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Abstract

Gases that contain impurities in significant quantities, such as hydrogen sulfide (H,S),
are defined as sour gas. Currently, most natural gas reserves, as well as waste gas streams from
oil treatment or biogas generated by anaerobic digestion, include the presence of these
impurities. When the concentration of HS is high, the common practice is to remove this
compound (H;S) from the gas with costly separation processes and use it for other applications,
such as the production of sulfur using the Claus process. However, due to the increasing demand
for energy, a more efficient use of natural resources is required. The use of this type of gas,
containing H.S, for small-scale energy use has recently emerged as a possible alternative that
can contribute to this goal. The improvement and knowledge of sour gas combustion processes
would be developed in parallel with the improvement of waste gas treatment, as well as the
improvement of materials to resist the corrosive nature of this gas. The oxidation of H,S
produces mainly SO,, and mechanisms describing its conversion are scarce in literature,
particularly under fuel-rich conditions. At the same time, the knowledge of the interaction of
H,S with methane (CH4) and possible polluting compounds, such as nitrogen oxides (NOy), is of
interest. To design and optimize combustion equipment, it is necessary to carry out experiments
under well-controlled laboratory conditions, accompanied by chemical-kinetic studies that help
to interpret and understand the reaction mechanisms by which the oxidation of the fuel takes
place.

In this context, the objective of this work has been to analyze the H,S oxidation under a
wide range of conditions, studying the effect of temperature, pressure, the air-excess ratio and
the interaction of H,S with other compounds. To achieve this global objective, different
experimental studies have been carried out, together with the continuous development of the
chemical kinetic mechanism that can reproduce the H,S oxidation under different conditions.
First, the oxidation of H,S at atmospheric pressure has been analyzed, from reducing to oxidizing
conditions, compiling an initial kinetic model capable of simulating the conversion of H,S at
atmospheric pressure. For a better analysis of the oxidation of H.,S at high pressure, a
preliminary study was carried out on the oxidation of H,, in the presence of NO. As a result of
this study, the reaction subsets of H,/O, and NOx were updated. Subsequently, the oxidation of
H,S was characterized at different pressures (0.65-40 bar of manometric pressure). The results
have shown that H,S oxidation occurs at lower temperatures as pressure increases, and the
updated kinetic mechanism was able to predict the oxidation of H,S fairly accurately at high

pressures, except for the highest pressure studied (40 bar). Next, the oxidation of H,S/CH4 and



H>S/NO mixtures has been analyzed at different pressures and stoichiometries from both
experimental and kinetic modeling points of view. Both CH. and NO displace the oxidation of
H,S at atmospheric pressure to higher temperatures; while, at high pressure, they promote its
oxidation, especially in the case of NO. In order to try to improve the kinetic mechanism of H,S
oxidation at high pressures, an additional study was carried out, conducting experiments with
different excess air ratios and by introducing in the kinetic model reactions involving H,0,
molecules, which are important at high pressures. The resulting mechanism satisfactorily
predicts the experimental results of the present work and from the literature.

During the development of this thesis, a research stay has been carried out at the
University of Murdoch (Australia), with the objective of studying the oxidation of H.S in a
different reactor (jet-stirred reactor, JSR) compared to the one used to date in the University of
Zaragoza (plug flow reactor, PFR). Oxidation experiments have been also carried out on a
compound of sulfur and carbon, methyl mercaptan (CH3SH), which may be an important
component in sour gas composition. The mechanism compiled during the thesis allowed to
satisfactorily predict the obtained experimental results of H,S oxidation in the JSR, and was
extended for analyzing CHsSH conversion.

The wide range of experimental conditions used during the present study has allowed
to know the behavior of H,S in its oxidation under different conditions, as well as to validate a
detailed chemical-kinetic mechanism capable of describing the process and analyzing the role

of H,S in the combustion of sour gas.



Resumen

Los gases que contienen impurezas en cantidades significativas, como sulfuro de
hidrégeno (H.S), se denominan cominmente como gas acido. Actualmente, la mayoria de las
reservas de gas natural, asi como las corrientes de gas residual del tratamiento de petrdleo o el
biogas generado por digestidon anaerdbica, incluyen la presencia de estas impurezas. Cuando la
concentracién de H,S es alta, la practica comun es eliminar este compuesto (H,S) del gas con
costosos procesos de separacién y producir principalmente azufre mediante el proceso Claus.
Sin embargo, debido a la creciente demanda de energia, se requiere un uso mas eficiente de los
recursos naturales. El uso de este tipo de gas dcido, que contiene H,S, para uso energético a
pequeia escala, ha surgido como una posible alternativa que puede contribuir a este objetivo.
La mejoray el conocimiento del proceso de combustidn de gases acidos se desarrolla en paralelo
con la mejora del tratamiento de los gases residuales y la mejora de los materiales para resistir
la naturaleza corrosiva de este gas. La oxidacién del H,S produce principalmente SO, y los
mecanismos que describen su conversidon son escasos en bibliografia, particularmente en
condiciones ricas en combustible. Al mismo tiempo, es de interés el conocimiento de la
interaccion del H,S con el metano (CH4) y posibles compuestos contaminantes, como los éxidos
de nitrégeno (NO,). Para disefiar y optimizar equipos de combustidn, es necesario realizar
experimentos en condiciones de laboratorio bien controladas, acompafiados de estudios
cinético-quimicos que ayuden a interpretar y comprender los mecanismos de reaccion a través
de los cuales transcurre la oxidacion del combustible.

En este contexto, el objetivo del presente trabajo es analizar la oxidacién de H,S bajo un
amplio intervalo de condiciones, estudiando el efecto de la temperatura, la presidn, la relacién
de exceso de aire, asi como la interaccién de H,S con otros compuestos. Para lograr este objetivo
global, se han llevado a cabo diferentes estudios experimentales, junto con el continuo
desarrollo de un modelo cinético-quimico que permite reproducir el proceso de oxidacién de
H,S en diferentes condiciones. En primer lugar, se analizd la oxidacidn de H,S a presidn
atmosférica, considerando desde condiciones reductoras hasta oxidantes, compilando un
modelo cinético inicial capaz de simular la conversion de H,S a presién atmosférica. Para un
mejor andlisis de la oxidacidn de H,S a alta presion, se realizé un estudio preliminar sobre la
oxidaciéon de H,, en presencia de NO. Como resultado de este estudio, se actualizaron los subsets
de reacciones de H,/O, y NO.. Posteriormente, se estudié la oxidacién de H,S a distintas
presiones (0.65-40 bar de presion manométrica). Los resultados han mostrado que la oxidacion

de H>S ocurre a menores temperaturas conforme aumenta la presion. El mecanismo cinético



actualizado fue capaz de predecir la oxidacidn de H,S a altas presiones, excepto para la presion
mas elevada estudiada (40 bar). Seguidamente, se analizé la oxidacidon de mezclas H,S/CHy y
H,S/NO a diferentes presiones y estequiometrias, desde un punto de vista experimental y de
modelado cinético. Tanto el CHs como el NO desplazan la oxidacion de H,S a presion atmosférica
a mayores temperaturas, mientras que a alta presién promueven dicha oxidacién,
especialmente en el caso del NO. Para intentar mejorar el mecanismo cinético de oxidacién de
H,S a altas presiones, se llevé a cabo un estudio adicional, realizando experimentos con distintas
relaciones de exceso de aire e introduciendo en el modelo cinético reacciones que involucran la
especie H,0,, que muestra un importante papel a altas presiones. Los resultados han sido
satisfactorios en cuanto a la prediccién tedrica de los resultados experimentales del presente
trabajo y de la bibliografia.

Durante el desarrollo de esta tesis doctoral, se realizé una estancia de investigacién en
la Universidad de Murdoch (Australia), donde el objetivo fue estudiar la oxidacién de H,S en un
reactor distinto (jet-stirred reactor, JSR) al usado hasta la fecha en la Universidad de Zaragoza
(reactor de flujo piston, PFR). También se realizaron experimentos de oxidacién de un
compuesto de azufre y carbono, el metilmercaptano (CHsSH), el cual puede ser un componente
importante en el gas acido. El mecanismo compilado durante esta tesis permitid predecir
satisfactoriamente los resultados experimentales obtenidos de la oxidacién de H,S en el JSR, y
fue extendido para analizar la conversidon de CH3SH.

El amplio intervalo de condiciones experimentales utilizadas durante el presente estudio
ha permitido comprender al comportamiento de H,S durante su oxidacidon en diferentes
condiciones, asi como validar un mecanismo cinético-quimico detallado capaz de describir el

proceso y analizar el papel del H,S en la combustién de gas acido.
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CHEC Combustion and Harmful Emission Control
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1.1 INTRODUCTION

As the demand for energy increases worldwide, the necessity to use our natural
resources more efficiently is intensified. Sour gas is referred as natural gas that contains a
concentration of H,S above 4 ppm. Natural gas reserves may contain up to 30% in volume of H,S
and it is estimated that from 1/5 to 1/3 of natural gas reserves can be classified as sour gas.
Other sources of sour gas include: gases derived from shales and tar sands, refinery gas or biogas
obtained by biodegradation of organic matter through anaerobic digestion, which mainly
contain CHs and CO,, and also H.S. The significant amounts of H,S in sour gas make difficult their
application, both due to the environmental problems derived from the presence of H,S and its

corrosive nature.

Traditionally, it has been proposed that a refining of these gases and their adaptation to
the formulations of the gases that are currently used would be necessary, and this is expensive.
Currently, along with this strategy, it is also proposed not to refine the gases and dedicate the
resources to the modification and improvement of combustion technologies and processes, and
to the subsequent solution of pollutant problems. This is what is called the achievement of a
“double revolution” (Mcllroy et al., 2006). As fuel sources such as sour gas become more
important, there will be a need to understand the combustion of natural gas and hydrogen
sulfide mixtures. However, there are very few studies related to the behavior of the mentioned
gaseous mixtures under combustion conditions. Specifically, the effect of the presence of sulfur
compounds, mainly hydrogen sulfide, on the conversion of the hydrocarbons present in the fuel
mixture is not very well known. Overall, there is a need for a greater number of experimental
data to increase the knowledge on H,S combustion and H,S-containing mixtures and to validate
the kinetic mechanisms that allow to describe the process, as well as a better determination of

reaction rates involved in the oxidation of H,S.

1.2 OBJECTIVES

This work has been developed in the framework of the “Fuel conversion and
minimization of pollutants” research line of the Thermo-Chemical Processes Group (GPT) of the

Aragon Institute of Engineering Research (13A) of the University of Zaragoza.
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The global objective of this doctoral thesis is to contribute to the knowledge, both from
an experimental point of view, under well-controlled laboratory conditions, and from a kinetic
modeling point of view, of the conversion of gaseous mixtures of CHs and hydrogen sulfide
(representative of acid gas) under different operating conditions. The influence of H,S
concentration, temperature, stoichiometry (excess air ratio), as well as pressure, on the reaction
products obtained is analyzed. Furthermore, the possible interaction with other typical

pollutants in combustion, such as nitrogen oxides (NOy), is also considered.

This global objective can be divided into the following specific objectives:

- To analyze the conversion of hydrogen sulfide under different operating conditions,
at atmospheric pressure (as first step), analyzing variables such as the temperature
and the excess air ratio (reducing, stoichiometric and oxidizing conditions) (Paper I).

