
Quantum Chemical Study on the Evolution of Sulfur Functional
Groups during Char Burnout
Bastian Schnieder,* Rochus Schmid, and Christof Hättig

Cite This: J. Phys. Chem. A 2025, 129, 3300−3314 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The oxy-fuel combustion of biochar connected with
carbon capture, storage, and utilization technologies is an environ-
mentally beneficial alternative for the replacement of fossil fuels. Biochar
itself consists of porously stacked layers of hydrocarbons containing
several heteroatoms, such as oxygen, nitrogen, and sulfur. At present,
only limited information on the combustion mechanisms for oxygen and
nitrogen functionalities is available in the literature; specific information
on the combustion mechanisms of sulfur-containing groups (SFGs) is
lacking. In this study, we present electronic structure calculations to
uncover the mechanisms of the initial oxidation reactions of SFGs.
Furthermore, it is examined if the reaction mechanisms remain similar
or change with increasing system size. For this purpose, we apply an
automatized workflow combining reactive molecular dynamics simulations with static electronic structure calculations at different
levels of theory. The results show that terminal groups such as thiols, sulfonic acids, thioketones, and S,S-dioxides follow similar
reaction pathways. These SFGs are all gradually oxidized before they eventually are eliminated as SOx(Hy) species from the carbon
framework. Embedded thiophenes follow somewhat different reaction pathways that lead to the elimination of HOS· radicals or
carbonyl sulfide (COS), depending on the system size. For the found oxidation channels, we report reaction and activation energies
and rate constants that can be used to improve comprehensive kinetic models for the combustion of sulfur-containing biochar as a
biomass-based renewable energy source.

■ INTRODUCTION
In terms of sustainability, fossil fuel-based electricity generation
technologies contribute significantly to global warming. In light

of climate change, it is desirable to reduce emissions of
greenhouse gases and pollutants into the Earth’s atmosphere.
One promising technology that has attracted global attention in
the past decade is the combustion of fossil fuels in an oxy-fuel
atmosphere, which allows to produce a concentrated stream of
flue gases consisting primarily of carbon dioxide (CO2). The

combination of oxy-fuel technologies with carbon capture,
utilization, and storage (CCUS) technologies1,2 is an innovative
concept of global importance, preventing or at least reducing the
release of environmentally harmful greenhouse gases into the
atmosphere. While CCUS strategies have the potential to
efficiently contribute to reducing the carbon intensity of global
energy production, they simultaneously pose several challenges.
The successful implementation of CCUS requires integration
into existing infrastructure and energy systems, establishment in
regulatory frameworks and construction of suitable storage
locations.3 In combination with biomass-based energy sources
(BECCUS) as a renewable alternative to fossil fuels, even
negative carbon footprints can be achieved, supporting the
downscale of anthropogenic greenhouse gas emissions.4−7 For
that, second-generation biomass feedstocks can be converted
into (bio)char using pyrolysis technologies. The mostly ligno-
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Figure 1. Sulfur-containing functional groups (SFGs) in biochars:
sulfonic acids (1), sulfones (2), cyclic sulfonates (3), thiols (4),
thioether (5), thioketones (6), thiophenes (7), and 2H-thiopyrans (8).
R exemplifies the organic carbon framework.
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cellulosic structure of biomass is converted into a residue of
porously stacked graphene-like hydrocarbon layers with several
geometric defects and distortions. Nonetheless, it is difficult to
chemically characterize char systems due to the nonuniquely
defined atom composition, which varies depending on the
biomass feedstock, pyrolysis temperature, and pretreatment.8−11

The carbon framework contains areas of high aromaticity that
are doped with several heteroatomic functional groups, mainly
comprising oxygen, nitrogen, and sulfur groups.12−14 In a global
perspective, the design of more efficient oxy-fuel burners and
process technologies for the combustion of (bio)chars requires
more predictive and general computational combustion models
than available today. Next to the porosity and surface area, the
abundance of heteroatomic functional groups increases the
reactivity of the char and can contribute to a faster burnout
process compared to unfunctionalized polyaromatic hydro-
carbons.15 Present research on chemical reaction pathways and
molecular mechanisms of oxygen functional groups (OFGs) has
led to a broad understanding of char burnout and the specific
role of OFGs in char combustion on a molecular level.16−18

While the reaction pathways and mechanisms of OFGs during
char burnout were partially explored by Yönder et al.,19,20 sulfur
functional groups (SFGs) have received only limited attention in
the literature and have rarely been studied in the context of solid

fuel combustion.21−23 Besides oxygen and nitrogen, sulfur is one
of the most abundant heterocomponents in chars. Hence,
gaining access to predictive models for char burnout processes
accounting for SOx pollutant formation is important for the
enhancement of oxy-fuel engineering.24,25 In this work we
investigate the reaction pathways of SFGs in chars on a
molecular level and provide free reaction and activation energies
and rate constants that are the basis for future microkinetic
models of biochar combustion.26

Sulfur can exist in (bio)char in its organic (C−S, C = S) and
inorganic forms (sulfates, sulfites).21 Previous studies inves-
tigated the occurrence of organic sulfur in char systems with
theoretical and experimental techniques determining the main
abundant sulfur functionalities to be thiophenes, sulfonic acids,
thiols, thioketones, and cyclic S,S-dioxides.14,21,27,28 In general,
next to inorganic and elemental sulfur, the covalently bonded
SFGs can be differentiated into three types: (i) aromatic/
embedded, (ii) C−S bonded sulfur derivatives, and (iii) sulfonic
acids.21 Figure 1 schematically depicts common SFGs in
(bio)chars. While sulfonic acids, thioketones and thiols are
classified as terminal functionalities, sulfur-containing hetero-
cycles, sulfonates and organic sulfides (thioethers) are
considered as embedded SFGs. Conversely, among the SFGs,
thiophenic heterocycles are one of the major species formed

Figure 2. Chemical forms of organic sulfur functionalities in a hypothetical (bio)char model system. This char model is constructed from the isolated
model systems from Figure 3 implemented in an aromatic hydrocarbon framework.

