¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Quantum chemistry and kinetics of hydrogen

’ '.) Check for updates ‘
sulphide oxidationt

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 3219

M. Monge-Palacios, 2 £* Q. Wang, (2 £*® A. Alshaarawi,® A. C. Cavazos Sepulveda®

and S. M. Sarathy (@

A fundamental understanding of the acid gas (H,S and CO,) chemistry is key to efficiently implement
the desulphurisation process and even the production of clean fuels such as hydrogen or syngas. In this
work, we developed a new kinetic model for the pyrolysis and oxidation of hydrogen sulphide by
merging two previously reported models with the goal of covering a wider range of conditions and
including the effect of carbon dioxide. The resulting model, which consists of 75 species and 514
reactions, was used to conduct rate of production and sensitivity analysis in plug flow reactor
simulations, and the results were used to determine the most prominent reactions in which hydrogen
sulphide, molecular hydrogen, and sulphur monoxide are involved. The resulting list of important
reactions was screened and the kinetics of three of them, i.e., SO, + S, — S,0 + SO, S0 + S, —» Sz +
SO, and SO + SH — S, + OH, was found to warrant further investigation. With the goal of improving the
accurancy of our new kinetic model, we carried out a robust quantum chemistry and Rice—Ramsper-
ger—Kassel-Marcus master equation study to obtain, for the first time, the forward and reverse rate con-
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stants for those three reactions at temperatures and pressures of interest for combustion and
atmospheric chemistry. This work is the first step of a kinetic study that is aimed at improving the under-
DOI: 10.1039/d3cp04535h standing of the chemistry of the pyrolysis and oxidation of H5S, highlighting the importance of sulphur—

sulphur interactions and providing a fundamental basis for future kinetic models of H,S not only in the

Open Access Article. Published on 28 December 2023. Downloaded on 6/20/2026 1:32:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/pccp

Introduction

Raw natural gas (NG) contains levels of hydrogen sulphide
(H,S) ranging from a few ppm up to 5%." Due to the high
toxicity of H,S,” worldwide health and safety agencies demand
the concentration of H,S not to exceed 5 ppm in NG before end
use.? In addition, corrosive H,S and other acid gases must be
removed from natural gas before pipeline transportation. For
the H,S removal process, a well-known industrial treatment is
the Claus process,* in which H,$ is fully oxidized and converted
into solid sulphur and water. Although the main purpose of
H,S removal is to sweeten NG, H,S can also be used to produce
clean fuels. For example, partial oxidation of H,S may yield
hydrogen (H,), similarly to methane (CH,) combustion under
rich conditions.” Another feasible treatment is the thermal
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field of combustion, but also in atmospheric chemistry.

decomposition of acid gas, i.e., H,S and carbon dioxide (CO,),
which yields syngas (H, and carbon monoxide, CO)° that can be
used either directly as a fuel” or in fuel syntheses (e.g., metha-
nol or Fischer-Tropsch fuels).®° This partial removal of CO, in
NG is also beneficial since the CO, level needs to be below
2% in pipeline-grade methane’ due to the lack of heating value
of CO,.

The above-described methods to convert the highly toxic
species H,S into valuable products can be only optimized and
made more efficient by achieving a deep fundamental under-
standing of the kinetics of the oxidation of acid gas. Therefore,
developing an accurate combustion mechanism of H,S in the
presence of CO, is of pivotal importance and is the key to
optimize and evaluate the performance of desulphurisation
processes and the revalorization of H,S, i.e., its conversion into
sulphur or the fuels syngas or H,.

Nevertheless, both experimental and theoretical works on
H,S combustion are scarce due to, respectively, the safety issues
with H,S experimentation and the complexity of the interac-
tions between sulphur species. Binoist et al.'® investigated the
pyrolysis of H,S in a continuous perfectly mixed quartz tube
reactor in the temperature range of 800-1000 °C and proposed
a kinetic mechanism with 22 elementary reactions. Zhou et al.**
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studied the oxidation of H,S in an atmospheric pressure flow
reactor from 950 to 1150 K under fuel-lean conditions and
developed a kinetic mechanism with 41 species and 277 reac-
tions. The effect of CO, on the partial oxidation of H,S was
investigated by Li et al.'®> via tube furnace experiments, who
developed a kinetic mechanism with 90 species and 596 reac-
tions. More recently, Stagni et al.™® studied the pyrolysis and
oxidation of H,S under fuel-lean conditions with jet stirred
reactor and flow reactor experiments across a wider range of
operating conditions and proposed a kinetic model with 30
species and 156 reactions.

Despite those efforts, discrepancies between experiments
and current model predictions remain significant. For example,
the discrepancies in the onset of the SO, mole fraction profiles,
as well as in the peak of the H, mole fraction profiles, observed
by Stagni et al.'® indicate that reactions in their recent H,S
combustion mechanism need to be examined further.