- To analyze the influence of pressure on H,S oxidation, evaluating the oxidation of
H,S under different conditions, such as temperature, pressure and gas residence
time in the reactor (Paper lll and V). Prior to this study, to perform a preliminary
study about H; oxidation and its interaction with NO at high pressures, with the aim
of updating the kinetic model with important subsets of reactions, such as H,/0O>
and NOy subsets (Paper Il).

- To analyze the oxidation of H,S/CH; mixtures, representative of acid gas, under a
wide range of conditions, varying the pressure, temperature, air excess ratio and
H.,S and CH4 concentrations (Paper IV).

- To study the impact of NO addition, a well-known contaminant, on H,S oxidation
under different conditions, such as different pressures, temperatures and
stoichiometries (Paper VI).

- To carry out a study of the oxidation of H,S and CH3SH (sulfur compound that might
be present in sour gas) in different types of reactors (PFR and JSR), in order to
compare results, at atmospheric pressure and under different air excess ratios
(Paper VII).

- Todevelop a chemical kinetic mechanism, based on literature mechanisms, updated
and improved, to describe the oxidation of H,S and the different mixtures
considered, under the different experimental conditions tested. Rate of production
(ROP) analyses are performed to investigate the most important pathways for the

consumption of the reactants and the formation of the products. Sensitivity
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analyses have been conducted in order to determine the most sensitive reactions in

the reaction mechanism.

To achieve these objectives, and in order to perform the experiments, two different
experimental facilities with tubular flow reactors have been used, one for the experiments at
atmospheric pressure and the other one for the experiments at high pressures. An additional
experimental facility, which includes a jet-stirred reactor (JSR) at atmospheric pressure, has
been used for specific experiments. The calculations and resolution of the detailed reaction
mechanisms have been performed using the CHEMKIN chemical kinetics software (ANSYS

Chemkin-Pro, 2016).
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2. BACKGROUND

As stated in the Introduction chapter (Chapter 1), H,S oxidation is of interest in different
combustion processes. Therefore, in this chapter, the properties and characteristics of sour gas,

where H.S is present, and the state of the art regarding H.S oxidation, are presented.

2.1 SOUR GAS

Sour gas is considered a type of natural gas or any gas that contains significant amounts
of H,S, typically over 4 ppm. H,S can be formed through the processing of raw materials that
contain sulfur or directly be present in the material sources. Coal, oil and natural gas all may
contain sulfur in different concentrations and in different forms, for example as H,S or as organic
sulfur (e.g. CHsSH) in the case of natural gas. When the natural gas is extracted from its source,
the gas is treated in gas treating plants before its use in industries or households. When H,S and
other organic sulfur in the gas are removed from the raw material it is called sweetening of the
gas. The main processes for the removal of H,S from natural gas are the amine treating units
and Claus sulfur recovery units (SRU) (Kidnay et al., 2019). Removing the sulfur from energy
sources is considered important due to the toxic, corrosive and polluting nature of such element.
H,S toxicity is comparable to cyanide, it is smelly and colorless, it can affect severely the human
health, blocking O, in mitochondria and stopping cellular respiration. Small levels of H,S can be
tolerated, it can be smelled at 5 ppb, it irritates the eyes at 10 ppm, and above 200 ppm it is
dangerous to smell because it paralyzes the olfactory nerve. Brief exposures to high levels of H,S
(above 500 ppm) or long exposures to H,S above 25 ppm are considered to be mortal (Parker,

2010).

Besides the dangerous characteristics of H,S, usually it has been economically a
disadvantage to deal with highly H,S-contaminanted wells, due to the need for energy intensive
separation equipment, that scale poorly with contaminant concentration. For example, H)S
absorption with amines is not economically favorable for feeds containing greater than 3.5 bar
of partial pressure of H,S due to high capital and operating costs (Harrigan et al., 2020). A lot of
today's natural gas production comes from large, easily accessible fields. But, as new reserves
are exploited, more gas will be produced from smaller fields in remote or off-shore locations,

which results in an increasing need for technology able to treat small-scale gas streams.
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According to the International Energy Agency (IEA, 2008), the abundance worldwide of
reservoirs containing high concentrations of H,S are estimated in more than 40% of the world’s
gas reserves, increasing to 60% for Middle Eastern gas reserves. Since natural gas production is
expected to peak near 2035 (Maggio and Cacciola, 2012), the abundance of natural gas reserves
can facilitate the transition from fossil fuels to renewable sources (Taifan and Baltrusaitis, 2017;

Mac Kinnon et al., 2018).

The DNV GL company, that provides independent expert advisory services to the
maritime, oil and gas, power and renewables industries, foresees that fossil fuels will account
for around 54% of the primary energy supply in 2050, compared to around 80% today. Much of
this supply will come from natural gas, as it becomes the world’s largest energy source from the
middle 2020s (Hovem, 2020). A comparative figure between the world primary energy supplies
by source can be seen in Figure 2.1, where the historical data and future predictions are shown

(Hovem, 2020).

World primary energy supply by source
Units: EJ/yr
I oi
Il Coal
Natural gas
I Non-fossil

1980 1990 2000 2010 2020 2030 2040 2050
Historical data source: IEAWEB (2019)

Figure 2.1 World primary energy supply by source (Hovem, 2020).

Natural gas currently represents a smaller portion of the global energy mix than oil and
coal, but it will grow to become the largest energy source around 2026 (according to the
predictions in Figure 2.1). The observed energy peak in natural gas around 2035 and posterior
decline is related to a slower growth in productivity and global population, and the expected
continuous increases in energy efficiency, particularly in transport, that will account for much of

the decline in energy demand towards 2050. The total world energy demand also presents this
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forecasted peak, as observed in Figure 2.2, where the final energy demand worldwide is
compared before and after covid-19. While the world energy demand has been rising by 30% in
the last 15 years, it will not return to previous levels until 2025 and will peak around 2035. Prior
to the shock caused by covid-19, energy demand was still set to peak in the mid-2030s, but the

peak will now be lower.

World final energy demand - with and without COVID-19

Units: EJ/yr

______________ --- No COVID-19
- : : """ HM Base

2030 2040 2050
Historical data source: IEAWERB (2019)

1980 1990 2000 2010 2020

Figure 2.2 World final energy demand with and without covid-19. Historical data and future prediction

(Hovem, 2020).

It was already around the year 2000 when the U.S. Department of Energy of the United
States recognized that the exploitation of smaller, more sub-quality resources would be
necessary to meet the demand as the large gas fields in the U.S. were depleted (Amo et al.,,
1998). An illustrative image can be seen in Figure 2.3, where the world natural gas production
by field type (Tm3/year) is plotted during the last decades and their future predictions. The
production of natural gas from unconventional onshore reserves, depicted in the figure as dark
blue, shows an explosion after the year 2000 and represents the natural gas resources where
H,S is more present, and it is expected to become more important in this current decade. In
order to be self-sufficient in this important energy resource (natural gas), new fields and
formations will be tapped. However, a significant portion of existing reserves are low-quality
due to presence of hydrogen sulfide, carbon dioxide, and nitrogen. New gas fields are expected

to be more remote and smaller than those currently used.
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World natural gas production by field type
Units: Tm3¥/yr

Conventional
onshore
Unconventional
onshore

Offshore

1980 1990 2000 2010 2020 2030 2040 2050

Includes natural gas liquids from wells, but not refinery outputs. Historical data: Rystad (2019)

Figure 2.3 World natural gas production by field type vs. historical evolution and predictions into the

future (Hovem, 2020).

In order to exploit gas fields, the usual procedure is to remove the HsS to the pipeline
specification of 4 ppm. One of the technologies used to achieve this specification is amine
absorption, or a similar chemical or physical solvent process. Although this technology is mature
and widely used in the gas industry, absorption processes are capital and energy-intensive. This
makes these processes unsuitable for treating gas at low yields, in remote locations, or with a

high concentration of acid gases (Amo et al., 1998).

Membrane technology is another option for removing hydrogen sulfide from natural
gas. Economic analyses indicate that these processes provide 20-40% cost savings over
absorption technologies. Membrane technology is more energy efficient with low capital cost,
simple operation, and low maintenance, as well as minimal environmental impact. Despite these
advantages, current membrane processes require the improvement of membrane materials in
order to obtain high productivity and high selectivity to minimize capital and operating cost

(Baker and Lokhandwala, 2008; Yi et al., 2015).

Another solution to deal with gas streams containing H.S, known as the most significant
one, is to convert H,S to sulfur, through the Claus process in sulfur recovery units. Gases with a
H,S content over 25% can be treated by the Claus process (Fahim et al., 2010). Typically,
industries have an amine scrubbing system, to concentrate the H,S, and a sulfur recovery unit
to convert it into sulfur. While this combination of amine scrubber with Claus plant is effective

at large scale, it is too expensive on a small scale and requires very large plants to be economical

10



2. BACKGROUND

(Parker, 2010). Small sour natural gas sources must be connected to a central desulfurization
facility through H.S corrosion resistant stainless steel pipelines, or their H,S removed at source
by smaller amine plants and then transported by truck to the central facility. Both of these

options are expensive, hindering the development of sour natural gas resources.

The fact that Claus plants at small scale are not economical are also related to the low
sulfur price. Qil, gas, tar sand and metal smelters have replaced the production of sulfur from
mining and pyrites worldwide over the last decades (U.S. Geological Survey, 2019). This has
reached to the point that sulfur, as a by-product from these industries, has surpassed the
demand for this commodity (Rappold and Lackner, 2010). As can be seen in Figure 2.4, piles of
sulfur accumulate in the desulfurization facilities. When sulfur is not valuable enough to
transport, it is poured into large blocks to solidify for long term storage. Later, when prices rise,
it is shipped to market and burned where needed to produce the more useful sulfuric acid.
Around 75 Mt of elemental sulfur are globally produced per year from oil and gas processing

units, which contributes to a large economic area (Duong-Viet et al., 2020).

Figure 2.4 Storing sulfur blocks produced from Claus plants (Harbaugh, 2011).

Overall, more reserves containing high levels of H,S need to enter production as natural
gas demand rises and high-quality reserves become rare. This has led to think about alternative
solutions to deal with sour gas and H.S. For example, obtaining revenue of sour gas processing
integrated with ethylene production (He and You, 2014), or producing hydrogen and syngas
together with sulfur in the Claus process (Salisu and Abhijeet, 2016; Barba et al., 2017) or
different catalytic processes which convert sour gas to valuable products such as: H;, CS; and
fertilizers (Taifan and Baltrusaitis, 2017), and also H,S combustion, which if compared with coal
combustion releases similar energy, around 100 kcal/mol (Rappold and Lackner, 2010)
(according to H,S+1.50,=S0,+H,0+124 kcal/mol). A comparison between the energy released

during the combustion process using different fuel sources can be seen in Table 2.1. Hydrogen
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sulfide has similar AH, (kcal/g) value to other alternative fuels such as ammonia, methanol, wood

and some types of coal.

Table 2.1 Heat of combustion (AHc) from different fuels.