Figure 3.Molecular model systems employed in the current work to represent different SFGs: A,B: thiols, C,D: sulfonic acids, E: thioketones, F,G:
thiophenes, and H,I: S,S-dioxides.
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during the pyrolytic conversion of biomass,21,27 which was
experimentally validated by Chen et al.29 applying XPS and XAS
spectroscopy to rhodophytic biochar feedstocks. Figure 2
illustrates a hypothetical molecular cutout of a carbon
framework including the main abundant SFGs found in chars.
Besides, due to the valency of sulfur, SFGs are located near or at
the edge of char systems.21,30

The aim of the current study to model at a qualitative level the
structural groups and elementary reaction steps involved in the
combustion of char-derived systems as to provide the input that
is necessary to further refine combustion models as e.g. that
proposed in ref 31. For this we employ the model compounds
shown in Figure 3 that have been constructed by implementing
the SFGs from Figure 1 in benzene- and naphthalene-sized
systems that allow to use correlated electronic structure
methods beyond density functional theory that are needed to
obtain qualitatively correct thermodynamic and kinetic results.
Specifically, the current work extends the scope of previous
work19,32 toward the SFGs and the investigation of how these
groups evolve in the initial oxidation steps, excluding the
oxidation reactions of the carbon backbone. Furthermore, it is
determined how the molecular mechanisms change with
increasing system sizes, allowing us to extrapolate the reactive
behavior of SFGs to larger andmore complex (bio)char systems.
We apply molecular dynamics (MD) simulations with the
reactive force field ReaxFF33 to explore the reaction space and
analyze different reaction channels in the initial combustion
phase. The MD trajectories were analyzed by an automatized
workflow developed by Schmitz et al.,34 scanning for reactive
events that are refined with higher-level electronic structure
calculations. Next to molecular reaction mechanisms, we report
reaction energies, activation barriers, and also rate constants as a
function of temperature, where we aim at qualitative trends for
the combustion of different functional groups in heterogeneous
solid fuels rather than quantitative accuracy for a specific
compound.

■ METHODS
Molecular Dynamics Simulations. All molecular dynam-

ics (MD) simulations were carried out using our in-house
Python interface pylmps35 to the MD simulation program
LAMMPS.36 It includes a reimplementation of the reactive force
field ReaxFF33 with the HCONSB parametrization optimized
for the combustion branch.37 The oxidation process of each
model system from Figure 3 was simulated within the canonical
ensemble and periodic boundary conditions. The cubic
simulation box with a volume of 64 nm3 contains 40 O2
molecules and 10 hydroxyl radicals (HO·). Hydroxyl radicals
were added to the combustion atmosphere due to their
abundance and important role in fuel oxidation38−40 and to
speed up the char burnout process itself. For each system, five
MD runs were carried out with different randomly chosen
velocity vectors. Each run was started with a heat-up stage of 50
fs and a time step of τ = 0.1 fs and ran 500 ps at 2000 K applying
the Nose-́Hoover thermostat.
Quantum Chemical Calculations. The analysis of the

trajectory followed by a quantum chemical refinement was
realized by applying the automated workflow described in detail
in ref 34. We laid the focus on the initial combustion reactions of
the SFG systems shown in Figure 3 and analyzed their reaction
behavior only until sulfur was eliminated from the organic
carbon framework as gas-phase species. All QM calculations
were carried out using the TURBOMOLE program package41

(version 7.642). Orbital occupations and spin states have been
determined by initial DFT calculations with Fermi smearing
followed by subsequent spin-unrestricted calculations for a small
range of quantum numbers for the z component of the spin as
described in more detail in ref 34. In the current study, we found
for the majority of structures that the ground-state has either a
closed-shell singlet or doublet configuration with a single
unpaired electron. For all molecular structures with two
unpaired electrons we found triplet ground states. All DFT
calculations employed the resolution of identity (RI-J)
approximation43 for the Coulomb potentials with optimized
auxiliary basis sets44 and Grimme’s D3 dispersion correction.45

First, the initial structures and reaction products were optimized
using DFT with the TPSS meta-GGA functional46 and the def-
SVP basis set.47 The final geometries and electronic energies
were obtained using the TPSSh meta-hybrid exchange-
correlation functional48 and the TZVP basis set.49 For these
calculations we employed the ridft and rdgrad programs
of the TURBOMOLE package. The scaled zero-point vibra-
tional (ZPV) energy (using the scaling factor 0.9874 for the
TPSSh functional from ref 50) was added to the electronic
energy. Electronic reaction Erxn and activation energies Eact were
calculated via eqs 1 and 2, respectively. Here, EZPV,i is defined as
the ZPV energy of molecular species i with an electronic energy
Eel,i. The electronic energy of the transition state for a given
reaction is denoted with Eel,TS.

E E E E E( ) ( )
i

i i
i

i irxn

products

el, ZPV,

reactants

el, ZPV,= + +

(1)

E E E E E( )
i

i iact el,TS ZPV,TS

reactants

el, ZPV,= + +
(2)

For the calculation of temperature-dependent reaction rate
constants, the electronic energies were further refined with the
ccsdf12 module using explicitly correlated coupled cluster
singles and doubles with a perturbative correction for connected
triples, CCSD(F12*)(T*).51 All CC calculations use the frozen-
core approximation applied to the 1s2 core of carbon and oxygen
and the 1s22s22p6 core sulfur and the cc-pVDZ-F12 orbital,52

auxiliary,53,54 and complementary auxiliary basis sets55 in
combination with the recommended exponent52 of 0.9 for the
correlation factor in the F12 geminals. Restricted open-shell
Hartree−Fock (ROHF) for open-shell and usually restricted
Hartree−Fock calculations for closed-shell systems were done
with the dscf module56 and used as the reference wave
function for the CC calculations. The difference the CCSD-
(F12*)[T] and CCSD(F12*)(T) results was used to check for
possible multireference situations where single-reference
methods and in particular the perturbative triples correction
would fail. This difference is for systems reported in the
following below 32.3 kJ/mol, which we judge to be sufficient for
the qualitative accuracy we are aiming at.
Reaction pathways were determined with the chain-of-state

method57−59 implemented in the woelfling program, and
transition states optimized with the trust-region image
minimization algorithm60 (module statpt) and validated
by intrinsic reaction coordinate calculations (module DRC).
Reaction rate constants k of reactions with a significant
activation barrier were calculated using transition state theory
with the ideal gas law as the equation of state at a constant
pressure of P = 1 bar (eq 3).32
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Here QTS denotes the partition function of the transition state
and Qi the one of a given species that are obtained by applying a
modified rigid rotor harmonic oscillator approximation
(qRRHO).32,61 Furthermore, R is the ideal gas constant, T the
absolute temperature, V the molar volume, h the Planck
constant, kb the Boltzmann constant, and Eel,act the electronic
activation energy for the transition state. The transmission
coefficient κ is computed within the high-temperature limit of
the Eckart tunneling correction, which asymptotically ap-
proaches the Wigner tunneling correction (eq 4).62 Let v be
the imaginary frequency of the transition state, then κ is given
within this approximation as