At a fundamental level, the interactions between sulphur
species under combustion conditions have been rarely studied.
Unlike elementary reactions directly related to H,S (e.g., hydro-
gen abstraction from H,S by various species), which have been
studied by experiments and ab initio calculations,"® reaction
pathways and kinetic parameters of most bimolecular reactions
involving sulphur-species such as S,, SO,, S,0 and SO in kinetic
models have been crudely estimated.”* As an example, the rate
constants of 142 out of the 277 reactions in Zhou’s model"*
were estimated, and most of these estimated reactions are
sulphur-sulphur interactions involving the species S,, SO,,
S,0 and/or SO. Despite those estimations, this model has been
often used as a reference or base model for H,S oxidation in
later kinetic models, and the same estimations were inherited
to even the most up-to-date ones.'>'* These sulphur species
(e.g, SO and S,0) represent important intermediates in H,S
combustion, which are hard to characterize by experiments due
to their detection limit. Ab initio and kinetic calculations are
also complicated due to features such as the multi-reference
character, formation of numerous intermediates and saddle
points, and pressure effects.

As Raj et al.™* pointed out in a review article, those sulphur-
sulphur interactions are extremely important in H,S oxidation
even under fuel-lean conditions. Therefore, studying the most
important reactions of that kind would help to not only
improve the performance of current kinetic mechanisms, but
also assess the accuracy of the estimations currently being used
in these mechanisms.

Under such considerations, this work aims to shed light into
the chemistry of H,S combustion by first establishing a kinetic
model applicable across a wider range of conditions and then by
performing quantum chemistry and Rice-Ramsperger-Kassel-
Markus master equation (RRKM-ME) calculations'®™” on some
of the most important reactions in the developed model. There-
fore, this work highlights the importance of sulphur-sulphur
interactions and provides a fundamental basis for future kinetic
models of H,S oxidation in combustion applications.

Moreover, the chemistry of sulphur species in the atmo-
sphere of the Earth and other planets is limited and thus not
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very well understood. Given the low temperature and pressure
regimes achieved in our computational kinetic study, the
reported rate constants may be also of interest for the devel-
opment of atmospheric chemistry models that target polluted
environments by sulphur emissions'® or the chemistry of
sulphur-containing species in the atmosphere of other planets.

Computational details
and methodology
Kinetic modelling

Our kinetic model aims to cover a wider range of conditions
than former ones and also at including the effect of CO, in H,S
(acid gas) oxidation. Therefore, we merged Li’s model for fuel-rich
conditions in which the effect of CO, was considered® and
Stagni’s model for fuel-lean conditions.”® Since the latter was
developed more recently and included updated rate constants
from new ab initio calculations and literature, it was used as the
base model. When the same reaction was included in both models
the corresponding rate constants from Stagni’s model were used.
The sub-mechanism for the C/H/O system from Li’s model
was taken from GRI-3.0,"° which contains nitrogen chemistry.
Since nitrogen chemistry was not anticipated to be relevant in
the current H,S combustion mechanism, related reactions were
removed from the merged model, reducing it by 17 species and
106 reactions. The new H,S mechanism contains a total of
75 species and 514 reactions. Fig. 1 shows the corresponding
simplified H,S reaction path diagram, where it can be seen that
in addition to the direct pyrolysis and oxidation products
disulphur (S,) and sulphur dioxide (SO,), intermediates such
as sulphur monoxide (SO) and disulphur monoxide (S,0) are
also important in H,S oxidation. Moreover, the reaction path
diagram indicates that carbonyl sulphide (COS) is crucial for
understanding the effect of CO, on H,S combustion.

SH,H,S

Co, Cos CS,

\\\\\\‘\ T Sy *(10}5
H,0,0H S
CO —CS

Fig. 1 Simplified reaction path diagram for the H,S mechanism devel-
oped in this work.
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Plug flow reactor (PFR) simulations with CHEMKIN-PRO
software®® using our new model were conducted to get insights
into the oxidation of H,S. The PFR configuration is the same as
Li’s experiment setup,'®> namely, with an inner diameter of
16 mm, a length of 800 mm, and an inlet flow rate of
20 cm® s7'. The simulated conditions are selected as to study
the partial oxidation of H,S under fuel-rich conditions, in
which H, and numerous other intermediate species are likely
to be formed,'* i.e., temperatures between 1300 K and 1900 K,
fuel composition H,S/CO,/H,0 ranging from 18%/81%/1% to
97%/2%/1%, oxidizer composition from air to pure oxygen, and
equivalence ratio between 2.0 and 3.0.

Rate of production (ROP) and sensitivity analysis (SA) were
performed for the species of interest, namely H,S, H,, and SO,
to identify the most important reactions. H,S is the fuel
component, thus the ROP and SA were evaluated when its
consumption rate is maximized. H, is one of the desired
products, ie., a clean fuel, and thus it was analysed when its
production rate is maximized. However, since SO is an important
partial oxidation intermediate, the corresponding analysis was
carried out when its concentration is maximized. The most
important reactions were identified and listed at different tem-
peratures, fuel/oxidizer compositions, and equivalence ratios.