Compound AH. (kcal/mol) AH. (kcal/g)
Ammonia (NHs) 67 4
Butane (C4H10) 623 11
Carbon (C) 94 8
Coal (Anthracite) - 8
Coal (lignite-USA) - 4
Wood fuel - 5
Gasoline - 11
Glucose (CsH1206) 592 3
Hydrogen (H,) 55 28
Hydrogen sulfide (H,S) 124 4
Methane (CH,) 183 11
Methanol (CH40) 157 5
Sulfur (S) 71 2

Regarding H,S combustion, economic and performance analyses of power generation
systems have been published for un-treated sour gas as fuel (Chakroun and Ghoniem, 2015a,
2015b; Lu et al., 2018), showing estimations 30% cheaper than the natural gas combined cycle.
In the same manner, sulfur as a fuel source has also been considered for power generation in
combined power cycles (Hajar et al., 2016). The sulfur compounds are expected to be oxidized
in a combustion chamber (10-50 bar) to produce work in a gas turbine. Rough estimations
indicate that an existing sulfur surplus of 10 Mt per year implies an energy potential of 0.01-
0.1% of the world’s total primary energy supply of 15 Tera-Watts (Hajar et al., 2016).
Additionally, Clark and Stevens (2005), with the idea that fossil fuel development requires long-
term sulfur strategies, have proposed a way of using the energy liberated from acid gas
combustion and returning the sulfur to the gas reservoir. In this way, SO is compressed and
liguefied into the sour gas or sour-oil reservoir. Once SO, is in the well, it is thought to react
instantaneously with the residual H,S, in an underground Claus reaction. Such reaction would

produce sulfur and water, which are safer to store in the reservoir (Davis et al., 2008).

Apart from sour gas reserves, H,S is also present together with CH, in biogas, in a range
of 100 to 10000 ppm (Awe et al., 2017). Raw biogas consists mainly of: 40-75% of CH,, 15-60%
of CO, and minor constituents such as H,S and NHs (Tilahun et al., 2017). Since renewable
energies are going to constitute an important supply to the world energy demand and reduce

greenhouse gas emissions, the energy from biomass has the potential to provide power to the
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grid on demand, for example, using biogas combustion in gas turbines (Valera-Medina et al.,
2018), which can tolerate a H,S content up to 10000 ppm (Awe et al., 2017). However, this needs

to be further investigated (Jerzak et al., 2016).

As seen, ammonia (NHs) might be present in biogas together with H,S, but it may also
be present in sour gas (Gupta et al., 2016). The presence of NH3 could produce fuel NOy
emissions in the combustion process. In oxy-combustion, the flue gas recirculation (FGR) process
could promote the interaction between H,S/NO,, since impurities in the flue gas are brought
back to the combustion zone. FGR is a strategy to reduce NOy emissions by decreasing the
combustion temperature used in different combustion processes (Abian et al., 2012), such as
oxy-combustion (De Diego et al., 2013). Also, in sulfur recovery units (Claus process), the
formation of NOy from NHs (up to 40% presence in the feed of sour gas, as it is a common by-
product in fossil/bio-refineries, gas fields and petrochemical processes) might occur (Salisu et
al., 2020). NO has been found to promote the oxidation of SO, to SO; (Fleig et al., 2013) and
cause catalyst sulfation (deactivation) in the catalytic step of the Claus process (Li et al., 2016),
as well as other operational problems like the interaction of NHs with SO; to form ammonium
salts. The interaction between H,S and NOyx might occur as well, since only 1/3 of all HJS is

converted to SO; in the previous step to the catalytic one (thermal step).

2.2 STATE OF THE ART

Regarding H,S oxidation, studies from the literature are scarce. In the past, most of the
studies were focused on atmospheric chemistry. However, the chemistry in the oxidation of H,S
remains unknown in many aspects, while the available experimental data are limited. In the last
decades, significant progress in the kinetics and mechanisms of the atmospheric oxidation
chemistry of sulfur has been done, although less effort has been placed on developing and
understanding sulfur combustion kinetics (Gardiner, 2000; Gupta et al., 2016). The most studied
combustion conditions are the ones related to the Claus process, which is the main chemical

industrial process that deals with H,S.

The Claus process is divided in two steps and a schematic figure of it can be seen in
Figure 2.5. First, in the thermal step, a partial oxidation (1/3 of H,S) with air at high temperature

(1300-1700 K) occurs. The main reaction occurring is (R2.1):

2H,S + 30, = 250, + 2H,0 (R2.1)
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In the next section, the catalytic step, the remaining H.S reacts with SO, at low
temperatures (500-600 K) over a catalyst (based on alumina and/or titanium) to form sulfur

(R2.2).
2H,S + SO, = 35 + 2H,0 (R2.2)

H,S conversion typically reaches 96-98%, depending on the feed composition and the
thermodynamic limitations of the process. About half of the H,S handling costs in the Claus
process are related to the tail gas treatment (De Crisci et al., 2019). To increase the efficiency of
the system, some improvements have been developed over the last decades (Elsner et al., 2003).
For example, CH, might be added to the process to increase furnace temperature and preventing
flame extinction caused by the presence of CO, (main component of sour gas together with H,S)
(Salisu et al., 2017), or the use of oxygen enrichment, that manages to raise the flame

temperature by eliminating the diluent effect of air nitrogen (Rameshni, 2002).

<«— Furnace —» <«—— Catalytic Section ——»

Liquid Sulfur

Figure 2.5 Representative diagram of the Claus process. Adopted from Speight (2007).

A detailed reaction mechanism would enable to predict with precision gas temperatures
and species composition in the furnace (thermal step), which would help to conduct SRU
optimization studies, for example, for the co-combustion of NH3 with Claus feed components,
like H,S. However, reactions involving NH; (NOy formation included) that occur in the Claus
furnace are complex and not fully understood. As stated by Gupta et al. (2016), the destruction
of NHs; is governed by kinetics rather than equilibrium, hence, more studies are needed in this
regard. In the same way, no reactions involving H,S/NOy interactions are contemplated yet or

have been taken into account previously in the literature.
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More recently, several scientific works have focused on H,S theoretical studies of
combustion chemistry. For example, Cong et al. (2016) developed a mechanism to assess the
production of hydrogen through H,S thermolysis and oxidation for the Claus process. Bongartz
et al. (2015) and Bongartz and Ghoniem (2015a, 2015b) developed an optimized mechanism to
make predictions on the combustion behavior of sour gas under oxy-fuel conditions. They
designed power cycles to study the combustion of sour gas with enhanced oil recovery (EOR)
and an example of a generic cycle by Bongartz et al. (2015) is shown in Figure 2.6. EOR is a
technique to increase the extraction from a gas or oil reserves by injecting carbon dioxide and
water (and potentially SO3), which would be the products of the sour gas oxidation. According
to these authors, there is still a need for more accurate direct determination of several

important rate constants as well as more validation data.

Sour gas P = 40 atm
T=1500K
T=670K Combustor
Compressor Turbine
M P=1atm T=750K
A 4
Airin | eead
<€ HRSG

Figure 2.6 Generic gas turbine cycles based on the oxy-fuel combined cycle. Adopted from Bongartz et al.

(2015).

Experimental and modeling works of H.S conversion, more related to the ones
performed in the present thesis, are not abundant. The last studies about H,S oxidation under
controlled laboratory conditions and providing new data in terms of kinetic modeling are
detailed in Table 2.2, together with the corresponding experimental conditions, that include
different air excess ratios (from stoichiometric to oxidizing conditions). These works include: the
experiments about ignition delay times by Mathieu et al. (2014); the study at atmospheric
pressure in a plug flow reactor by Zhou et al. (2013), who mentioned the possibility of catalytic
reactions promoted by the quartz reactor walls on H,S oxidation; the study at high pressures
about H,S oxidation in a plug flow reactor, which was entitled as “exploratory” by Song et al.

(2017); and the work by Gersen et al. (2017) about H,S/CH4 mixtures oxidation in a flow reactor
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at 50 bar. However, the kinetic modeling carried out in those studies show gaps between
experimental results and model predictions, as well as discrepancies from one work to the other,
pointing to the necessity of a better characterization of certain reactions. At the same time,
more experiments are desired in order to validate the kinetic mechanisms. This task is very
important because the experimental results obtained might be useful for other studies. For
example, for those based on kinetic mechanisms that perform computer simulations of sour gas

oxy-combustion, similar to the ones by Bongartz et al. (2015).

Table 2.2 Experimental and kinetic modeling works on H»S oxidation.

Reference Type of experiment  Experimental conditions

Zhou et al. (2013) Plug-flow reactor T 950-1150 K; P=1 bar; Ans=1.2-6.7
Mathieu et al. (2014)  Shock tube T 1045-1860 K; P=1.6-33 bar; An2s=4.2-66.7
Gersen et al. (2017) Plug-flow reactor T 500-900 K; P=50 bar; An2s=3.7-10.0

Song et al. (2017) Plug-flow reactor T 500-900 K; P=30-100 bar; Anzs=1.1-35.7

*Nn2s: the air excess ratio (A) is defined as inlet oxygen divided by stoichiometric oxygen (calculated
according to the reaction H2S+3/20,=50,+H:0).

In this context, there is a clear need to study the H.S oxidation, as well as its mixtures
with other sour gas components, both from an experimental and kinetic modeling point of view.
This study aims to extend the results available in the literature related to H,S conversion as well
as to develop a kinetic model capable of reproducing such conversion under a wide variety of

conditions.
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The oxidation experiments have been performed in three different experimental set-
ups, with different types of reactors: two tubular flow reactors operating at atmospheric and
high pressure, located in the facilities of the Thermo-Chemical Processes Group (GPT group), in
the framework of the Aragdn Institute of Engineering Research (I3A) of the University of
Zaragoza; and a perfectly stirred reactor (also known as jet-stirred reactor, JSR) available at the
University of Murdoch, in the city of Perth (Australia), where a research stay was performed

during the development of the present thesis.

A brief description with the more relevant features of the different experimental set-
ups is included in this chapter, while a more complete description of them and of the
experimental methodology followed can be consulted in previous works, such as those of Esarte

(2011), Abian (2013), Zeng (2017) and Marrodan (2018).

The conditions of the different experiments performed are detailed in tables in Chapter

5, while analyzing the main results obtained in the corresponding study.

3.1 ATMOSPHERIC-PRESSURE TUBULAR FLOW REACTOR SET-UP

The oxidation experiments of H,S, H,S/CH4 and H,S/NO mixtures have been carried out
in the experimental set-up shown in Figure 3.1, which has been successfully used in a number
of previous works by our research group, addressing the study of homogeneous gas-phase
reactions (set-up 1) (e.g. Alzueta et al., 2001a; Alzueta et al., 2008; Alexandrino, 2018; Marrodan,
2018).