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

hv
k T

RT
E

1
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24
1

b

2

el,act
= +

(4)

With eq 3 temperature-dependent reaction rate constants were
calculated on a grid for the temperature range of 300 to 3000 K.
To interpolate between the computed points, the results are
fitted to a modified Arrhenius equation,

i
k
jjj y

{
zzzk AT

E
T

expn=
(5)

via the parameters A, n, and E, to provide qualitative kinetic data
for the reactions at sulfur containing functional groups in a
format that is widely used in combustion modeling.63,64

■ RESULTS AND DISCUSSION
Thiols.Thiols contain sulfhydryl groups (−SH) representing

the sulfur analogues of alcohols.65 Previous research on
thiophenol typically only considered sulfur elimination path-
ways and S-migration reactions during pyrolysis conditions
combining experimental and theoretical data.66,67 For the initial
reaction steps of pyrolysis, it has been reported that thiophenol
can react to thioketones or is dehydrogenated and the main
abundant elimination products are yet missing in the literature.
We studied them here at the example of the two smallest but
most important aromatic thiols: thiophenol and thionaphthol.

In contrast to pyrolysis, oxy-fuel combustion is set up in an
oxygen atmosphere leading to different elimination and reaction
products than observed for pyrolysis.66,67 Li et al. investigated a
large-scale molecular lignite system that contained thiols,
thiophenes, and thioether using ReaxFF and DFT methods.68

However, detailed mechanistic insights addressing the initial

Figure 4. Oxidation pathways for thiophenol (A).

Table 1. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound A in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
A1 + HO· → A2 + H2O barrierless −145.6 −155.7
A2 + HO· → A3 barrierless −233.1 −270.8
A3 + HO· → A4 barrierless −74.1 −50.6
A4 → A5 26.5 2.5 25.7 −18.3
A5 → A6 97.3 90.0 (86.8) 90.8
A6 → A7 + Ph· barrierless 27.0 16.3
A5 + HO· → A8 + Ph· 95.1 34.0 74.7 14.8
A3 → A9 + Ph· barrierless 303.8 390.6
A1 + HO· → A10 barrierless −69.6 −74.6
A1 + HO· → A11 + H2O barrierless −6.4 −22.1
A1 + HO· → A12 + H2O barrierless −10.7 −25.3
A1 + HO· → A13 + H2O barrierless −9.9 −24.1

Figure 5. Comparison of the H abstraction from the −SH group with
alternative initial reaction steps for thiophenol (A).
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oxidation reactions through channels involving gas-phase radical
species are missing.

Thiophenol. In thiophenol, the initial oxidation steps lead to
the formation of SOxHx oxides (Figure 4). Hydroxyl radicals
(HO·) react directly with thiol functionalities forming thiyl
radicals (A2), that can recombine with HO· to benzene sulfenic
acid A3 (phenyl sulfanol). At this point, three oxidation
pathways were examined leading to the species A7, A8, and A9.
Terminal thiol groups undergo stepwise oxidation by

hydroxyl radicals contained in the combustion atmosphere. It
was found for system A that in all MD runs the initial oxidation
steps are initiated by HO· radicals and occur at the terminal S-
functionality. Sulfur is eliminated as SOxHx (x = 1,2,3) from the
aromatic system before the carbon framework is oxidized. The
three elimination products (A7, A8 and A9) can convert into
each other or are further oxidized in the radical-rich combustion
atmosphere. Either HOS· is directly eliminated or species A3
forms a noncovalently bound complex (A4) with an additional
HO· radical prior to forming the intermediate structure A5. As

can be seen in Table 1, the electronic energies indicate that the
elimination of A7 and A8 is thermodynamically favored
compared to the elimination of the HOS· species. The
decomposition of A3 into a HOS· radical (RA8) needs 390.6
kJ/mol of energy and is therefore thermodynamically disfavored.
Much more important is the reaction channel RA3 (Table 1).
While the reaction energy for the H3O3S· elimination is 14.8 kJ/
mol with an activation energy of 74.7 kJ/mol, the elimination of
SO2H2 has no significant activation barrier. For the endothermic
reactionRA5we find on theDFT potential energy surface a small
barrier of 7.3 kJ/mol for the backward reaction which seems to
not exist on the CC potential energy surface as we find in the CC
calculation for the DFT-optimized transition state structure an
energy below that of A6.
As pointed out in the introduction, the focus of the current

study is on oxidation reaction channels initiated at sulfur
functional groups. To provide a comparison with reaction
channels initiated at other sites, in particular aromatic rings, we
investigated for thiophene also reaction channels starting with a
reaction at the benzene ring (Figure 5). Hydroxyl radicals can
abstract hydrogen atoms from aromatic rings without a barrier.
These reactions lead for thiophene to the open-shell compounds
A11−A13 and is in all cases nearly 130 kJ/mol less exothermic
compared to the abstraction of a hydrogen atom from the thiol
group (Figure 1). Another possible reaction channel observed in
the MD simulations is the ortho-addition of a hydroxyl radical to
the benzene ring forming species A10 with a reaction energy of
−74.6 kJ/mol. The much less favorable energetics of these
reactions emphasize that oxidation reactions at SFGs are
important initiation steps for the combustion of sulfur-
containing (bio)char.

Figure 6. Oxidation pathways for naphthalene-1-thiol (B).