It should be noted that the merged kinetic mechanism
obtained in this work is being currently validated by means
of kinetic modelling and experiments, and it was exclusively
used in the current study for the identification of important
reactions in the oxidation of H,S whose kinetics need to be
revisited.

Quantum chemistry calculations: characterization of the
potential energy surfaces

The potential energy surfaces (PESs) of the selected reactions
were characterized with the W3X//CCSD/aug-cc-pVDZ, W3X//
CCSD/6-311++G(d,p), and W3X//CCSD/jun-cc-pVTZ single point
levels of theory, considering their electronic ground-states.
Geometries and vibrational frequencies were obtained with
the CCSD method®' and the jun-cc-pVTZ,>* aug-cc-pVDZ,>?
and 6-311++G(d,p)*’ basis sets depending on the size of the
chemical system, and the energy was refined with the compo-
site. W3X method.>® The W3X method incorporates post-
CCSD(T) wave function components and complete basis set
(CBS) extrapolation schemes in order to estimate highly accu-
rate CCSDT(Q)/CBS energies. Furthermore, thanks to the imple-
mentation of the quasi-perturbative quadruple excitations (Q)
in the wave function, this method represents a good approach
to handle chemical systems with marked multi-reference char-
acter or static correlation,?® such as some of those investi-
gated in our work. The optimization and characterization of the
stationary points were conducted with the Gaussian16
software®” and the energy calculations with the W3X method
were carried out with the Molpro®®*° and MRCC software.**!

The minimum energy paths (MEPs) of the investigated
reactions were calculated with the Gaussrate17 software®” by
using the Page-Mclver method®® with a mass scaling factor and
a stepsize of, respectively, 1.0 amu and 0.02 A, over the reaction
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coordinate range —2.0 to +2.0 A and evaluating the Hessian
matrix every other point. Those MEPs were obtained at the
CCSD/jun-ce-pVTZ, CCSD/may-cc-pVTZ or CCSD/6-311++G(d,p)
levels of theory depending on the chemical system, and were
scaled to reproduce the corresponding W3X single point energy
barrier heights for the kinetic calculations. The calculated
MEPs were used to confirm the connectivity of the optimized
saddle points, reaction intermediates, reactants and products
of a given reaction since they were calculated by following the
eigenvector of the imaginary frequency and the maximum
gradient down from the saddle point. This information is
necessary for the RRKM-ME kinetic study, as will be explained
in the next Section.

Rate constant calculations

Using the information of the PES obtained in the previous step
for the investigated reactions, we conducted a RRKM-ME
kinetic study to calculate the microcanonical flux coefficients
and rate constants. The software used for the RRKM-ME
calculations was the version 3.1 of TUMME,** in which a non-
conservative ME with bimolecular pairs was set up and solved
to obtain the rate constants of the investigated reactions.
The main feature of TUMME is its ability to calculate those
microcanonical flux coefficients with the inclusion of torsional
and multi-structural anharmonicity, variational, and curvature
tunnelling corrections, resulting in accurate rate constants.

First, the high pressure limit rate constants for each of the
multiple steps of the selected reactions that have a saddle point
were calculated with the Polyrate 2016-2A software®® using
the canonical variational transition state theory (CVT)***” with
small curvature tunneling corrections (SCT) and the harmonic
oscillator approach (HO),*® which is defined as

1 Q7 (T)O% . (T,:
) o T P )

(1)

where «5°T is the SCT transmission coefficient, f§ is 1/ksT, ks is
the Boltzmann’s constant, T and S are the temperature and
reaction coordinate variables, respectively, h is the Planck’s
constant, Vyep(S) is the classical potential energy of the saddle
point defined with respect to that of the reactants, @, is the
translational partition function per unit volume, and Q is the
partition function with the superscripts # and R representing
transition state and reactants, respectively, and with the sub-
scripts el and rovib denoting electronic and rovibrational (har-
monic), respectively. Furthermore, the low-lying electronically
excited state *T1;,, of the OH (140 cm ') and SH (377 cm )
radicals®® were included in the corresponding reactant and
product electronic partition functions to account for the
spin-orbit coupling; those partition functions were defined as

Qe = 2 + 2-exp(—e&/kgT) (2)

where ¢ = 140 cm ™' and 377 cm™ " for the OH and SH reactant
and product species, respectively. This effect is assumed to be
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fully quenched in the region of the saddle point and reaction
intermediates and thus their values for Q. is 2.

Second, the density of states of the reaction intermediates
and saddle points of those reactions, including torsional anhar-
monicity, was calculated with the MSTor 2017 software.”® As for
the MSTor calculations, it should be noted that none of those
intermediates and saddle points has multiple conformers, and
thus multi-structural anharmonicity effects were not implemen-
ted in the MSTor calculations.