In this set-up, the reactions take place in a quartz tubular flow reactor (Figure 3.2), which
has been built according to the design proposed by the CHEC (Combustion and Harmful Emission
Control) Group of the Technical University of Denmark (DTU) (Kristensen et al., 1996). The
reactor presents a reaction zone of 8.7 mm internal diameter and 200 mm in length. It is placed
in a three-zone electrically heated furnace, ensuring a uniform temperature profile throughout
the reaction zone within #5 K. An example of the longitudinal temperature profiles along the
reaction zone, for different nominal temperatures, is shown in Figure 3.3. Temperature has been
measured with a K-type thermocouple for a total N, flow rate of 1 L (STP)/min. The experiments

were run from 700 to 1400 K.
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The different gases are led to the reactor through mass flow controllers (Bronkhorst
High-Tech), in four separate streams: a main flow containing nitrogen, which can, in some cases,
have water vapor, and three injector tubes for the different reactants (H,S, O,, CHs and NO).
Nitrogen is used to balance up to obtain a total flow rate of 1 L (STP)/min. Reactants are highly
diluted in N3, minimizing reaction thermal effects. Reactants and nitrogen are fed from gas
cylinders, while water vapor is injected by saturating a N, stream through a water bubbler at the
adequate temperature to get the desired H,O concentration in the reaction zone. The function
of water is to minimize the impact of radical recombination in the reactor walls, the quenching
effect. Moreover, water is a representative species of the mixture generated under combustion

conditions.
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Figure 3.1 Scheme of the experimental set-up 1 used to carry out the oxidation experiments at

atmospheric pressure in a tubular flow reactor. Adapted from Marrodan (2018).
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Figure 3.2 Scheme and dimensions (in mm) of the atmospheric-pressure tubular flow reactor. Adapted

from Marrodan (2018).
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Figure 3.3 Temperature profiles inside the reaction zone of the atmospheric-pressure tubular flow reactor

as a function of distance, for different nominal temperatures.
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Under these conditions, the gas residence time (t;) in the reaction zone depends on the

temperature in this zone as follows:

194.6
t [s]=—— (Eq. 3.1)
T
The oxygen inlet concentration is determined by the air excess ratio (A), which is defined
as the real oxygen fed to the reactor (O,,q) divided by the stoichiometric oxygen (O,,st), given

the complete oxidation of the reactant (R3.1), which might be H,S, H,, CH4, CH3SH or NO:
Reactant + a0; — wS0O; + xCO; + yH,0 + zNO, (R3.1)

Thus, the amount of oxygen to be fed to the reactor is calculated by (Eq. 3.2) as a

function of the air excess ratio analyzed,

(0] (0]
1= 2,fed 2,fed

= = (Eq. 3.2)
OZ,st a-[reactant [,

being [reactant]inet the inlet concentration of the reactant. Therefore:
A >1 — fuel-lean or oxidizing conditions
A =1 — stoichiometric conditions
A < 1 — fuel-rich or reducing conditions

In the case of the mixtures, a total value of lambda has been calculated considering the
oxygen required for the stoichiometric conversion of all the mixture components, according to

the complete oxidation reaction (R3.1).

The same procedure to calculate the air excess ratio values (R3.1 and Eq. 3.2) has been
followed in the experiments performed in the other reactors used in the present work: in the
high-pressure set-up (set-up 2), where the oxidation of H,S, H, and the mixtures H,S/CHa,
H>S/NO and H,/NO has been studied; and the jet-stirred reactor (set-up 3), considering the
oxidation of H,S and CHsSH.

At the outlet of the reaction zone, the gas product is quenched by means of an external
cooling air flow, and before analysis, it passes through a condenser and a particle filter to ensure
gas cleaning. The outlet gas composition is analyzed by an Agilent 3000A micro gas-

chromatograph (micro-GC) equipped with thermal conductivity detectors (TCD), an Emerson
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continuous analyzer with ultraviolet (UV) detector for SO,, and ABB continuous infrared (IR)
analyzers for CO, CO; and UV analyzer for NO. The uncertainty of the measurements is estimated
as +5%. The error has been calculated according to the standard pooled deviation (the square
root of the sum of the squares of the error), where the error does not depend on the
temperature in the interval considered and it is an estimator of the experimental error
associated with the oxidation of H,S. The pooled standard deviation has been calculated as
+16 ppm. For each set, results at different temperatures (increasing the temperature by 25-50 K

in the corresponding temperature range) are obtained.

3.2 HIGH-PRESSURE TUBULAR FLOW REACTOR SET-UP

The high-pressure oxidation experiments of H,S, H, and the mixtures H,S/CH,4, H2S/NO
and H,/NO have been carried out in a laboratory-scale high-pressure tubular flow reactor
designed to approximate plug flow (Rasmussen et al., 2008a), which has been successfully used
in previous works by our research group addressing the study of homogeneous high-pressure

reactions (e.g. Marrodan et al., 2014; Marrodan, 2018).

A scheme of the experimental set-up is shown in Figure 3.4 (set-up 2). In this set-up, the
oxidation takes place in a tubular quartz tube (inner diameter of 6 mm and length of 1500 mm).
The reactor is enclosed in an AISI 316L stainless steel tube, which acts as a pressure shell.
Nitrogen is delivered to the shell side of the reactor by a pressure control system, to obtain a
pressure similar to that inside the reactor, avoiding in this way the stress in the reactor. The
pressure inside the reactor is monitored by a differential pressure transducer (EL-PRESS
Bronkhorst High-Tech), located at the reactor entrance and controlled by a pneumatic pressure
valve (RCV-RC200) situated after the reactor. The pressure values given throughout this thesis,
referred to this high-pressure set-up, indicate manometric pressures. The reactor-pressure shell
system is placed inside a three-zone electrically heated furnace with individual temperature

control, which allows a maximum temperature over the whole pressure range up to 1300 K.
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Figure 3.4 Scheme of the experimental set-up 2 used to carry out the oxidation experiments at high

pressure in a tubular flow reactor.

Type K thermocouples, positioned in the void between the quartz reactor and the steel
shell, were used to measure the longitudinal temperature profiles, obtaining an isothermal
reaction zone (5 K) of 50 cm. An example of the longitudinal temperature profiles along the

reaction zone for different nominal temperatures and pressures is shown in Figure 3.5.

The gases (H;S, CHs, NO, H;, O, and N3) are fed into the reaction system from gas
cylinders through mass flow controllers (Bronkhorst High-Tech). N; is used to balance up to
obtain a total flow rate of 1 L (STP)/min. The gas residence time (t;) in the reaction zone is a

function of both temperature and manometric pressure in this zone and is given by (Eq. 3.3):

_232-P [bar]

Eq. 3.3
T (Eq. 3.3)

t,[s]

Downstream the reactor, the pressure of the system is reduced to atmospheric level

before the outlet gases analysis, which is performed using a gas micro gas-chromatograph
(Agilent 3000A) equipped with thermal conductivity detectors (TCD), and the same continuous
analyzers previously mentioned in the set-up at atmospheric pressure. The uncertainty of the
measurements is estimated as +5%. The error has been calculated according to the standard
pooled deviation (the square root of the sum of the squares of the error), where the error does
not depend on the temperature in the interval considered and it is an estimator of the

experimental error associated with the oxidation of H,S. The pooled standard deviation has been
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calculated as +10 ppm. For

temperature by 25-50 K in the

1100 |

1000
900
800
700
600
500
400
300

Temperature (K)

1100 -

1000
900
800
700
600
500
400
300

1100

1000
900
800
700
600
500
400
300

1100

1000
900
800
700
600
500
400
300

Temperature (K) Temperature (K)

Temperature (K)

each set, results at different temperatures (increasing the

corresponding temperature range) are obtained.

Distance (cm)

a) 0.6 bar Ry ° 675K
L A 775K
w e a 875K
i P * 975K
i * * % 1075 K
A M A
L o,
k24
I r o © oA
Yo 4 © 2
L o]
z ‘3
L ¥ © o &
4 3 2%
i 1 1 1 1 1 1 1 1
b) 10 bar ﬁmwm%ﬁ = 375K
L o 475K
* S e 575K
i . &MXMM%A ® o 675K
L N A 775K
b p—, ~ 875K
i * OOy, - * 975K
* 4 w | % 1075K
i A s TR
L A o * 42
ﬁ o OO I o %
e - %%,
% R R e I
[ g . LI
| 1 1 1 1 1 1 1
C) 20 bar g, = 375K
L ) % o 475K
« o ’%‘ e 575K
i A@% °o 675K
L * ® s 775K
N M * A 875K
L . o * 975K
A R, % 1075K
L * o ¥
ﬁ ——————— X
L4 A
B ¥ ® 0
° g::mmmm%
L g § o - o ® g*
L s " " a?
! 1 1 1 1 1 1 1
d) 40 bar = 375K
[ o 475K
L e 575K
A&ﬁaﬁm}fm%% o 675K
i b p—— 4 775K
A A 875K
L A A Ny, A
L A o 4
o M
L ” ﬁ . L o O &
a © [RSRsaEEEERRRRRRanara ® O
o e o o A
L ? e . ° o g
R
I "
1 1 1 1 1 1 1 AI
0 20 40 60 80 100 120 14

Figure 3.5 Longitudinal temperature profiles inside the reaction zone of the high-pressure tubular flow

reactor, for different nominal temperatures and pressures, as a function of distance.
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3.3 ATMOSPHERIC-PRESSURE JET-STIRRED REACTOR (JSR) SET-UP

The oxidation experiments of neat H,S and neat CHsSH, in a jet-stirred reactor (JSR) at
atmospheric pressure, have been carried out in the experimental set-up shown in Figure 3.6
(set-up 3) and available at the University of Murdoch, Australia. This experimental set-up has
been used with success in a number of previous works (e.g. Zeng et al., 2019a, 2019b), and it is
similar to other experimental set-ups reported in the literature that also count with a JSR

(Rodriguez et al., 2017; Song et al., 2019).

The JSR used in this work is based on the design of Herbinet and Dayma (2013) from the
Laboratoire des Réactions et Génie des Procédés in Nancy (France) that came from the work of
Matras and Villermaux (1973). The JSR sphere (59 mm of internal diameter (i.d.) and 107.5 cm?
of volume) and access lines are made of quartz. The annular space of entrance tube affords the
channel for inlet gas, forcing the reactants to flow rapidly into the sphere reactor. The injector
part of the reactor has four nozzles of 0.3 mm i.d. each one, generating the jet flows into the
sphere space, for the delivery of the reacting gas mixture. This arrangement minimizes
temperature and concentration gradients in the reactor, representing the so-called continuous
stirred-tank reactor (CSTR) (Herbinet and Dayma, 2013). The reactor rests along the center line
of an electrically heated single-zone furnace (Brother Furnace), which goes from 600 K to 1200
K. The gases (air, H.S and CH3SH diluted in N,) are fed into the reaction system from gas cylinders
through two mass flow controllers (Brooks), that adjust the flow rate of reactants (H,S or CHsSH,

and air) to maintain a fixed gas residence time of 1 second in the reactor.

The oxidation products are measured online at the reactor outlet with a micro gas-
chromatograph (Agilent micro-GC 490) equipped with thermal conductivity detectors (TCD). A
Fourier Transform InfraRed (FTIR) spectrometer monitors the SO, concentration exiting the JSR
(Perkin Elmer Frontier 100 Fourier transform infrared spectroscope). Consistent SO,
concentration data between FTIR and micro-GC measurements are obtained. The uncertainty of

the measurements is estimated within 5%.