Table 2. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound B in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
B1 + HO· → B2 + H2O barrierless −157.0 −162.4
B2 + HO· → B3 barrierless −223.4 −265.0
B3 + HO· → B4 barrierless −37.2 −50.0
B4 → B5 + B6 barrierless 83.8 91.0
B3 + HO· → B7 barrierless −96.6 −96.5
B7 + HO· → B8 barrierless −84.0 −76.4
B8 → B6 + B9 barrierless 127.4 113.4

Figure 7. Oxidation pathways for benzene sulfoxylic acid (C).

Table 3. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound C in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
C1 + HO· → C2 + H2O barrierless −62.7 −30.3
C2 → C3 + C4 barrierless 128.1 102.2
C2 → C5 + C6 63.2 −107.8 55.3 −78.6
C2 → C7 116.8 51.5 107.2 13.7
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Naphthalene-1-thiol. Next, we investigated the oxidation
pathways of naphthalene-1-thiol to study how much the
oxidation pathways of aromatic thiols change with the system
size. The results (compare Figure 6) show that the oxidation
mechanisms are similar to the ones observed in system A. In the
initial reaction steps, the thiol group is dehydrogenated (RB1)
before to the thiyl-radical reacts with two hydroxyl radicals
forming sulfoxylic acid (SO2H2). This reaction was found to
occur either before the carbon structure is attacked by hydroxyl
radicals or at a partially oxidized carbon framework. In the first
case, the open-shell thiyl radical species B2 recombines with one
hydroxyl radical (RB2) forming a sulfenic acid derivative B3 that
is similar to species A3. Also, the reaction energies (Table 2) are
consistent, being 5.8 kJ/mol higher for naphthalene-1-thiol
compared to thiophenol. At this reaction step, it was discovered
that B3 can react directly to a sulfur hydroxide group (B4)
before eliminating sulfoxylic acid (B6). As for thiophenol, the
elimination of SO2H2 has no significant barrier and a reaction
energy of 91 kJ/mol (0.2 kJ/mol higher than for thiophenol).
Beyond that, it was also discovered that the carbon structure
itself can be attacked by one hydroxyl radical forming the
partially oxidized sulfenic acid species B7. Next, the sulfenic
group is further oxidized (RB7) similar to reaction RB3
eliminating again sulfoxylic acid which requires an energy of
113.4 kJ/mol. In all MD runs of the naphthalene-1-thiol system,
sulfur is eliminated as SO2H2 from the carbon backbone.
Sulfonic Acids. Recent studies that investigated sulfur oxo-

acid reaction pathways are limited to biologically important
sulfenic acids69 and small oxo S-species.70 While Zaman
investigated the pyrolysis of C6-based sulfonic acids at a
macroscopic level,71 detailed mechanistic studies of the
oxidation pathways of benzene- and naphthalene-sized sulfonic
acids are lacking in the literature.

Benzenesulfonic Acid. The combustion of benzenesulfonic
acid (Figure 7) starts with the abstraction of a hydrogen atom

from the acid form (C1) by an HO· radical forming a −SO3·
radical group (C2). In the ReaxFF simulations, two subsequent
pathways to SOx volatiles were observed for C2. One reaction
channel (RC2) leads to the dissociation of the C−S bond and the
formation of a phenyl radical (C3) and sulfur trioxide (C4).
Alternatively,C2 can react (RC3) to a phenoxyl radical (C5) and
sulfur dioxide (C6). C2 can rearrange to its acid form (C7) by
shifting a hydrogen atom from the phenyl ring to one of the
oxygen atoms in the −SO3· group. While the elimination of SO3
is endothermic (102.2 kJ/mol) the reaction to SO2 is exothermic
with an activation energy of 55.3 kJ/mol and is thus energetically
favored (Table 3).
Zaman71 studied the pyrolysis of benzene systems containing

sulfonic acid functionalities and reported that sulfur dioxide is
the main sulfur oxide compound formed during the conversion
process. In the current study we find that also for the oxidation of
sulfonic acids the elimination of of sulfur dioxide is an important
reaction channel. In contrast to other terminal SFGs, the
sulfonate group is already maximally oxidized as a C−S bonded
group. Hence, the elimination of SO2 and SO3 is observed in the
ReaxFF simulations, and as seen for the thiol and thioketone
systems, the initial oxidation mechanism starts with the
dehydrogenation of the acid group by HO· radicals, forming
eventually SOx species.
Sulfur dioxide and other sulfur oxide volatiles react with

atomic and molecular oxygen or hydroxyl radicals to higher
oxidized SOxHy intermediates in the oxy-fuel atmosphere. As we
focus in the current study on the initial oxidation and
elimination pathways of SFGs in aromatic hydrocarbons we
refer for the combustion reactions of SO2 and SO3 to the work of
Hindiyarti et al.72 The hydrogen shift reaction leading to C2,
generates aryl radicals that can initiate additional radical
branching reactions73,74 and thereby open new reaction
channels to oxo-radicals that consume molecular oxygen.19

Naphthalene-1-sulfonic Acid. Also for the larger naphtha-
lene sulfonic acidD1 the sulfonic acid group eliminates as sulfur
dioxide or sulfur trioxide (Figure 8), similar as in its benzene
counterpart. In system D, the SO3 elimination is with a reaction
energy of 96.2 kJ/mol less endothermic compared to the
benzene-sized sulfonic acid (Table 4). Interestingly, the
activation energy of the SO2 elimination pathway is 34.5 kJ/
mol lower compared to the same reaction in system C. Overall,
system C and D show a similar reactive behavior during the
initial oxidation steps of the −SO3H group. In both systems, the

Figure 8. Oxidation pathways for naphthalene-1-sulfonic acid (D).