Finally, the calculated high pressure limit CVT rate constants,
together with the corresponding SCT coefficients (CVT/SCT),
transition states, and density of states, were provided to TUMME
for the RRKM-ME calculations at 0.1, 1.0, 10.0 and 100.0 atm
using octuplet precision in the temperature range of 200 K to
3000 K. The bath gas considered for our pressure dependent rate
constant calculations was N,, and the corresponding Lennard-
Jones (L) and energy-transfer-down parameters were provided as
£ =56.993 cm ™%, o = 3.740 A, and AE4 = 200(7/300)*%* cm™'.*
Given the limited existing works for sulfur-containing species,
AE4 was selected based on former works for different hydrocar-
bon and oxygenated reacting species in which N, was also used as
bath gas.*”*® For the intermediate species of reactions R1, R2,
and R3, which will be defined in the next Section, we used
o =4.175 A, 0 = 4.189 A, and ¢ = 3.000 A, respectively, and & =
187.980 cm ™ '; the value of ¢ for those intermediates, which is not
available in the literature, was derived from the Berthelot combi-
nation rule’® by considering the ¢ values of the SO, and SO;
species, ie., 335.4 K and 218.1 K,*® respectively.

The rate constants of the barrierless steps of reactions R2 and R3
(see Fig. 4 of the next section) were calculated by providing as input
to the master equation the corresponding microcanonical flux
coefficients. Those microcanonical flux coefficients were obtained
by inverse Laplace transform of the canonical hard-sphere collision
flux coefficient, which is calculated as follows for the case of
formation of an intermediate INT from a pair of reactants R

TEdR2 8

ERHINT ()= 4 nmgf

(3)

where f§ = kgT, my, is the relative-translational reduced mass and dy
is the effective collision diameter of R. The corresponding reverse
rate constants, that is, the dissociation of the intermediate INT into
the reactants R, were calculated by detailed balance. This approach
to calculate the rate constants of the kg _, iy and ke —, g @ssociation
and dissociation reactions may pose a source of error in our final
rate constants as the most accurate approach to handle this kind of
reactions is the more computationally expensive variable reaction
coordinate (VRC) formulation of the transition state theory*>>° with
the right level of theory that can handle the multi-reference
character of the transition states.

Results and discussion
Rate of production and sensitivity analysis

Rate of production and sensitivity analysis were performed for
H,S, H,, and SO for 81 different combinations of reactor
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temperatures and inlet compositions to identify the most
important reactions. It was observed that the top few reactions
for each species are the same when changing the inlet composi-
tions (fuel/oxidation compositions and equivalence ratios), and
that their prominence depends mainly on the reactor tempera-
ture. For the sake of clarity, only a few representative cases are
shown in the discussion below for the following initial conditions:
1600 K, fuel composition H,S/CO,/H,0 = 58%/41%/1%, oxidizer
as pure oxygen, and equivalence ratios of 2.0, 2.5, and 3.0.

When the H,S consumption rate is maximized, the most
important reactions are those of H,S reacting with OH, H, O, S,
and S,. All these reactions have been studied either experimen-
tally or computationally and thus the rate constants are con-
sidered as adequate for the new mechanism.>*3*>2

The important reactions directly responsible for H, produc-
tion and consumption are well-studied in the literature as well.
Therefore, the sensitivity analysis was conducted to investigate
how the H, production is affected by other reactions and
species, as shown in Fig. 2.

The kinetics of the reactions listed in Fig. 2 have been
addressed either experimentally or computationally.'*>*7>
However, it is worth noticing that three out of the top six
reactions are related to the species SO. As concluded when the
simplified reaction path diagram (Fig. 1) was discussed, SO
related reactions play an important role in H, production and
consumption since SO is a key intermediate in H,S partial
oxidation under fuel-rich conditions. Therefore, we looked into
the ROP results for SO, and the top six reactions when the SO
concentration is maximized are shown in Fig. 3.

The kinetics of three of the six reactions highlighted in
Fig. 3, ie., the reactions of SO with S,>® 0,°® and 0,,** has
already been investigated. However, for the SO, + S,, S,0 + S,,
and SH + SO cases, not only their rate constants were estimated
in former models, but also their products, i.e., S,0 + SO, S; +
SO, and S, + OH, respectively, were assumed.' To the best of

S+02<=>SO+O
SO+02<=>SOZ+O
H28+O<=>SH+OH =3
B 9=2.5
SZ+O<=>SO+S C J¢=2 |

SH+02<=>SOZ+H

SH+HO2<=>H28+O2

-0.2 0 0.2 0.4
Normalized Sensitivity of H2

Fig. 2 Normalized sensitivity of H, in PFR simulations at T = 1600 K, fuel
composition H,S/CO,/H,0 = 58%/41%/1%, and pure oxygen. Yellow, cyan,
and blue represent equivalence ratio of 2.0, 2.5, and 3.0, respectively. The
reactor coordinates for the maximized H, production rate were chosen for
the analysis.
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S,+0<=>80+S
S0,+8,<=>8,0+S0