Literature presents no works on the application of jest-stirred reactors (JSR) to study the
oxidation of H,S and CHsSH and, therefore, the present experimental results are of interest, since
they increase the experimental database with experiments in a different type of reactor. The
error has been calculated according to the standard pooled deviation (the square root of the
sum of the squares of the error), where the error does not depend on the temperature in the
interval considered and it is an estimator of the experimental error associated with the oxidation

of H,S and CHsSH. The pooled standard deviation has been calculated as £39 ppm. For each set,
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results at different temperatures (increasing the temperature by 25-50 K in the corresponding

temperature range) are obtained.
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Figure 3.6 Scheme of the experimental set-up 3 used to carry out the oxidation experiments in the jet

stirred reactor (JSR). Adapted from Zeng (2017).

27






Chapter 4.

MODELING. REACTION MECHANISM






4. MODELING. REACTION MECHANISM

4. MODELING. REACTION MECHANISM

In order to predict ignition, extinction, fuel consumption and pollutant formation during
combustion processes, detailed chemical kinetic models are required. To develop a mechanism
systematically, it is necessary to build it hierarchically by adopting or developing reaction subsets
of the simpler molecules and then, step by step, to add species and reactions relevant for more

complex molecules.

In this manner, a detailed gas-phase chemical kinetic mechanism has been constructed
progressively throughout the development of this thesis to describe the oxidation of H,S, in
laboratory reactors, under different experimental conditions, and its interaction with relevant
species of the sour gas (CH4) and potential contaminants, such as NO (which might be formed
from N, or NH; present in the sour gas). The mechanism construction progress will be described

below and is schematically represented in Figure 4.1.

Initial mechanism

contains
89 reactions with S species
72 reactions with S/C species
0 reactions with S/N species

H,S/0, (atmospheric P)

- 274 reactions with S species Paper |

- Isomerization reaction HSO0=HS0, HZ/NO/O2 (hlgh P)

proposed Paper Il H,S/0, (atmospheric and high P)

Paper Il - H,/0, subset updated for high pressures
- NO oxidation improved
H,S/CH,/0,
(atmospheric and high P) Paper IV .

- 113 reactions with $/C species Paper V H,S/0, (atmospheric and high P)
- H,5 oxidation improvements for high
pressures

H,S/NO/0,
(atmospheric and high P) Paper VI 4 H,S/0, (atmospheric P)

- 14 reactions with S/N species Paper VIl CH3SH/02 (atmospheric P)

- 5/C oxidation improvements (120

reactions with 5/C species)

- H,S kinetic model check in a different
\_reactor (JSR) J

Final mechanism

contains
274 reactions with S species
113 reactions with S/C species
14 reactions with S/N species

Figure 4.1 Progression in the development of the gas-phase kinetic mechanism for H,S oxidation and its

interaction with other species (CHs and NO).
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The basis or initial mechanism of the present gas-phase kinetic model consists of
different reactions subsets that belong to previous works by the research group at the University
of Zaragoza. The initial mechanism takes as starting point the work of Alzueta et al. (2001b),
where a study of fuel oxidation (CO) in the presence of SO, was performed, and whose
mechanism is considered in the present work as the basis for SO, conversion under combustion
conditions. The Alzueta’s mechanism included as well a reaction subset describing the oxidation
of C1-C2 hydrocarbons and their interactions with NO, the so-called GADM mechanism
(Glarborg et al., 1998), together with further refinements of the chemistry involved (Glarborg et
al., 1999). Later, this mechanism was updated and modified by Abidn et al. (2015a, 2015b) in
order to account for the conversion of SO, under reducing conditions and the conversion of
important species for the sulfur chemistry, such as COS and CS,. From this point, the mechanism

was updated in the present thesis, as indicated in the following sections.

A successful way of developing kinetic models, which has been used previously by our
research group (e.g. Alexandrino, 2018; Marrodan, 2018), consists of testing and validating the
reaction subsets for the species of interest first under atmospheric-pressure conditions and,
subsequently, under high-pressure conditions, which are of interest for different combustion
processes. The following sections describe, in more detail, what specifically refers to the reaction
subsets of the different compounds of interest. Special emphasis will be put in the modifications
and updates made to the different reactions to obtain the final mechanism. The impact of the
different modifications made is discussed in the corresponding publication of the compendium,

as well as in Chapter 5 (Results and Discussion).

Model calculations have been performed using the Chemkin Pro software package
(ANSYS Chemkin-Pro, 2016). The simulations have been conducted with the plug-flow reactor
module and the fixed gas temperature assumption or, in specific cases, the temperature profiles
of the entire high-pressure set-up (Paper Il and Paper VI). The thermodynamic data have been
taken from the same sources as the original mechanisms. Rate of production (ROP) and
sensitivity analyses have been performed to identify the main reaction pathways occurring
during reactant consumption and product formation under the different experimental

conditions analyzed.
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4. MODELING. REACTION MECHANISM

4.1 H,S OXIDATION AT ATMOSPHERIC PRESSURE

Previous studies about H,S oxidation, detailed below, have been used to update our
initial mechanism. The initial mechanism counted with 89 reactions involving sulfur species and
just a few related with H,S, specifically about its pyrolysis process. In the last decades, the sulfur
subsets of reactions have been more focused on atmospheric chemistry, mainly involving SOy
species, whose reactions were of a major concern due to its strong relation with acid rain
(Gardiner, 2000). The understanding and kinetic mechanisms of reduced sulfur species (e.g. H,S
and CH3SH) combustion were not really developed until recently, when some efforts were done
regarding H,S oxidation under combustion conditions, mainly due to the sour gas use and the
Claus process. The work by Zhou et al. (2013) established several kinetic parameters for different
reactions involved in the process of H,S oxidation at atmospheric pressure. Later, Song et al.
(2017), in their exploratory work on HS oxidation under high pressures (30-100 bar), adopted
the kinetic model by Zhou et al. (2013) and presented a full description of the H/S/O reaction
system at high pressures. The kinetic model by Song et al. (2017) was used to update the sulfur
reaction subsets of the present mechanism, which counted with subsets of reactions for species
such as: HS, HS;, SH, S;, HSO and SOy, among others. The reactions of sulfur species increased
from the 89 initial reactions to 274. Some of the initial reactions were updated with more recent

kinetic parameters and the rest were simply added to the mechanism.

The updated mechanism was not capable of reproducing the experimental results of the
present thesis. For this reason, an additional new reaction was proposed in the present thesis
framework, which changes the reaction pathways of H,S oxidation. As proposed by Garrido et
al. (2011), in a high level ab initio study of the HSO, system, the evolution of the SH+O, reaction
(key reaction step in H,S oxidation) presents, a faster reaction path of SH oxidation leading to
the final product SO, through isomerization from HSOO to HSO.. For this isomerization (reaction
R4.1), the energy barrier by Freitas et al. (2012), who determined an activation energy of 21.3

kcal/mol, has been used together with a pre-exponential factor of 10 (s).
HSOO = HSO; (R4.1)

Besides, calculations carried out in the work of H,S oxidation at atmospheric pressure

(Paper 1) were very sensitive to reaction (R4.2).
H,S + HO, = SH + H,0, (R4.2)

The uncertainty of the kinetic parameters for this reaction and its high sensitivity have

been previously mentioned, especially in high-pressure works, where HO; radicals are expected
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to play a major role (Mathieu et al., 2014; Gersen et al., 2017; Song et al., 2017). Only an upper
limit to the rate constant at room temperature is available of 2:10° cm®*mol?-s? (Mellouki and
Ravishankara, 1994). Available theoretical calculations include the ones by Zhou et al. (2013) for
the reverse reaction (-R4.2) (5.6-10*T%8 -e(8%%8/RT. ¢m3 mol, s, cal), whose kinetic parameters
were lowered by a factor of 2 by Mathieu et al. (2014), and calculations performed by Batiha et
al. (2011) indicated a rate constant value of 3.2-10%2-e(16889/RT) (¢cm3, mol, s, cal) for the direct
reaction (R4.2). Within the uncertainty of the determinations, the rate constant has been
estimated as 102 cm3®mol st in the present thesis for the reverse reaction (-R4.2), which agrees
with the present experimental results. This estimation agrees well with the high temperature

data of Zhou et al. (2013) and Mathieu et al. (2014).

This mechanism (Paper ) has been also tested against experimental results obtained in
a different reactor, a jet-stirred reactor (Paper VII). The mechanism was able to reproduce the

experimental results with accuracy under different air excess ratios.

4.2 H,S OXIDATION AT HIGH PRESSURE

In order to simulate the experimental results obtained at high-pressure, the kinetic
mechanism developed during the work of H,S oxidation at atmospheric pressure was updated.
In order to do so, a preliminary study was performed about H; oxidation and its interaction with
NO (Paper ll). This is described in detail in section 4.2.1. Briefly, the H,/O; subset was updated
for high pressures and added to the H,S oxidation mechanism. The simulations showed slight
improvements in the predictions of H,S oxidation at high pressures (Paper lll). Overall, the
outcome of the kinetic model simulations matched the experimental trends, with the best
results for pressure near atmospheric (0.65 bar of manometric pressure) and needing to
improve results at the highest pressure studied (40 bar), where a gap between experimental and
simulation results of 50 K was observed (Paper Ill). The model was also tested satisfactorily
against experimental results from the literature in a flow reactor at high-pressure (Song et al.,

2017) and ignition delay times of H,S addition on H; oxidation (Mathieu et al., 2014).

The oxidation of H,S at high pressures was re-evaluated in a posterior work (Paper V),
studying additional air excess ratios, the influence of gas residence time and improving the
model predictions at high pressures. Such improvements were related to H,O, species, which

are of importance at high pressures in the kinetic model developed, and pointed out as well in
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previous studies (e.g. Giménez-Lépez et al., 2016; Marrodan et al., 2018a). In the present work,

two reactions were proposed (R4.3 and R4.4):
SH + H,0; = HSO + H,0 (R4.3)
HSO + H,0, =HSO; + H,0 (R4.4)

A previous similar study with H,0; species, that analyzed the reaction between HNO and
H,0, molecules, showed that it is possible to abstract an O radical from the H-O-O-H molecule
(Beckett et al., 2017). This reaction pathway would be similar to one ocurring in the reactions

proposed: (R4.3) and (R4.4).

Besides, some reactions are recognized to slow down the oxidation process and their
kinetic parameters might not be characterized properly in the model, such as the reactions of
S;0 (R4.5 and R4.6) and H,S with Os (R4.7 and R4.8). These reactions have been pointed in a
previous work of H,S oxidation at high pressures in a flow reactor (Song et al., 2017), and are

evaluated in the “Results and Discussion” section, Chapter 5.

S;,0+OH =S, + HO, (R4.5)
S0 +5,253+5S0 (R4.6)
H,S + 03 = SO, + H,0 (R4.7)
H,S + 03 = HOSO + OH (R4.8)

4.2.1 H2/NO MIXTURES OXIDATION

The study about H; oxidation in the presence and absence of NO (Paper Il) served as a
milestone for the further work about H,S oxidation at high pressures in the presence and
absence of NO (Paper VI). In this manner, the H,/0, reaction subset was updated with reactions
from the work by Hashemi et al. (2015), who also studied the oxidation of H; at high pressures
in a flow reactor, and whose mechanism is mainly based on the work by Burke et al. (2012) about
kinetic modeling for high-pressure combustion of H,. The H; subset is relevant due to its
importance in the radical pool composition (e.g. OH, H, O and HO; radicals) governing

combustion chemistry.

