complexes. While the Cu**?*" couple in aqueous media fits

Concentration (M)

L L

Ny a—) 0.0 02 04 0.6 0.8

Ey (V vs SHE)

Fig. 2 Equilibrium concentrations of ROS at pH = 10 as a function of Fe
complex reduction potential.
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within the moderate potential region, Fe is overwhelmingly
more abundant in the tank walls. This leads us to speculate
that some Fe species exist with electronic structures more
favorable to oxidation than the pure aqueous case.

The 3d electrons of octahedral Fe** complexes are split into
the non-bonding t,; set and the anti-bonding e, set by o-
bonding with the surrounding ligands. The oxidation of Fe**
requires the removal of an electron from the lower energy t,, set
to preserve the net spin, as removal from the ey« set would
change the net spin, making the transition spin-forbidden. The
energy difference between the t,, set and the semi-occupied
HOMO of O, is the equilibrium potential of (R1), denoted by AE.

The right portion of Fig. 3 illustrates the effect of substituting
a water ligand with a ligand with free p-orbitals, denoted as the ©
ligand. In this case, the interaction between the t,, orbitals of
Fe** and the filled non-bonding p-orbitals of the w ligand
interact splitting the normally non-bonding t,; set into bonding
t,¢ and anti-bonding t,e«. The electron is now drawn from these
anti-bonding t,.« orbitals when oxidation occurs. The energy
increase of these anti-bonding t,,~ orbitals directly corresponds
to a decrease in reduction potential (AE,), making O, reduction
more thermodynamically favorable.

In a CO,-loaded amine solution, the available species to
serve as 7 ligands are OH™, HCO;™ and amine carbamate, with
the latter two species being formed exclusively from CO,
absorption. To quantify the effect of these species on electron
transfer, we calculated the equilibrium potential of the Fe*"**
couple in various ligand environments.

Table 1 lists the calculated equilibrium potentials of the
Fe*"** couple when a single water in an octahedral complex is
exchanged for one of the ligands (L = OH , HCO; , or
MEACOO ). The minimum energy electron configuration is a
s
our calculated potential for the fully aqueous complex [Fe(H,0)s]

high spin t5,e;. state for all complexes analyzed here. Note that
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Table 1 Reduction potentials after a single ligand (L) substitution

Structure formula Fe**(H,0)sL, L = E° [V]
H,0 0.765
OH 0.211
HCO;~ 0.203
MEACOO™ 0.226

deviates by only 0.006 V from the experimental value, demon-
strating a high accuracy of our calculations.

As summarized in Table 1, substitution of a single H,O for
any 7 ligand in the Fe®>"(H,0)s complex results in about 0.5 V
more favorable reduction potential, indicating that ligand (L)
substitution enhances the ability of Fe complex to reduce O,.
The donation effect illustrated in Fig. 3 is further corroborated
by comparing the densities of states (DOS) of each complex as
shown in Fig. S1. The modified complexes show a shift higher
in energy of the frontier orbitals (located just below —5 eV vs.
vacuum), indicative of higher energy (more reductive) electrons.
Furthermore, charge decomposition analysis of the MEACOO™
complex (see Fig. S2) reveals that ligand orbitals contribute
significantly to the elevation of the Fe frontier molecular
orbitals.?>

Thermodynamically, the energy required to oxidize the Fe**
ion decreases due to the complex becoming less stable in its
reduced form. To reach such an elevated state, a driving force is
required for substitution. Considering that the concentration of
OH ™ is small at realistic pH, only 10 * at pH = 10 for example,
OH™ substitution is unlikely to occur. On the other hand, the
concentration of HCO; /MEACOO™ can exceed several molar.
The large concentration of such ligands can provide the neces-
sary driving force to produce an appreciable number of sub-
stituted complexes. In essence, large concentrations of HCO; ™/
MEACOO™ shift the mean ligand environment of Fe>" cations
towards a more reductive potential. In this way, these complexes

[ Fe 2+ ] [ o bonding only ] [ 0 + 7 donation ] [ 7 ligand ]
e e
111] 111
/ 0,/05
/ SHE
AE,
AE o2
2
5
[1]1]1]1 ()11
3d by

Fig. 3 Molecular orbital diagram of n-donation increasing electron energy and decreasing reduction potential.
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can transfer an appreciable quantity of electrons to O,, produ-
cing ROS (O,7) and causing oxidative degradation. Indeed,
experiments have shown increased rates of oxidative degradation
in CO,-loaded solutions compared to unloaded solutions.’

For completeness, we have also computed reduction potentials
for di-substituted complexes, which are presented in Table S2.
Further substitution results in a compounding of the ligand
effect, shifting the reduction potential to negative values vs.
SHE. However, these complexes are rather unlikely to form
considering the concentration of Fe complexes and the inherent
energy cost associated with forming such a reductive complex.

3.3. Role of superoxide in oxidative degradation initiation

We now consider the reaction of O, with protonated MEA
(MEAH") to produce NHj;, one of the dominant degradation
products.” CO, absorption into an aqueous MEA solution occurs
through the 2MEA + CO, — MEACOO™ + MEAH' reaction. The
protonation of N in MEA induces charge redistribution, with-
drawing electron density from the adjacent alpha-C (C,). As
depicted in Fig. 4, O,  can act as a nucleophile to attack the
electrophilic C,, in MEAH', accompanied by the release of NH,
ie.,, MEAH" + 0,7 — HOCH,C,H,00° + NH;. The reactive
intermediate, HOCH,C,H,00°, may undergo further reactions,
leading to the formation of experimentally-observed single-
carbon products such as formaldehyde and formic acid.’”