Table 4. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound D in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
D1 + HO· → D2 + H2O barrierless −70.7 −33.1
D2 → D3 + D4 barrierless 135.9 96.2
D2 → D5 + D6 48.0 −128.8 20.8 −112.1
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reaction to sulfur dioxide is the energetically favored reaction
pathway, which was also observed experimentally by Zaman.71

Thioketones. As an example for thiocarbonyl function-
alities, we investigated the oxidation pathways (Figure 9) of
diphenylmethanethione. This compound shows a reaction
behavior comparable to other terminal SFGs, namely the
stepwise oxidation of the sulfur atom to sulfoxylic acids. In the
first (barrierless) reaction step, a hydroxyl radical adds to the
thioketone functionality, forming the open-shell sulfenic acid
E2. The addition of a second hydroxyl radical leads without

significant barrier to the intermediate sulfanediol E3 with a
reaction energy of −121.9 kJ/mol (Table 5). Starting from E3,
two potential reaction pathways were observed: the elimination
of sulfoxylic acid (RE4) and the formation of an open-shell
oxathiolane derivative (RE3). The direct elimination of SO2H2
forming diphenylmethylene (E11) requires 161.6 kJ/mol of
energy. In contrast to this endothermic reaction, the pathway to
species E4 and E5 proceeds via two exothermic steps, releasing
−87.0 kJ/mol (RE3) and −96.3 kJ/mol (RE4), respectively.
After some rotational rearrangements (RE6−RE8), eventually
HO2S· is eliminated, forming E10 in a highly endothermic
reaction that requires 250.2 kJ/mol.
Thiophenes. Previous studies on combustion reactions of

thiophenes focused on the mechanisms and kinetics of
thiophene reacting with hydroxyl radicals75−77 and pyrolysis
reactions.78,79 More detailed studies were carried out analyzing
unimolecular pyrolysis mechanisms of larger aromatic thio-
phene systems such as benzothiophene and dibenzothio-
phene.80−82 However, at present, theoretical studies of oxidation
mechanisms of thiophenes in an oxygen atmosphere, including
activation energies and kinetic parameters, are limited.

Thiophene. The initial steps for the oxidation of thiophene
(F1) are summarized in Figure 10. In the first reaction step
(RF1), a hydroxyl radical adds to the α-carbon atom, forming the
2-hydroxyl open-shell system F2 in a barrierless reaction (Table

Figure 9. Oxidation pathways for diphenylmethanethione (E).

Table 5. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound E in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
E1 + HO· → E2 barrierless −124.7 −133.9
E2 + HO· → E3 barrierless −103.9 −121.9
E3 → E4 barrierless −75.9 −87.0
E3 → E10 + E11 barrierless 169.1 161.6
E4 + HO· → E5 + H2O barrierless −99.4 −96.3
E5 → E6 74.4 55.8 51.8 25.6
E6 → E7 5.4 −13.4 0.8 −11.0
E7 → E8 5.9 −133.3 0.9 −163.6
E8 → E9 + E10 barrierless 225.2 250.2
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6). In the next step, the C−S bond breaks homolytically, forming
F3. Subsequent to a rotational rearrangement (RF3) a second
hydroxyl radical adds, forming the sulfenic acid derivative F5.
After two dehydrogenation reactions (RF5, RF6) the open-shell
HOS· radical F8 is eliminated, yielding the hydrocarbon species
F9. The HOS· elimination has an activation energy of 89.8 kJ/
mol and is endothermic, requiring 71.1 kJ/mol of energy.

Dibenzo[b,d]thiophene. The oxidation of dibenzothiophene
(Figure 11) is initiated by the formation of an aryl radical in one
of the benzene rings (G2) which can rearrange to a five- and a
three-membered ring (G3). In the latter intermediate, the β-γ
C−C bond dissociates homolytically, leading to a vinyl-radical

Figure 10. Oxidation pathways for thiophene (F).

Table 6. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound F in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
F1 + HO· → F2 barrierless −116.6 −102.9
F2 → F3 76.8 37.6 100.5 58.3
F3 → F4 48.0 −27.8 34.9 −25.9
F4 + HO· → F5 barrierless −205.0 −252.0
F5 + HO· → F6 + H2O barrierless −70.8 −76.5
F6 + 3O(P) → F7 + HO· barrierless −116.2 −104.1
F7 → F8 + F9 80.3 74.9 89.8 71.1

Figure 11. Oxidation pathways for dibenzo[b,d]thiophene (G).
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structure G4. This exothermic reaction has a relatively low
barrier of 23.5 kJ/mol and a reaction energy of −85.4 kJ/mol
(Table 7). In reaction RG7 the C−S bond breaks, and the
reactive thiyl radical G6 is formed. The latter rearranges to a
thiopyrol derivative, which exists as the two H-tautomers, G7
and G8. Tautomer G8 can undergo a ring contraction reaction,
forming the thioketone G9. The latter reaction is highly
exothermic (−140.9 kJ/mol) with an activation barrier of 143.8
kJ/mol.
No direct oxidation reactions of the thiyl functionality (−S·)

were detected in system G, as it has been the case for the

aromatic thiolsA andBwhere this led to the formation of SOxHx
volatiles. Apparently, the intramolecular ring contraction
reactions are faster then the reaction of the thiyl radical with
HO·.
The thioketone intermediate G9 converts into a thioketene

group in a reaction requiring an activation energy of 164.9 kJ/
mol. For an alternative pathway of thioketone functional groups,
the reader is redirected to the elimination reactions of system E.
For compound G it was observed that thioketones can form

Table 7. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound G in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
G1 + H· → G2 + H2 29.0 14.1 65.6 36.0
G1 + HO· → G2 + H2O barrierless −8.4 17.2 −23.5
G1 → G2 + H· 458.7 466.0
G2 → G3 247.3 232.3 255.1 238.5
G3 → G4 22.0 −77.4 23.5 −85.4
G4 → G5 140.1 128.8 145.7 129.0
G5 → G6 58.0 41.8 64.3 36.7
G6 → G7 23.3 −51.6 32.2 −46.7
G7 → G8 204.0 3.4 204.0 −2.0
G8 → G9 126.5 −161.2 143.8 −140.9
G9 → G10 200.5 190.6 207.3 188.0
G10 → G11 150.6 95.2 164.9 95.6
G11 + HO· → G12 barrierless −374.1 −400.8
G12 + HO· → G13 + H2O barrierless −144.3 −143.5
G13 → G14 + G15 barrierless 75.5 71.4

Figure 12. Schematic summary of the rearrangements of G to
thiophenic sulfur (1), thiolic sulfur (2), thiopyrolic sulfur (3), and a
thioketone (4). Addition reactions of hydroxyl radicals to the sulfur
atom were not detected in the simulations.