H, is a well-known fuel and its chemistry is particularly well characterized in comparison
with other species. Thus, the knowledge of the H, oxidation kinetics involving NO at high

pressures would allow more complex systems to be addressed, such as H,S/0,/NO.
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At high pressure, and in the presence of O,, the interconversion NO/NO; is favored as

pressure increases and temperature decreases, according to reaction (R4.9).
NO + NO + O, = NO; + NO; (R4.9)

Due to the configuration of the experimental set-up for high pressures (set-up 2), shown
in section 3.2., there are zones prior and posterior to the reactor where the gas mixture might
react, according to reaction (R4.9). This was observed experimentally during the NO oxidation
study, forming NO,, at room temperature (290 K) (Paper Il). This implies that there will be a
mixture of NO/NO; entering the reaction zone, which should be taken into account for the
simulations. Such behavior has been pointed in previous works about fuels oxidation in the
presence of NO at high pressures (e.g. Rasmussen et al., 2008a, 2008b; Marrodan et al., 2014).
In order to predict accurately the amount of NO and NO; entering the reactor, the study above
mentioned was conducted in the high-pressure reactor (Paper Il), prior to perform the
experiments of H,S and its interaction with NO. The mechanism developed for NO oxidation is a
revised and updated version of the work of Giménez-Lépez et al. (2011), who performed
experiments of oxidation of C;Hs/NO mixtures in a flow reactor at high pressure (60 bar of
absolute pressure), and under different stoichiometries. The kinetic parameters of reaction
(R4.9) were revised in the present thesis (Paper Il). This is due to the uncertainty of (R4.9), which
most reliable value of the apparent activation energy determined up to date is -1052 [+789]
cal/mol (Atkinson et al., 2004). The pre-exponential factor recommended by Atkinson et al.
(2004) (1.2:10° cm®mol?s?t) was taken and the activation energy was varied between the
uncertainty limits, taking the inferior limit, what makes an apparent activation energy of -1850
cal/mol, and which seemed to be adequate in all the experimental conditions of this work to
reproduce properly the NO/NO; concentrations (Paper ll). The experimental trends were
captured precisely by using temperature profiles, describing the entire experimental set-up 2:
from the mixing point of the reactants to the entrance of the reactor, the reactor itself, and from

the reactor outlet to the pressure reduction valve (at atmospheric pressure).
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4.3 H,S/CHs MIXTURES OXIDATION

The mechanism used in the study about H.S oxidation in the presence of CH4 (Paper 1V)
includes the work of H,S oxidation at high pressures (Paper lll), which counted with the H,/0,
reaction subset updated for high pressures (Paper Il). In relation to carbon species, it is based
on previous works from the research group. Initially, it counted with reactions related to the
interaction of carbon and sulfur species from the work of Alzueta et al. (2001b), about the
inhibition and sensitization of fuel (CO) oxidation by SO,, the study about CS; and COS conversion
under different combustion conditions (Abian et al., 2015a), and the work from Abian et al.
(2015b), where the impact of the presence of SO, on the formation of soot from ethylene

pyrolysis was evaluated.

Besides, the mechanism was updated with some reactions from recent studies. New
subsets were added from the study of Gersen et al. (2017), about H,S/CH4 oxidation at high
pressures, where the CH300 and CH3OO0H peroxides chemistry was found to be important at
high pressures and low temperatures. This study was based on previous studies from the same
group about CH, oxidation at high pressures (Rasmussen et al., 2008c; Hashemi et al., 2016).
Thus, CH300 and CHzOO0H reaction subsets have been added to the current mechanism (Gersen
et al., 2017). The formation and consumption of organosulfur compounds, like CH3SH, were also
found important in the work by Gersen et al. (2017), and a subset describing CHsSH conversion
was taken from the work of Alzueta et al. (2019), which was based on the works of Zheng et al.

(2011) and Van de Vijver et al. (2015).

Other important reactions were updated with more recent kinetic parameters, like
(R4.10), whose kinetic constant was revised by Zeng et al. (2016), using the CBS-QB3 level of
theory, seeing improvements in CH, oxidation at all conditions (Paper IV). Another important
reaction for CH, oxidation at low temperatures (R4.11) was also updated, using the kinetic

parameters by Srinivasan et al. (2007).
CH3 + HzS = CH4 + SH (R410)
CHs + 0, = CH,0 + OH (R4.11)

In the research stay at the University of Murdoch (Australia), the reaction pathways of
CHsSH conversion were re-evaluated (Paper VII). Bian et al. (2019), in a recent theoretical work,
investigated the reaction mechanism of CHsSH with O, using quantum chemical methods at the
CCSD(T)//MO06-2x level of theory. They discovered new reaction pathways, both on the ground-
state triplet and excited state singlet surfaces to produce CH,SO, H,0O, CHs0H, SO, CH,4 and SO..
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Accordingly, some of the reactions missing in the mechanism were proposed, as well as their
corresponding kinetic parameters, i.e., the formation of CH,SO and CH3;OH, and the
consumption of CH,SO. The rate constants for these reactions (R4.12-R4.18) were estimated and
are summarized in Table 4.1. Bian et al. (2019) studied the reaction CH3SH+0O; both on the triplet
and singlet surfaces. An examination of the Bian et al. (2019) reaction pathways led to suggest
the appearance of the intersystem-crossing (ISC) process in our system, similarly to the oxidation
of other reduced sulfur species (H,S and CS;) (Montoya et al., 2005; Zhou et al., 2008; Zeng et
al., 2017; Zeng et al., 2019b). With respect to the results of Bian et al. (2019), the ISC comes to
pass between the triplet (44.9 kcal/mol) and singlet (31.3 kcal/mol) transition states. The
activation energy of reaction (R4.12) was estimated as 42 kcal/mol (Paper VII). We have
proceeded in the same way by allowing the ISC to arise in the generation of CH30H from the

oxidation of CH3SH (R4.13), assigning the activation energy of 40 kcal/mol to this process.

Table 4.1 Arrhenius parameters for the reactions proposed in this work according to the study by Bian et

al. (2019). Arrhenius expression: k = A T" exp[-Ea/(RT)]. Units are cm3, mol, s and cal.

Reaction A n E,
(R4.12) *CHsSH + 30, = 1CH,SO + H,0 10* 1.4 42000
(R4.13) *CHsSH + 30, = 1CH30H + SO 10** 0.0 40000
(R4.14) *CH,SO = 1CO + H,S 10 0.0 0
(R4.15) *CH,SO + 2H = 'CHsSO 10 0.0 0
(R4.16) *CH,SO = 1COS + H, 101 0.0 0
(R4.17) *CH,SO = CS + H,0 10 0.0 0
(R4.18) *CHsSO = 2CH3 + SO 101 0.0 0

4.4 H,S/NO MIXTURES OXIDATION

The mechanism for H,S oxidation in the presence of NO consists of three parts. First,
the reactions subsets about sulfur chemistry (Paper V), described in section 4.2. Then, the
subsets of reactions involving nitrogen species, which come from the preliminary study of H,
oxidation and its interaction with NO (Paper Il), as described previously in detail in section 4.2.
Lastly, since so far the mechanism did not count with reactions involving nitrogen and sulfur
species; some reactions involving S/N species were added to the model from the work of

Glarborg (2007). In that study, the author mentions that the kinetic parameters proposed were
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rough estimations, pointing to the lack of understanding and research regarding S/N interactions
in the literature. However, after adding these reactions, the final mechanism is capable of
reproducing accurately the oxidation of H,S in the presence of NO at atmospheric pressure. The
relevance of some added reactions for S/N interactions is described later in the “Results and

Discussion” section, Chapter 5.

At high pressure, the NO/NO; interconversion is favored in the presence of oxygen as
pressure increases and temperature decreases. As above mentioned, in order to predict
accurately the amount of NO and NO; entering the reactor, which might influence H,S oxidation,
a preliminary study was conducted in the high-pressure reactor, studying the oxidation of H, in
the presence and absence of NO (section 4.2.1) (Paper Il). The interaction between NO and H,S
at high pressures (20 bar) shown an unexpected conversion of H,S in the experiments at low
temperatures (475 K). This behavior was thought to be related with the reaction between H,S
and NO,. An attempt to model such interaction was done by including in the model the reaction
(R.4.19), according to the suggestion of Russel (2009). No kinetic parameters for (R4.19) are
reported in the literature. Other studies from the literature just mention the formation of sulfur
as a result of the reaction between H,S and NO; at atmospheric pressure (Pierce, 1929; Cadle
and Ledford, 1966; Hales et al., 1974; Frost and Thomas, 1975; Blackwood, 1980; Kim, 2003;
Russel, 2009). Thus, in this thesis and in Paper VI, the kinetic constant value for the temperature

range studied (475-1000 K) has been derived as 108 (cm3*mol-s?).

HaS + NO, 2 S + NO + H,0 (R4.19)
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5. RESULTS AND DISCUSSION

The results obtained throughout this thesis are shown below. The following sections are
organized according to the objectives set forth in Chapter 1. The results presented encompass
both the experimental and kinetic modeling results, and are shown together with a brief
explanation, which summarizes what is stated in articles I-VII. First, the results of the oxidation
of H,S at atmospheric pressure are presented. Next, a preliminary study at high pressures on the
oxidation of H; and its interaction with NO is shown. The results of H,S oxidation at different
pressures are shown afterwards. Subsequently, the study of the oxidation of H,S/CH, and
H,S/NO mixtures, both at atmospheric pressure and high pressure, are presented. Finally, the
study about the oxidation of H,S and CHsSH carried out during the research stay in Murdoch

University (Australia) is shown.

Figures show the simulation results obtained with the final version of the mechanism.
Since the mechanism has evolved throughout the whole thesis research, in those cases where
significant differences are found, the results of the mechanism version that was used at the time
of publishing the corresponding paper are also presented. Modifications in the kinetic
mechanism entail the updating or modification of the kinetic parameters of certain reactions,
the inclusion of new reactions from the bibliography and the proposal of new reactions. This
process is described in detail in Chapter 4 (Modeling. Reaction Mechanism). Besides, the
reaction pathways and the more relevant reactions are also discussed below together with the

experimental results.

5.1 H,S OXIDATION AT ATMOSPHERIC PRESSURE

The oxidation of H,S at atmospheric pressure has been carried out in the experimental
set-up described in section 3.1 (atmospheric-pressure tubular flow reactor set-up, set-up 1). This
study served as the basis for the rest of the work, regarding the oxidation of H,S under different
operating conditions, such as different pressures, the presence of CHs or NO, and the use of
different reactors (tubular flow reactors and a jet-stirred reactor). The experimental installation
mentioned has previously been also used with success for more than 20 years in studies on the
oxidation of other compounds at atmospheric pressure, such as dimethyl ether (DME) and
methyl formate (MF) (Alexandrino, 2018; Marrodan, 2018). The usual strategy to analyze the

H.S oxidation at atmospheric pressure and to develop a kinetic model capable of reproducing
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the experimental results at atmospheric pressure, prior to carry out experiments with higher

pressures.