$+0,<=>S0+0

S,0+5,<=>8,+S0

. =3
=25

SH+S0<=>§,+0OH T lp=2

S0+0,<=>80,+0

4 2 0 2 4
Absolute ROP of SO 104

Fig. 3 Absolute ROP of SO in PFR simulations at T = 1600 K, fuel
composition H,S/CO,/H,0 = 58%/41%/1%, and pure oxygen. Yellow, cyan,
and blue represent equivalence ratios of 2.0, 2.5, and 3.0, respectively. The
reactor coordinates for the maximized SO concentration was chosen for
the analysis.

our knowledge, the kinetics and energetics of the different
reaction pathways that those three reactions can go through
have not been investigated. Therefore, the reactions SO, + S, —
S,0+8S0, S,0+8S, - S;+S0, and SO + SH — S, + OH, hereafter
reactions R1, R2, and R3, respectively, were selected as the
target of the current computational kinetic study, which is
described in the next Sections.

The rate constants calculated in this work for the selected
reactions R1, R2, and R3 will be used to update the newly
developed kinetic mechanism.

Topology of the potential energy surfaces of the target reactions

The reactant pairs SO, + S, and S,0 + S, can react on the triplet
ground-state and singlet excited-state electronic PESs, yielding
ground-state triplet and excited singlet SO, respectively.
Similarly, the reactants SO + SH can react either on a doublet
ground-state or on a quartet excited state PES, yielding triplet
ground-state or singlet excited state S,, respectively. Our
computational chemistry study focuses on the more kinetically
important electronic ground-states, and the corresponding
potential energy profiles of reactions R1, R2 and R3, indicating
the connectivity between the different stationary points con-
firmed by the calculated MEPs, are shown in the panels (a), (b),
and (c), respectively, of Fig. 4. Different dissociation channels
for the reaction intermediates are displayed by the black and
red lines, being those highlighted in red not energetically
favoured and thus not kinetically competitive. Therefore, in
our RRKM-ME kinetic study, only the pathways represented by
black lines were implemented.

The PESs of the three reactions confirm that they take place
through a step-wise mechanism with one or more reaction
intermediates and saddle points, and thus their rate constants
are expected to be not only temperature dependent, but also
pressure dependent. With the exception of INT1 of reaction R2,
which is an intermediate complex that is probably formed by a

This journal is © the Owner Societies 2024
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Fig. 4 Electronic ground-state potential energy profiles of reactions R1
(@), R2 (b), and R3 (c) at the W3X//CCSD/aug-cc-pVDZ, W3X//CCSD/
6-311++G(d,p), and W3X//CCSD/jun-cc-pVTZ levels of theory (black
lines), respectively. The eigenvectors of the imaginary frequency of the
saddle points are represented by blue arrows, and alternative dissociation
pathways of the intermediates are shown with red lines.

dipole-induced dipole weak intermolecular interaction, all the
intermediates are covalently bonded species.

The reaction intermediate INT of reaction R1 is more likely
to dissociate via the S-O bond scission that yields the SO rather
than by the S-O bond scission that yields S;0 + O or the S-S
one. Similarly, the reaction intermediate INT2 of reaction R2 is
also more prone to dissociate via the S-S bond breaking that
yields SO. These observations seem to support the importance
of the SO species, as discussed before.

The inclusion of the zero point energy corrections in the
reaction energies of reactions R1 and R3 to derive the corres-
ponding heat of reactions at 0 K can help with the evaluation of
our energy values by comparing them to those derived from
the enthalpies of formation tabulated in the Active Thermo-
chemical Tables (ATcT).”” The heat of reactions AHR(0 K)
predicted by our calculations for reactions R1 and R3 are,
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respectively, 28.00 kcal mol~" and 3.2 kcal mol™", which are
in good agreement with the values of 29.23 kcal mol™* and
3.8 keal mol ™" obtained from the ATcT.

Rate constants

The forward and reverse rate constants of the step-wise reac-
tions R1, R2, and R3 were calculated with the TUMME software
as explained previously in the Rate constant calculations
Section. The strongly coupled scheme implemented in MSTor
was used for the treatment of torsional anharmonicity of the
reaction intermediates and saddle points with more than one
torsion, except for the saddle point of reaction R2, in which
both torsional motions were considered as nearly separable.

The calculated forward rate constants of reactions R1, R2,
and R3 are represented as a function of temperature in Fig. 5(a),
5(b), and 5(c), respectively, at 0.1, 1.0, 10.0 and 100.0 atm, and
the corresponding reverse rate constants are plotted in Fig. 6(a),
6(b), and 6(c). The forward rate constants that Li et al'’
estimated and implemented in their model, which were con-
sidered pressure independent, are also plotted for comparison
purposes in Fig. 5(a)—(c).