Figure 13. Oxidation pathways for thiopyran 1,1-dioxide (H).

Table 8. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound H in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
H1 + 3O(P) → H2 barrierless −296.0 −226.6
H2 → H3 + H4 barrierless 52.5 39.1

Figure 14. Oxidation pathways for sulfonyldibenzene (I).

Table 9. TPSSh-D3/TZVP andCCSD(F12*)(T*)/cc-pVDZ-
F12 Energies for Oxidation Pathways of Compound I in kJ/
mol

reaction Eact,DFT Erxn,DFT Eact,CC Erxn,CC
I1 + HO· → I2 barrierless −73.4 −73.2
I2 → I3 + I4 211.8 −91.4 266.7 14.8
I4 → I5 192.5 44.9 223.0 77.2
I5 → I6 + Ph· barrierless 208.9 202.4

Figure 15. Initial reaction steps of thiophenol (X = S) observed in the
present study and in phenol (X = O) by Yönder et al.19
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thioketenes before reacting with gas-phase radicals such as HO·
(RG13). This reaction type has no significant barrier and releases
−400.8 kJ/mol of energy and yields the carbothioicO-acidG12.
Eventually, after an abstraction of a hydrogen atom from the acid
functionality carbonyl sulfide (COS) is eliminated in an
endothermic reaction requiring 71.4 kJ/mol of energy.
In contrast to terminal functional groups, thiophenes are

embedded into the aromatic system and, hence, the initial
reaction steps cannot take place directly at the sulfur atom.75,83

However, it was found for embedded thiophenic sulfur
functionalities that they convert to thiols, thiopyrolic sulfur
and, eventually, to thioketones (Figure 12). These reaction
pathways of dibenzothiophene were also observed by Li et al.
when studying the combustion of a larger char model
(C225H182N4O36S3) with ReaxFF and DFT.

68

Organic S-Dioxides. 2H-thiopyran 1,1-Dioxide. Among
the studied S,S-dioxides H represents oxidized thioethers. They
can eliminate sulfur as dioxide (SO2). The reaction pathway

found in the current work for H starts with an attack of an
oxygen atom at the S,S-dioxide functionality (Figure 13),
opening the ring and forming intermediate H2 in a triplet state.
This reaction is highly exothermic and shows no significant
activation barrier. Reaction channelRH2 leads to the elimination
of sulfur dioxide, requiring 39.1 kJ/mol of energy (Table 8).

Sulfonyldibenzene. Sulfones can connect two aromatic
subsystems and are one of the main abundant exocyclic groups
in (bio)char. While it was observed that H tends to eliminate
sulfur dioxide (SO2), in sulfonyldibenzene (I) sulfur leaves the
organic framework in the mechanism shown in Figure 14 as
sulfur monoxide (SO). The initial reaction steps take place at the
carbon framework, starting with the addition of an HO· radical
to one of the phenyl rings forming the reactive species I2. The
sulfone functionality reacts by the insertion of oxygen into the
C−S bond prior to the homolytical dissociation of the resulting
S−O bond, forming I3 and I4. Instead of a C−S bond
dissociation, the sulfinyl group undergoes a rearrangement to an
oxidanethione (compound I5). Eventually, sulfur monoxide I6
can be eliminated with, however, a highly endothermic reaction
energy of 202.4 kJ/mol (Table 9).
Comparison of SFGs and OFGs. Yönder et al.19

investigated the reaction mechanisms of oxygen functional
groups (OFGs) during char burnout applying the same
automatized workflow34 as used in the current work. Oxygen
functionalities leave the carbon framework as COxHy species
such as carbon dioxide, carbon monoxide, formic acid, and
formaldehyde. Similar to sulfur, less oxidized OFGs are
converted into highly oxidized groups that eliminate as carbon
dioxide. Aromatic thiols undergo different reactions in the
combustion atmosphere than the corresponding alcohols. For
both functional groups, the initial reaction step is the abstraction
of the terminal hydrogen atom, forming a radical center (Figure
15). In the case of aromatic alcohols, the radicals tend to react
with the vicinal carbon atoms from the carbon framework,
whereas in the case of thiols, the sulfur atom is oxidized in several
steps, forming SOx volatiles.
Rates for Oxidation versus Pyrolysis. To the best of our

knowledge, detailed kinetic data for the oxidation of SFGs in

Figure 16. Initial pyrolysis reactions of thiopheneRpyr1−Rpyr3 found by Li et al.
84 compared to the initial reaction channelsRF1−RF7 for the oxidation

of thiophene in an oxy-fuel atmosphere from the present work.

Figure 17.Comparison of the rate constants of the thiophene oxidation
pathway shown in Figure 10 with the rate constants for the pyrolysis
reactions found by Li et al.,84 recomputed in the current work at the
same level of theory as used for the oxidation reactions.
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aromatic hydrocarbons that could be directly compared with the
current results is not yet available in the literature. For
thiophene, Li et al.84 studied possible pyrolysis reaction
pathways and calculated rate constants based on transition
state theory. Considering competing pathways during the
combustion of thiophene functionalities, it is of interest to
compare (see Figure 16) the pyrolysis pathways with the
oxidation reactions found in the present work.
To compare the rates for these reactions, we recalculated the

activation energies and kinetic parameters for the pyrolysis
pathways reported by Li et al.84 at the same level of theory used
for all other reactions in the present work. Figure 17 shows a
comparison of the rate constants for the initial pyrolysis
reactions with those for the reaction steps RF2, RF3, and RF7
for the oxidation of thiophene (Figure 10). The reaction
pathway for the oxidation involves HO· radicals for which
concentrations as high as 10% (at atmospheric pressure) in all
types of oxy-fuel flames were reported at elevated temper-
atures.85 Also for thiophene, the oxidation starts in the presence
of hydroxyl radicals with the addition of a HO· radical to the
aromatic ring system (see RF1 in Figure 16). Since for oxy-fuel
combustion processes hydroxyl radicals are a major species in
the combustion atmosphere, the newly found reaction channels
are important and should to be taken into account to model
combustion under such conditions. The reaction channels found
by Li et al.84 for pyrolysis are in the range of 2000 K, nearly 3
orders of magnitude slower than the unimolecular rearrange-
ment reactions in the reaction channel for oxidation, underlining
that this channel becomes important when the partial pressure of
HO· is sufficiently high. With decreasing temperature, the
oxidation channel becomes increasingly more important, while
for higher temperatures the pyrolysis channels gain importance.