In the case of H,S oxidation at atmospheric pressure, there is almost no literature
regarding this issue. One could think that the Claus process, as mentioned in the Introduction
section, being the main industrial process to deal with H,S and convert it to elemental sulfur,
should provide a strong background in terms of knowledge and kinetics of the process. However,
the scientific research is more related to the operational details, catalysts and emissions in the
industrial Claus process. Another area where H,S oxidation and its kinetics could be relevant is
in atmospheric chemistry, but these conditions are quite different to the combustion conditions.
There are just a few recent papers that deal with H,S under combustion conditions in the
laboratory. The most important one would be the experimental and kinetic modeling study of
H,S oxidation by Zhou et al. (2013), as already mentioned in the Introduction section. According
to this work, it was proposed the possibility of catalytic reactions promoted by the silica reactor
surface, and they intended to minimize them by using a B,0Os coated reactor. However, they
could not conclude if the coating had an effect or not on H,S oxidation. The experiments
performed in the atmospheric-pressure set-up 1, are shown in Table 5.1, from reducing to
oxidizing conditions. Repeated experiments are also shown. The temperature range studied

goes from 700 to 1400 K.

Table 5.1 Experimental conditions for H2S oxidation in the atmospheric-pressure set-up (set- up 1). N2 as

bath gas. t«(s)=194.6/T(K).

Set H.S(ppm) Oz (ppm) H20 (%) A

1 476 225 - 0.3
1R 478 229 - 0.3

509 750 - 1.0
3 485 900 - 1.2
3R 485 896 - 1.2
4 482 1500 - 2.1
5 492 3750 - 51
6 514 15000 - 19.5
7 490 230 1.2 0.3
8 505 3750 1.2 5.0
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In Figure 5.1, a comparison between the H,S normalized concentration results from two
experiments performed by Zhou et al. (2013), in two different reactors (one with bare silica and
other coated with B,0s3), can be seen. The corresponding results from set 3 (in Table 5.1) are also
shown in Figure 5.1. All experiments were performed using a similar air-excess ratio and a gas
residence time of the same order of magnitude. The experiments of Zhou et al. (2013)
correspond to a gas residence time of 0.2 seconds in the isothermal zone of their reactors, while
the gas residence time in set 3 (Table 5.1) goes from 0.14 to 0.24 seconds, depending on
temperature. The major difference between the results would be related to the air-cooling used
in the present experimental set-up at atmospheric pressure, in order to freeze de reaction at
the reactor outlet to room temperature rapidly, and which is not present in the Zhou et al. (2013)

experiments. In their case, they have a 0.3 seconds cooling zone without the use of air-cooling.

10F @ * ¥ x 0 0 o
[}
X % o
o
c
S 08F / »
© | Bare silica . / o
c Zhou et al. (2013) . )
8 06 L Present wor B,O, coating
g Zhou et al. (2013)
(&) [}
3 §]
N 04|
© *¥
£
8 [ J
) 0.2 ® H,S (Bare silica) Zhou et al. (2013) ©
IN O H,S (B,0, coating) Zhou et al. (2013) o
XK H,S present work *
[}
0,0 ° ¥ ¥ ¢ O
1 L 1 L 1 L 1 L 1 L 1
600 700 800 900 1000 1100

Temperature (K)

Figure 5.1 Comparison between H2S normalized concentrations vs. temperature from two experiments of

H2S oxidation by Zhou et al. (2013) (A=1.2) and set 3 in Table 5.1 (A=1.2).

As can be observed in Figure 5.1, the conversion of H,S from the present thesis lies
between the results of the two experiments by Zhou et al. (2013). When bare silica reactor is
used, H,S is much more reactive than in the other cases. The H,S oxidation presents a shift to
higher temperatures in the B,0s coated reactor, 400 K difference in comparison to the bare
silica, and a shift of 200 K to the set 3 (in Table 5.1) of the present work. As mentioned, one of
the possibilities of the differences observed between the results obtained in the two silica

reactors (the one from Zhou et al. and the one from the present work) is related to the cooling
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process, as Zhou et al. do not freeze the reaction, the gas mixture might have more time to react.
On the one hand, the present simulations show that H.S has time to react in this cooling zone
but, on the other hand, the authors used a probe in the reactor to gather information about the
consumption of HS in the isothermal part of the reactor. They showed H,S concentration vs.
distance in the reactor at 1120 K in a graph, where H,S was seen to be totally consumed in the

isothermal part of the reactor, showing no influence of the cooling zone in H,S oxidation.

At this point, it was decided to carry out experiments introducing water vapor and to
evaluate its influence. The water vapor diminishes the effect of recombination of radicals on the
reactor walls by enlarging the radical pool, which is called quenching effect. In this manner, the
possible catalytic effect of the quartz reactor walls would be tested. The water vapor was
introduced into the reactor in one of the streams of N», saturating this one by passing it through
a bubbler at room temperature. Table 5.1 shows the experiments carried out in the installation
at atmospheric pressure, both in the presence of water vapor and without it. In Figure 5.2, the
differences between the results of two experiments for the same lambda value (A~5) with and
without water vapor (sets 5 and 8 in Table 5.1) can be observed. The concentration results of
different species (H.S, SO, and H;) are almost the same in both experiments. Therefore, it was
concluded that radical recombination on the walls is not significant under the studied

conditions.
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Figure 5.2 Comparison results of set 5 (A=5.1) and set 8 (1.2% H,0, A=5.0) in Table 5.1. Open symbols

represent the experimental conditions without water and solid symbols with water vapor.
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In Figure 5.3, the results of the concentrations of H.S, SO, and H, published in Paper |

from reducing to oxidizing conditions are shown, which correspond to the sets of experiments

1-6 in Table 5.1. In the case of H,S, its conversion is shifted to lower temperatures as the O,

concentration is increased, as well as the conversion is sharper. The ignition occurs at 950 K in

the case of reducing conditions (A=0.3) and 700 K in the most oxidizing conditions considered

(A=19.5).
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Figure 5.3 Experimental results from H2S oxidation at atmospheric pressure. Symbols represent

experimental data and lines model predictions (black lines denote the results from the final mechanism,

while red lines represent the model initially presented in Paper I).
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The main product of the oxidation of H,S is SO,. Figure 5.4 illustrates the sulfur balances
vs. temperature from experiments 1-6 (Table 5.1). In almost all the experiments, the sulfur
balance is kept around 100% (H.S + SO,), except in the case of reducing conditions (A=0.3), where
the conversion of HsS is not complete and the sulfur balance is reduced down to 80% at the
highest temperature (1400 K). In this case, under reducing conditions (A=0.3), a yellowish color
deposit was observed at the outlet of the reactor, which could be indicative of the formation of
elemental sulfur. Such observation was also noted by Palma et al. (2015), who used
experimental conditions in their work (0,/H,5=0.35, 1375 K, t,=150 ms) similar to those of the
present work (0,/H,S=0.47, 1375 K, t,=140 ms), but using 10% H,S instead of 0.05% H,S. Palma
et al. (2015) obtained 70% of H,S conversion versus 52% of the present thesis. The presence of
this yellowish deposit was also previously mentioned by Zhou et al. (2013) and was related to

the formation of S; in the gas phase, which condenses when exhaust gases are cooled.
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Figure 5.4 Sulfur mass balances as a function of temperature for sets 1-6 in Table 5.1.

The hydrogen formation occurs until the total consumption of H,S (Figure 5.3). At this
point, the available O, oxidizes the hydrogen and H, starts to vanish. This process is slow in the
case of stoichiometric conditions and does not even occur under reducing conditions, where all
the O, has reacted with H,S. This was also observed by Zhou et al. (2013), who mentioned that

H, selectivity presents a maximum with the last traces of H,S.
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The repetition experiments at atmospheric pressure (sets 1-1R and 3-3R in Table 5.1)
can be seen together in Figure 5.5, under reducing conditions (A=0.3) and almost stoichiometric

conditions (A=1.2). As can be seen, the experimental data show a fairly good repeatability.
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Figure 5.5 Repeatability of experiments under reducing conditions (sets 1 and 1R in Table 5.1; A=0.3) and

almost stoichiometric conditions (sets 3 and 3R in Table 5.1; A=1.2).

Regarding the kinetic model, the one compiled during this first part of the work (Paper
1) about H,S oxidation at atmospheric pressure was mainly based on the study by Song et al.
(2017), as mentioned earlier in section 4 (Modeling. Reaction mechanism) and, at the same time,
the work by Song et al. was based on the work by Zhou et al. (2013). The latter introduced a lot
of new reactions to the H,S oxidation mechanism, and the authors were able to reproduce
theoretically their flow reactor data by making changes, within a factor of 3, to the rate
constants of two important reactions involving SH radicals. The factor required for this fitting
was different for the different cases that they studied at atmospheric pressure (A=1.23, 1.28 and
6.67).

In the present work, according to theoretical works of Freitas et al. (2012) and Garrido
etal. (2011), the isomerization reaction of HSOO (R5.1), as a faster reaction path in H,S oxidation
to SO,, has been included. This has led to good prediction results over all the conditions at
atmospheric pressure, together with the proposed parameters for reaction (-R5.2). The
modeling simulations can be observed in Figure 5.3 (black lines), which are satisfactory under all

the air-excess ratios. These simulations do not change in comparison with the final mechanism
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(shown in red lines in Figure 5.3). This implies that the posterior changes that have been made
in the mechanism regarding high pressure conditions do not have any influence under

atmospheric pressure.
HSOO = HSO; (R5.1)
H,S + HO,; = SH + H,0; (R5.2)

Calculations indicate that H.S reacts with the radical pool (H, OH and HO;), but mainly
with H radicals, to rapidly form SH, independently of the stoichiometry. SH continues the

reaction with O, to form mainly HSOO (R5.3), which isomerizes then to HSO; (R5.1).
SH + 05 (+M) = HSOO (+M) (R5.3)

Later, HSO; is consumed to HOSO (R5.4) or to the final product SO, through (R5.5) and
(R5.6), this last one under highly oxidizing conditions. HOSO, as HSO,, can dissociate or react
with oxygen (R5.7, R5.8). The reaction paths with S, SO and HS; radicals are similar to the ones
identified by Zhou et al. (2013), but comparatively less important in the present mechanism, due

to the addition of (R5.1).

HSO; (+M) = HOSO (+M) (R5.4)
HSO, (+M) = SO, +H (R5.5)
HSO, + 0, = SO, + HO; (R5.6)
HOSO (+M) = SO, + H (+M) (R5.7)
HOSO + 0, = SO, + HO; (R5.8)

The oxidation is maintained due to the release of H radicals in the final steps (R5.5) and
(R5.7). H radicals consume H,S through (R5.9), as well as HO; radicals, formed mainly in (R5.6)
and (R5.8), react with H,S through (R5.2). This latter step becomes more important as the oxygen
concentration increases, due to the major occurrence of (R5.6) and (R5.8) and the increase in
HO, concentration as a result. The H,0; radicals formed in (R5.2) decompose to OH radicals

through (R5.10), promoting the H,S consumption through (R5.11).

H.,S+H<=SH +H, (R5.9)
H,0, (+M) = OH + OH (+M) (R5.10)
H,S + OH = SH + H,0 (R5.11)

50



5. RESULTS AND DISCUSSION

The modeling results are very sensitive to reaction (R5.2), additionally to the
HSOO=HSO, isomerization reaction (R5.1). Therefore, a good characterization of the kinetic

parameters of these reactions for an accurate modeling description is necessary.