Reaction R3 shows the largest forward rate constants due to
its significantly lower endothermicity and barrier height as well
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Fig. 5 Calculated (solid lines) forward rate constants of reactions R1 (a),
R2 (b), and R3 (c) as a function of temperature at pressures 0.1, 1.0, 10.0

and 100.0 atm. The rate constants estimated by Li et al. in their model*? are
also plotted (dotted lines).
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Fig. 6 Calculated reverse rate constants of reactions R1 (a), R2 (b), and R3
(c) as a function of temperature at pressures 0.1, 1.0, 10.0 and 100.0 atm.

as to the significantly larger stability of its reaction intermediates,
which make it energetically and kinetically more favoured. On the
contrary, reaction R1, with the largest endothermicity and barrier
heights as well as less stabilized reaction intermediates, is the
slowest one. Therefore, in the updated model, reaction R2 should
control the yield of SO to a larger extent than R1, especially at
lower temperatures when the differences between their rate
constants are more pronounced.

The comparison between our calculated forward rate con-
stants and those estimated by Li et al.'* pertain to two aspects.
First, the bimolecular products assumed by those authors,
which seem to be the correct ones as they are the bimolecular
pairs that are most energetically favoured and were confirmed
with our MEP calculations as per the connectivity between the
different stationary points of the PESs. And second, the value of
the rate constants for each reaction, which shows large deviations
with respect to our calculations in the case of reactions R1 and R3,
with differences of several orders of magnitude and a severe
underestimation in the case of reaction R3; on the contrary, the
rate constants estimated and calculated for reaction R2 are in
much closer agreement, with the largest differences at high
temperatures below one order of magnitude. This comparison
highlights the need of accurate ab initio and kinetic calculations,
including pressure dependency, for these and other important
reactions whose rate constants were estimated in former kinetic

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp04535h

Open Access Article. Published on 28 December 2023. Downloaded on 6/20/2026 1:32:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
_ 2.0E+13 1.0E+11
»

& - 1.0E+08
(&
o
2 —INT1>R L 1.0E+05
E —INT1->INT2

2.0E+12 —— 1.0E+02

0 600 1200 1800 2400 3000
T (K)

Fig. 7 High pressure limit calculated rate constants of the reactions
controlling the flux of the intermediate INT1 of reaction R2 as a function
of temperature. Red (left y-axis) and blue (right y-axis) lines correspond to
the reactions INT1 — S,O + S, (R in the legend stands for reactants, i.e.,
S0 + Sp) and INTL — INT2, respectively.

models in order to improve the accuracy of the future kinetic
models addressing the combustion and atmospheric chemistry
of H,S.

As for the reverse rate constants, their temperature depen-
dence shows different trends in the three considered reactions,
with an Arrhenius behaviour in the case of reaction R1 but a
non-Arrhenius behaviour in the case of reactions R2 and R3; the
reverse reaction R1 is the only one with a positive barrier
associated to the saddle point SP2, while the other two reverse
reactions have submerged barriers that are responsible for
the observed non-Arrhenius behaviour, which is usually
explained by a change in the sign of the activation energy at a
given temperature.”®>°

Regarding the observed pressure effects in both, forward
and reverse reactions, only the rate constants of reaction R3
turned out pressure dependent, showing the typical trend of a
chemical activation mechanism involving association inter-
mediates that can be stabilized at high pressures and low
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temperatures.®® Li et al.'> and Zhou et al."' did not estimate
pressure effects not only for any of the three considered
reactions in this work, but also for many others whose rate
constants were also estimated in their model, suggesting that
the kinetics of other reactions may also need to be revisited.

Another distinctive feature of the reverse rate constants of
reaction R2 is their positive temperature dependence observed
below 400 K, which results in a maximum rate constant value of
4.78:10""" em® molecule™® s™! at that temperature. This is
attributed to the fate of the intermediate INT1, which is ruled
by its decomposition into the reactants S,0 + S,, whose rate
constants are significantly larger than those of its transforma-
tion into INT2. The former, ie., the step INT1 — S,0 + S,,
shows rate constants with a similar trend to those of the reverse
reaction R2, as shown in Fig. 7, where it can be seen that at
700 K they drop to much lower values as temperature decreases.
We attribute this change in the rate constants trend of the step
INT1 —» S,0 + S,, and thus that in the rate constants of
the reverse reaction R2 (Fig. 6(b)), to the fact that the other
competing consumption channel of INT1, ie., INT1 — INT2,
becomes prominent enough at 700 K to also rule the fate of
INT1 together with the INT1 — S,0 + S, channel. In other
words, the consumption of INT1 through the INT1 — INT2
channel, which is not kinetically favoured compared to the
alternative consumption channel INT1 — S,0 + S,, hinders the
latter channel by lowering its reaction flux only when a high
enough temperature is achieved to surmount the barrier asso-
ciated to the saddle point SP that connects INT1 and INT2.