■ CONCLUSIONS
The aim of the current study has been to determine and analyze
the most important reaction pathways for the initial oxidation
steps of sulfur-containing functional groups during char during
combustion. Sulfur exists in chars in the form of thiophenes,
sulfur-(di)oxides, sulfonic acids, and thiol groups. To shed light
on the reaction space of SFGs during char burnout, reactive MD

simulations were done for each type of SFG to study the group-
specific reaction behavior. Terminal as well as embedded S-
containing groups react in the initial steps with HO· radicals or
atomic oxygen (3O(P)) forming SOxHy species that can
eliminate from the organic framework as volatiles. Moreover,
we investigated how oxidation mechanisms vary with increasing
system size, starting from benzene- to naphthalene-sized
molecules. Figure 18 summarizes the initial elimination products
of the studied SFG compounds A−I.
In aromatic thiols, the oxidation pathways lead to the

elimination of S(OH)x species with x = 1, 2, 3. For both, it
was observed that sulfur is eliminated as sulfoxylic acid (SO2H2).
For benzenethiol also, H3O3S· and HOS· were observed as
leaving groups; elimination of the latter is, however, highly
endothermic. The elimination can occur directly in the initial
oxidation steps or after partial oxidation of the carbon
framework. The mechanisms do not differ much between
benzenethiol and naphthalenethiol. Hence, we conclude that the
reactions of terminal thiol groups do not change much with the
system size.
Sulfonic acids are decomposed in the combustion atmosphere

by abstracting in an initial step the hydrogen atom from the R-
SO3H group, leading to open-shell R-SO3· radicals that can
either eliminate sulfur trioxide or sulfur dioxide. The elimination
of sulfur dioxide, yielding an aryl radical, is thermodynamically
favored compared to the elimination of SO3 which results in aryl
radicals. Thiopyrane and diphenyl S,S-dioxides can connect two
aromatic ring systems. In these compounds, sulfur leaves the
carbon framework as SO and SO2, respectively. Considering
embedded functionalities, thiophenes are the only notable
exception regarding the oxidation mechanism under increasing
system sizes. It was found that sulfur is eliminated in thiophene
as HOS·, which is initiated by HO· radicals. Embedding
thiophenes into a larger aromatic system changes the reaction
pathways because the vicinal carbon atoms of the former
thiophene structure cannot be attacked directly by hydroxyl
radicals. As a consequence, the sulfur atoms in nonembedded
and embedded thiophenes are converted into different sulfur
functionalities before leaving the carbon framework. In the case
of dibenzothiophene, a thiopyran derivative is formed, which

Figure 18. Overview of the elimination pathways of sulfur-containing leaving groups for different SFGs represented by compounds A−I.
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Table 10. Rate Constant Parameters for the Modified Arrhenius Form, eq 5, for the Combustion Reactions of Compounds A−
I

reaction ln A n E units of k(T)

A1 + HO· → A2 + H2O barrierless
A2 + HO· → A3 barrierless
A3 + HO· → A4 barrierless
A4 → A5 27.17 0.3128 3281.08 1/s
reverse 31.22 −0.0830 5211.55 1/s
A5 → A6 barrierless
A6 → A7 + Ph· barrierless
A5 + HO· → A8 + Ph· 11.03 1.9552 8193.61 cm3 mol−1 s−1

reverse 4.61 2.1938 6704.51 cm3 mol−1 s−1

A3 → A9 + Ph· barrierless
A1 + HO· → A10 barrierless
A1 + HO· → A11 + H2O barrierless
A1 + HO· → A12 + H2O barrierless
A1 + HO· → A13 + H2O barrierless
B1 + HO· → B2 + H2O barrierless
B2 → B3 barrierless
B3 + HO· → B4 barrierless
B4 → B5 + B6 barrierless
B3 + HO· → B7 barrierless
B7 + HO· → B8 barrierless
B8 → B6 + B9 barrierless
C1 + HO· → C2 + H2O barrierless
C2 → C3 + C4 barrierless
C2 → C5 + C6 25.76 0.4850 6705.83 1/s
reverse 0.45 2.6437 15315.49 cm3 mol−1 s−1

C2 → C7 24.21 0.7754 12433.59 1/s
reverse 23.90 0.7584 10678.92 1/s
D1 + HO· → D2 + H2O barrierless
D2 → D3 + D4 barrierless
D2 → D5 + D6 27.35 0.2637 2537.66 1/s
reverse 0.83 2.4875 15189.63 cm3 mol−1 s−1

E1 + HO· → E2 barrierless
E2 + HO· → E3 barrierless
E3 → E4 barrierless
E3 → E10 + E11 barrierless
E4 + HO· → E5 + H2O barrierless
E5 → E6 28.90 0.1251 6374.52 1/s
reverse 27.22 0.3119 3242.42 1/s
E6 → E7 24.02 0.6612 113.02 1/s
reverse 25.24 0.5310 1472.04 1/s
E7 → E8 27.87 0.2378 227.52 1/s
reverse 23.78 0.6719 19739.51 1/s
E8 → E9 + E10 barrierless
F1 → F2 barrierless
F2 → F3 29.46 0.0941 12290.08 1/s
reverse 24.30 0.5391 4996.82 1/s
F3 → F4 27.70 0.4152 4434.00 1/s
reverse 28.70 0.2459 7549.69 1/s
F4 → F5 barrierless
F5 → F6 barrierless
F6 → F7 barrierless
F7 → F8 + F9 35.50 −0.4216 11366.79 1/s
reverse 8.33 1.9527 1731.80 cm3 mol−1 s−1