We first used a static dimer method transition-state search
with an implicit solvent model to evaluate the enthalpic barrier
for the reaction of O, with MEAH". As shown in Fig. 5, in the
transition state (TS), the C, of MEA becomes a trigonal bipyr-
amidal five-coordinate center with NH; and -OO in the polar
positions. The N-C,-O angle is 162°, close to the idealized
linear arrangement; this is a characteristic of an SN, reaction
where the formation of the C,~O bond and the breaking of the
C,~N bond occur simultaneously. The C,-O-O angle, 116°,
indicates a nucleophilic attack by the frontier orbitals of O, ",
which are skewed relative to the O-O axis. The partial charges
on all states in this calculation are denoted in Table S4. The
trend from initial to final state is indicative of a charge transfer
from the bottom O to N, as expected in the formation of NH;
from a protonated amine. The enthalpic barrier, representing
the energy difference, without entropy, between this TS
complex and the reactants, is predicted to be 21.7 kcal mol .

We also conducted well-tempered metadynamics simula-
tions using an explicit solvent model to evaluate the free energy
barrier while accounting entropic contributions at finite tem-
peratures. 30H,0, 1 MEAH", and 10, molecules are placed in
a cubic simulation box with an edge length of 9.5 A and
periodic boundary conditions, corresponding to about 10
wt% of MEA solution. The system was equilibrated for 5 ps,
confirming the stable presence of MEAH" and O, . As shown in
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deo=2.06A

Fig. 5 The transition state geometry of the O,™ attack on the C, of
MEAH™ obtained from the dimer method. Blue, grey, red, and white balls
represent N, C, O, and H respectively.

Fig. 6, a single collective variable (CV) of dc.oo — dcn Was
employed to mimic the SN, reaction involving simultaneous
C,—O bond formation and C,-N bond cleavage. For further
verification, we also conducted metadynamics simulations
using 2 CVs, dc oo and dcnm,, as shown in Fig. S5. In our
simulations, the formation of the C-OO bond was always
accompanied by a simultaneous breaking of the C-N bond.
Moreover, the observed TS geometries closely resemble the TS
structure from static calculations in Fig. 6.

The free-energy barrier is predicted to be 28.9 kcal mol " at
313 K, which is greater than the enthalpy barrier of 21.7 keal mol ™.
The difference is primarily attributed to the solvation effect of O, .

—413K

25

20 1

FS

AA [kecal/mol]

JA
O = 1 1 1 =
-2 -1 0 1 2

dC-OO' C-NH3 [A]

Fig. 6 Free-energy profile of the reaction in Fig. 5at T =313 Kand T =
413 K. IS = initial state, TS = transition state, FS = final state.

0,
NH3 — 0 NH
o /\\/\_3/ o /\/ 2 3

Fig. 4 The proposed mechanism of O, initiating MEA degradation.
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The free-energy barrier may decrease with increasing temperature,
as the solvent effect diminishes (see Fig. S8); that is, as the
temperature increases, water molecules solvating O, become
more mobile and less rigidly organized, thereby facilitating the
intermolecular reaction.®® Given the relatively moderate barriers,
our work highlights that O, , the most likely ROS, can play a key
role in initiating the oxidative degradation of aqueous MEA sol-
vents, especially in CO, stripping conditions.

4. Conclusions

We investigated the generation of ROS and the role of metal
complexes in typical CO, capture processes using a combi-
nation of thermodynamic analysis and static QM calculations.
Our findings clearly identify the predominant ROS in aqueous
amine solutions, with a focus on the role of Fe>* complexes and
effect of CO,-derived products as ligands. The key findings are
summarized as follows:

e Our thermodynamic analysis demonstrates that *OH and
H,0, may be dominant in environments with plentiful protons
and electrons. However, under typical CO, capture conditions,
O, is likely to be the dominant ROS. considering the small
quantity of metal cations and its alkaline environment.

e The substitution of a water ligand in Fe(H,0)s with ©
ligands, such as OH™, HCO; , and MEACOO™, can significantly
lower the reduction potential by m-backdonation. Also, CO,-
loaded solutions, where concentrations of HCO; and
MEACOO™ are relatively high and act as ligands in Fe complex,
enables the formation of a considerable amount of O,".

e Our free-energy barrier calculations suggest that oxidative
degradation of MEA can be initiated by the attack of O, on the
electrophilic C, of protonated MEA (MEAH"), accompanied by
the release of NH; via SN, mechanism.

We emphasize that while other pathways could be proposed,
the mechanism here importantly identifies O, as the initiator
of oxidative degradation, which is more reasonable based on
our analysis than *OH. Our work suggests that this mechanism
not only has implications for amine-based CO,-capture but in
other cases of ROS-related organic molecule degradation such
as biological systems, where Fe** in alkaline conditions pro-
duces ROS which cause oxidative damage to proteins.*®
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