The values of the different sets of rate constants plotted in
Fig. 5 and 6 within the temperature range 200-3000 K are
tabulated in Tables 1 and 2, respectively, and they were fitted to
the following extended Arrhenius equations (4 in ecm® mol ' s,
n unitless, and E, in kcal mol ") where f and r refer to forward
and reverse rate constants, respectively

Table 1 Calculated forward rate constants in cm® molecule™ s of reactions R1, R2, and R3

T (k) K e Ko, ks ke k3™ ks

200 1.19 x 10~°* 2.09 x 1073° 3.84 x 107 *° 3.74 x 107 *° 2.16 x 10°*° 3.07 x 107 ¢
298 2.53 x 107" 5.33 x 1072 7.20 x 107 7.10 x 107 5.19 x 10~ 1.23 x 107
400 3.05 x 10** 1.10 x 107%° 3.33 x 107 % 3.31 x 10 % 2.74 x 103 9.48 x 10 **
500 4.97 x 107°° 8.95 x 10~ *° 8.23 x 107 8.19 x 10 7.24 x 107 3.25 x 107
600 3.55 x 10~ % 1.59 x 107" 1.48 x 102 1.48 x 102 1.35 x 10~ '2 7.23 x 107 *®
700 4.18 x 10°>° 1.20 x 10 ¢ 2.25 x 1072 2.24 x 10°*2 211 x 102 1.29 x 102
800 1.58 x 107 5.33 x 107 ¢ 3.04 x 1072 3.04 x 1072 2.91 x 1072 1.98 x 102
900 2.76 x 10~ ** 1.67 x 10 *° 3.83 x 102 3.82 x 102 3.70 x 102 2.72 x 1072
1000 2.82 x 102! 4.09 x 10~ *° 4.55 x 102 4.55 x 102 4.44 x 1072 3.46 x 102
1100 1.94 x 107%° 8.48 x 10 5.22 X 1072 5.22 X 102 5.12 x 102 4.18 x 1072
1200 9.84 x 10 %° 1.55 x 10°** 5.81 x 10 '2 5.81 x 10~ '2 5.73 x 102 4.84 x 1072
1300 3.96 x 107 *° 2.58 x 107 ** 6.33 x 102 6.33 x 102 6.26 x 102 5.45 x 10 2
1400 1.33 x 107 *® 3.99 x 107 ** 6.77 x 1072 6.77 x 1072 6.71 x 1072 5.98 x 102
1500 3.84 x 1078 5.84 x 10 ** 7.15 x 102 7.15 x 102 7.10 x 102 6.44 x 10 2
1600 9.81 x 10 *® 8.16 x 10~ ™ 7.20 x 102 7.33 x 1072 7.31 x 102 6.70 x 102
1800 4.81 x 107 1.44 x 1072 7.67 x 1072 7.84 x 1072 7.85 x 1072 7.36 x 102
2000 1.76 x 10 ¢ 2.29 x 1013 8.00 x 102 8.23 x 1012 8.24 x 10 2 7.94 x 10 2
2200 5.21 x 107*° 3.38 x 107 ** 8.23 x 107 *? 8.51 x 10~ *? 8.52 x 1072 8.26 x 102
2400 1.31 x 10 *° 4.74 x 10713 8.39 x 102 8.70 x 10~ '2 8.69 x 10 2 8.48 x 10 2
2600 2.89 x 107 *° 6.36 x 107 ** 8.48 x 10 *? 8.85 x 10~ *? 8.69 x 102 8.64 x 102
2800 5.78 x 10™*° 8.23 x 107 8.38 x 10 *? 8.78 x 10 *? 8.89 x 102 8.89 x 102
3000 1.06 x 104 1.04 x 10~ *? 8.38 x 102 8.94 x 102 8.94 x 102 8.94 x 10 2
This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 3219-3228 | 3225
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Table 2 Calculated reverse rate constants in cm® molecul x 10~ s7* of reactions R1, R2, and R3
T (K) Kiea,e Kz, Kz ™ k& k™ kg™
200 4.97 x 10°2° 4.78 x 1071 2.63 x 107 2.56 x 107! 1.48 x 107 2.11 x 1072
298 8.71 x 10~%? 5.67 x 10~ 3.38 x 107! 3.34 x 107! 2.44 x 107! 5.76 x 102
400 5.82 x 10 2° 5.78 x 10~ 3.90 x 10~ 3.87 x 107! 3.20 x 107! 1.11 x 107
500 7.98 x 107*° 5.47 x 107 4.25 x 1071 4.23 x 1071 3.74 x 1071 1.68 x 10~
600 5.05 x 10 '8 4.97 x 1071 4.43 x 1071 4.41 x 107 4.05 x 107 2.16 x 10~
700 2.02 x 107 4.46 x 107" 4.54 x 107 4.53 x 107 4.26 x 107! 2.62 x 107
800 6.03 x 1077 3.99 x 107! 4.59 x 107 4.58 x 1071 4.38 x 107! 2.98 x 107
900 1.47 x 107 3.60 x 107! 4.59 x 107! 4.59 x 107" 4.44 x 1071 3.26 x 1071
1000 3.08 x 107'° 3.26 x 107" 4.56 x 107 4.56 x 10 4.45 x 1071 3.46 x 107
1100 5.80 x 107 *° 2.99 x 107 4.51 x 107 4.51 x 107! 4.43 x 1071 3.61 x 107
1200 1.00 x 10 2.77 x 107 4.45 x 107 4.45 x 1071 4.38 x 107! 3.71 x 107"
1300 1.62 x 107 2.60 x 107'* 4.38 x 1071 4.38 x 1071 4.33 x 107! 3.77 x 1071
1400 2.48 x 107*° 2.45 x 107 4.29 x 107 4.29 x 107 4.25 x 107 3.79 x 107!
1500 3.63 x 107 *° 2.34 x 107 4.21 x 107 4.21 x 1071 418 x 107! 3.80 x 107
1600 5.12 x 107 *° 2.25 x 107 4.04 x 1071 4.07 x 101 4.08 x 107! 3.66 x 107
1800 9.33 x 107 *° 2.12 x 1071 3.90 x 107! 3.94 x 107! 3.97 x 107! 3.67 x 107
2000 1.55 x 10~ 2.05 x 107** 3.77 x 107 3.82 x 107! 3.86 x 107! 3.64 x 107
2200 2.39 x 107 2.01 x 107** 3.66 x 107! 3.70 x 107! 3.76 x 107! 3.55 x 107!
2400 3.50 x 10 ** 2.00 x 10~ 3.55 x 10! 3.54 x 10! 3.54 x 10~ 3.45 x 10!
2600 4.88 x 107 2.01 x 107 3.45 x 107 3.49 x 107! 3.38 x 107! 3.36 x 107
2800 6.60 x 10~ 2.04 x 1071 3.14 x 107 3.29 x 107! 3.34 x 107! 3.29 x 107
3000 8.64 x 107 2.08 x 107! 3.04 x 107 3.25 x 107! 3.25 x 107! 3.28 x 107"
Kga e = 7.94 x 10°.71074.(~39000/RT) (4) SO when its concentration was maximized. From that rate of
o = 1.00 x 101379029 o(~17956/R1) 5) production analysis, we concluded that the kinetics of three of the
R2.f 7 six more important reactions, Le., SO, + S, — S,0 + SO, S,0 +
kg™ = 2,51 x 1015.70:687 o(—4105/RT) (6) S, = S3+ S0, and SO + SH — S, + OH, has been just estimated in
Ll _ 1 sg 5 10150624 o(—4064R1) ) previous kinetic quels due to the lack of kinetic data for
R3,f : sulphur-related reactions.
k™ = 3.16 x 1013, 0704 o(—4386/RT) (8) Therefore, a robust quantum chemistry and Rice-Ramsperger-
Kassel-Markus master equation kinetic study have been also
fl00atm _ 5 g4 o 10150797 o(~5414/RT) (9) . . . .
R3,f : conducted in this work for those three reactions, which turned
ker s = 3831.7%2%. o(-9598/RT) (10) out to proceed through a complex potential energy surface with
( ) several intermediates and saddle points. The resulting forward and
_ 15 0.796 —420.3/RT) . . . .
kgo,r = 6.31 x 1077 ™"-e (11) reverse rate constants, obtained within the wide temperature and
KOAatm — 1 26 x 1015770500, o(~723.0/RT) (12) pressure .ranges of 200-3000 K anc.i 0.1-100 a.tm, respectively,
revealed important pressure effects in the reaction SO + SH —
1 _ 15 0.502 —742.1/RT) . . .
kAT = 1.26 x 10"°.7*50%.¢l ) (13) S, + OH, whereas the kinetics of the reactions SO, + S, — $,0 + SO
10atm _ g g (1570523, o(~980.6/RT) (14) and S,0 +S, — S; + SO is not pressure sensitive. Furthermore, our
v rate constants calculations also point out large discrepancies with
3302 = 2,00 x 100770531 (1864/RT) (15) those estimations implemented in former models.