G1 + H· → G2 + H2 18.42 1.8337 7342.21 cm3 mol−1 s−1

reverse 10.33 2.4481 2255.10 cm3 mol−1 s−1

G1 + HO· → G2 + H2O 10.97 2.3305 1114.02 cm3 mol−1 s−1

reverse 5.09 2.7641 3524.98 cm3 mol−1 s−1

G1 → G2 + H·
G2 → G3 27.83 0.4583 30893.61 1/s
reverse 29.12 0.1244 2114.32 1/s
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reacts further to a thioketone. Sulfur is eventually eliminated as
carbonyl sulfide (COS). Dibenzothiophene is the only system
for which we observed that sulfur is eliminated as a carbon-
bound species and not as SOx or SOxHy species.
In addition to reaction and activation energies, we also

computed rate constants for 300−3000 K, which, for a compact
representation, were fitted to the modified Arrhenius form given
in eq 5. The resulting kinetic parameters are listed in Table 10 of
the Appendix. They can be used in future studies as input for,
e.g., kinetic Monte Carlo approaches for sulfur-containing
aromatic hydrocarbons and provide a starting point for
extending combustion models of biomass-based or other solid
fuels to account for the presence of sulfur-containing functional
groups.

■ APPENDIX A RATE CONSTANTS

■ ASSOCIATED CONTENT

Data Availability Statement
The DFT-optimized geometries along with the electronic
energies of the reactants, products, and transition states of the
studied reactions are available in a Zenodo repository86 or on
request from the authors.

■ AUTHOR INFORMATION

Corresponding Author
Bastian Schnieder − Lehrstuhl für Theoretische Chemie I, D-

44780 Bochum, Germany; orcid.org/0009-0006-5847-
6388; Phone: +49 (0)234 32 26846;
Email: bastian.schnieder@ruhr-uni-bochum.de

Authors
Rochus Schmid − Computational Materials Chemistry Group,

Ruhr-Universität Bochum, D-44780 Bochum, Germany;
orcid.org/0000-0002-1933-3644

Christof Hättig − Lehrstuhl für Theoretische Chemie I, D-
44780 Bochum, Germany; orcid.org/0000-0002-5752-
2710

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.4c07973

Author Contributions
B.S.: Investigation, conceptualization, methodology, validation,
data curation, writing�original draft. R.S.: Supervision, project
administration, funding acquisition, methodology, writing�
review and editing. C.H.: Supervision, project administration,
funding acquisition, conceptualization, methodology, validation,
data curation, writing�review and editing.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the German Research Foundation (DFG) for
funding this study within the framework of the SFB/Transregio
129 Oxyflame (Project number 215035359).

■ REFERENCES
(1) Tapia, J. F. D.; Lee, J.-Y.; Ooi, R. E.; Foo, D. C.; Tan, R. R. A review
of optimization and decision-making models for the planning of CO2
capture, utilization and storage (CCUS) systems. Sustainable
Production and Consumption 2018, 13, 1−15.
(2) Kätelhön, A.; Meys, R.; Deutz, S.; Suh, S.; Bardow, A. Climate
change mitigation potential of carbon capture and utilization in the

Table 10. continued

reaction ln A n E units of k(T)

G3 → G4 29.32 0.0950 2982.68 1/s
reverse 27.43 0.2769 13113.97 1/s
G4 → G5 31.51 0.1659 18141.04 1/s
reverse 26.05 0.4088 1988.53 1/s
G5 → G6 31.74 −0.0922 8117.84 1/s
reverse 25.72 0.4779 3393.83 1/s
G6 → G7 25.76 0.3907 3851.28 1/s
reverse 30.95 0.0793 9960.61 1/s
G7 → G8 25.90 0.6806 24339.42 1/s
reverse 26.17 0.6646 24599.33 1/s
G8 → G9 31.77 −0.0868 17628.78 1/s
reverse 31.74 −0.0623 34658.92 1/s
G9 → G10 27.52 0.2703 24984.41 1/s
reverse 28.99 0.2054 2546.40 1/s
G10 → G11 31.21 0.1382 20328.91 1/s
reverse 22.87 0.7380 8182.75 1/s
G11 + HO· → G12 barrierless
G12 + HO· → G13 + HO2· barrierless
G13 → G14 + G15 barrierless
H1 + 3O(P) → H2 barrierless
H2 → H3 + H4 barrierless
I1 + HO· → I2 barrierless
I2 → I3 + I4 30.46 0.1723 32395.41 1/s
reverse 5.92 1.8278 29789.54 cm3 mol−1 s−1

I4 → I5 26.45 0.4907 26938.28 1/s
reverse 25.90 0.6288 17709.74 1/s
I5 → I6 + Ph· barrierless

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.4c07973
J. Phys. Chem. A 2025, 129, 3300−3314

3312

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bastian+Schnieder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0006-5847-6388
https://orcid.org/0009-0006-5847-6388
mailto:bastian.schnieder@ruhr-uni-bochum.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rochus+Schmid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1933-3644
https://orcid.org/0000-0002-1933-3644
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christof+Ha%CC%88ttig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5752-2710
https://orcid.org/0000-0002-5752-2710
https://pubs.acs.org/doi/10.1021/acs.jpca.4c07973?ref=pdf
https://doi.org/10.1016/j.spc.2017.10.001
https://doi.org/10.1016/j.spc.2017.10.001
https://doi.org/10.1016/j.spc.2017.10.001
https://doi.org/10.1073/pnas.1821029116
https://doi.org/10.1073/pnas.1821029116
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c07973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


chemical industry. Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 11187−
11194.
(3) Nath, F.; Mahmood,M. N.; Yousuf, N. Recent advances in CCUS:
A critical review on technologies, regulatory aspects and economics.
Geoenergy Science and Engineering 2024, 238, No. 212726.
(4) Harris, Z.; Spake, R.; Taylor, G. Land use change to bioenergy: A
meta-analysis of soil carbon and GHG emissions. Biomass and Bioenergy
2015, 82, 27−39.
(5) Tanzer, S. E.; Ramírez, A. When are negative emissions negative
emissions? Energy Environ. Sci. 2019, 12, 1210−1218.
(6) Pelissari, M. R.; San Martín Cañas, S.; Ciotta, M. R.; Tassinari, C.
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