Conclusions

A new chemical kinetic model for the oxidation and pyrolysis of
H,S has been developed by merging the previously developed
kinetic models by Li et al'* for fuelrich conditions, which
includes the chemistry of CO,, and that by Stagni et al.™® for
fuel-lean conditions. The new model is expected to cover a wider
range of conditions than former ones, and was used to carry out
plug flow reactor simulations under conditions in which H,,
which is targeted as a clean fuel, is more likely to be yielded.
From the simplified reaction path diagram of the new model we
concluded that the species SO, SO, and S,O play a pivotal role in
the oxidation of H,S. Moreover, the sensitivity analysis for H,
revealed that its production is largely affected by reactions invol-
ving SO, and thus a rate of production analysis was conducted for

3226 | Phys. Chem. Chem. Phys., 2024, 26, 3219-3228

The calculated forward and reverse rate constants for the three
selected reactions have been implemented in our new kinetic model
with the goal of improving its general performance in the descrip-
tion of the hydrogen sulphide oxidation process, but more specifi-
cally, its description of the yield of H, under different conditions as
a clean fuel that can be produced from the H,S carrier.

Moreover, given the low temperatures and pressures considered
in our computational kinetic study, we expect our calculated rate
constants to also contribute to unravel the chemistry that takes
place in polluted environments by sulphur emissions or in the
atmosphere of planets that are known to contain sulphur species.
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