Under reducing conditions, the consumption of H,S follows the main reaction paths
discussed above. However, other important species, such as H,S,, HS; and S,, can be formed due
to the minor presence of oxygen. S, can be produced through the sequence of reactions R5.12-
R5.15, where SH, HS; and H.S; interact with each other leading to the final product S, through
reaction (R5.15). This pathway for H,S consumption was also mentioned by Song et al. (2017)

and was also considered in the work of Zhou et al. (2013).

SH+SH = HS, + H (R5.12)
SH + H,S; = HS, + H,S (R5.13)
HS, + HO, = H,S; + 0, (R5.14)
HS, + SH =S, + H,S (R5.15)

5.2 H, OXIDATION AND ITS INTERACTION WITH NO

The analysis of the system (H,/0,/NO) was seen as a preliminary step before studying
the H,S/0, and H,S/0,/NO systems at high pressures, since previous studies about H,S oxidation
at high pressures, in a tubular flow reactor, had shown deficiencies and one of them was referred
as exploratory by their authors (Gersen et al., 2017; Song et al. 2017). Additionally, the study
about H; oxidation and its interaction with NO was carried out to acquire experience and
knowledge about the behavior of NO at high pressures, together with a well-known fuel like H,.
The experiments were performed at the high-pressure tubular flow-reactor set-up 2 described
in section 3.2. The influence of different variables on the process, like temperature (450-1100
K), pressure (10, 20 and 40 bar) and air-excess ratio (A=0.5-6.4), was tested. The kinetic analysis
of the results of experiments performed was helpful to update the mechanism, regarding the
H2/03 subset of reactions, a key subset in combustion chemistry. The main results are reported

in Paper Il.

Different reaction systems were tested to analyze the influence of NO over H, oxidation
at high pressures. The different experimental conditions are detailed in Table 5.2. First, under
oxidizing conditions, the H,/0, and H,/0,/NO systems were studied (sets 9 to 14 in Table 5.2).

The results of species concentration corresponding to the conversion of the H,/0, system, with
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and without the NO presence, are shown in Figure 5.6, at 10, 20 and 40 bar under oxidizing
conditions. As can be observed, pressure has a little effect on the conversion onset of H; in the
absence of NO, showing approximately 50 K difference in the reaction onset between the three
pressures, and shifting the conversion to lower temperatures as the pressure increases. When
NO is present in the system, the H, conversion is promoted to lower temperatures as pressure
rises, and is comparatively greater than in the experiments without NO. In the case of 40 bar,
there is a difference of 125 K between the reaction onsets of H, without and with NO, and only

25 K between the experiments at 10 bar.

Table 5.2 Experimental conditions of Hz oxidation in the high-pressure set-up 2. The total flow rate is
balanced with N2. Parameter Aw: is calculated according to the reaction H»+1/20,=H,0 and parameter
Ano according to the reaction NO+1/20,=N0.. The gas residence time (t) is referred to the entire set-up,

at one temperature in the reactor (875 K).

Manometric H> NO 0, Mo Ao t (s)
pressure (bar)  (ppm) (ppm) (ppm)

9 40 937 530 3000 6.4 11.3 107
10 20 935 517 3000 6.4 11.6 56
11 10 920 524 3000 6.5 11.5 29
12 40 1029 - 3000 5.8 - 107
13 20 930 - 3000 6.4 - 56
14 10 910 - 3000 6.6 - 29
15 40 - 521 3000 - 11.5 107
16 20 - 508 3000 - 11.8 56
17 10 - 514 3000 - 11.7 29
18 40 1022 485 500 1.0 21 107
19 20 1050 525 675 1.3 2.6 56
20 40 1024 535 250 05 09 107
21 20 1000 520 250 0.5 1 56

Regarding NO, concentrations, both NO and NO; species were measured. Pressure has
an important influence on the NO/NO; ratio, since the formation of NO, is favored as pressure
increases, described by reaction (R5.16). A small concentration from NO backs to NO as the
temperature increases, as is also shown in Figure 5.6, since NO is favored thermodynamically at
high temperatures. The balance of NOx (NO+NO,) closes fairly well (near 100%) in all the cases,

except at 40 bar, where at high temperatures there is a NOy decrease of approximately 20%.
NO + NO + O, = NOz + NO, (R5.16)

The results of the kinetic modeling are shown in the figures of this section as black lines.

In these cases, the final version of the mechanism and the one that was published from this work
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(Paper Il) present the same modeling results, as no modifications were done posteriorly in NOy

reaction subset or in the H,/O; reaction subset.
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Figure 5.6 Results of Hz oxidation, in the absence and presence of NO, obtained under oxidizing conditions
at 10 bar, 20 bar and 40 bar. Solid symbols correspond to experimental results in the presence of NO,
while open symbols represent concentrations in the experiments without NO. Lines denote simulations

of the final model. Conditions of sets 9 to 14 in Table 5.2.
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In order to further study the oxidation of H; in the presence of NO, some experiments
were carried out just using NO under the same oxidizing conditions (sets 15-17 in Table 5.2). In
Figure 5.7, the results of the NO/O, system are plotted, together with the results of NO oxidation
in the presence of H, previously seen (sets 9-11 in Table 5.2), in order to compare results. The
results show a similar behavior of NO and NO, concentrations, in general trends, when H; is
present or not. However, minor differences are appreciated at 10 and 20 bar at high
temperatures, which are related to the interaction of NO/NO, with the radical pool when H, is
present, promoting its oxidation, as seen in Figure 5.6. A major difference can be observed at 40
bar between NO; concentrations in the absence and presence of H,. As mentioned earlier, for
the H,/0,/NO system at 40 bar, a decrease in the NOy balance is found, which is not seen in the
NO/O; system. Since the concentrations of NO are really similar at 40 bar compared to NO,
concentrations, we might conclude that some interaction NO/H, is occurring in the
experimental conditions at 40 bar and high temperatures. A study of the CO/H,/0,/NOy system
(Rasmussen et al., 2008a), in a high-pressure flow reactor, did not show a loss of NOx when
working at 50 bar and high oxidizing conditions (Ax;=68). However, their lambda value was 10
times higher than in the present study, possibly preventing the NO»/H, interaction to occur. A
possible explanation for the NOy decrease observed at 40 bar could be related with the
formation of nitric acid. As said by Ajdari et al. (2015), if water vapor is present in pressurized
flue gas systems, the formation of gaseous nitric acid and nitrous acid is promoted. While this

could explain the loss of NO,, this has not been proven.

The results of H, concentration in the presence of NO for stoichiometric conditions and
different pressures (20 and 40 bar) are shown in Figure 5.8 (sets 18 and 19 in Table 5.2). As
mentioned above, the NO/NO; ratio is lower as the pressure increases, which is also seen under
stoichiometric conditions. The onset temperature for H, conversion remains the same at 40 bar
as for oxidizing conditions (~775 K), but the H, conversion finishes at higher temperatures due
to the lack of oxygen. At 20 bar, the reaction starts at higher temperatures in comparison to the
case of 40 bar, around ~825 K. The results of experiments performed under reducing conditions
(sets 20 and 21 in Table 5.2) are shown in Figure 5.9. The onset temperature for the conversion
of H; at 40 bar remains the same as for other stoichiometries (~775 K). Hz is not fully consumed
and the ratio NO/NO; is the highest obtained among all the stoichiometries, due to the lack of
oxygen. The decrease of NOy concentration seen at 40 bar and oxidizing conditions, probably
due to some NO,/H; interaction, is not observed under stoichiometric conditions, where the NO,
formation is lower. For reducing conditions, the NOy decrease happens again, which is captured

by the model and explained below.
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Figure 5.7 Results for the oxidation of NO, in the absence and presence of H, obtained under oxidizing
conditions at 10 bar of pressure, 20 bar and 40 bar. Solid symbols correspond to experimental results in
the presence of Hz, while open symbols represent concentrations in the experiments without Hz. Lines

denote simulations of the final model. Conditions of sets 9-11 and sets 15-17 in Table 5.2.
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Figure 5.8 Results obtained under stoichiometric conditions at 20 bar and 40 bar. Symbols represent
experimental measurements and lines denote simulations of the final model. Conditions of sets 18 and

19 in Table 5.2.
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Regarding the kinetic model, the present study about H, oxidation in the presence of NO
helped to update the H,/0, reaction subset under high pressure conditions, mainly taken from
Burke et al. (2012) and Hashemi et al. (2015). Thermodynamic data were taken from the same
sources as the sub-mechanisms. In general, the theoretical predictions shown in the previous
figures match the consumption of H, with good precision in most cases. According to the
calculations, the consumption of hydrogen can be described as a chain of reactions (R5.10,
R5.17-R5.21), being (R5.17) the main step in the H; oxidation. Radicals HO; are formed due to
the reaction of atomic H with O, through (R5.18), then, they are recombined to form H,0; in
reaction (R5.19). In the last step (R5.10), H,0, thermal decomposition provides OH radicals for
the consumption step (R5.17). At the same time, reaction (R.20) competes for H radicals with
(R5.18), but this process is more relevant at low pressures. At high pressure, reaction (R5.18) is
the main consumption pathway of H radicals. Reaction (R5.21) is considered to be important for
H, conversion initiation at all stoichiometries and found to be one of the most sensitive (Hashemi
et al., 2015). Kinetic parameters for this reaction were taken from Giménez-Lépez et al. (2011),

because they are more updated values and provide a better modeling behavior.

H,+OH<=H,0+H (R5.17)
H + 0, (+M) = HO; (+M) (R5.18)
HO; + HO, = H,0; + O, (R5.19)
H.0,(+M) = OH + OH (+M) (R5.10)
H+0,=0H+O (R5.20)
H,0; + H = HO, + H, (R5.21)

Summing up, the oxidation of H, is explained at high pressures by reactions involving
HO; and H,0,; species. When NO is added to the system, the role of HO, as a chain terminator
changes and a new branching step, in which OH radicals are formed from HO,, is activated. In
particular, the cycle between NO and NO; consumes HO, radicals through (R5.22) and forms OH
radicals through (R5.23), which promotes the oxidation of H,. These reactions are part of a well-
known catalytic cycle (Slack and Grillo, 1977; Bromly et al. 1995; Mueller et al.,, 1998),

with HO,+H=0H+OH as net reaction.
NO + HO; & NO; + OH (R5.22)

NO2+H = NO + OH (R5.23)
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In the work of Glarborg et al. (2000), where the ability of H, to reduce nitric oxide under
conditions relevant for the reburning process was studied, the importance of species like HNO to
react with H, was remarked, finding that the only kinetic parameters available for (R5.24), by
Rohrig and Wagner (1994), gave a H, conversion too fast compared to their experimental data

and finally not including this reaction in their model.
HNO + H; = NH + H,0 (R5.24)

In the present work, those kinetic parameters (Rohrig and Wagner, 1994) were also
found to overpredict the consumption of H; under reducing conditions and the kinetic constant
for reaction (R5.24) was estimated in the present study to be 7:10% (cm3®*mol™-s7?), obtaining
good agreement between experimental results and model predictions, both for H;as
for NO« concentrations at high temperatures, as can be seen in Figure 5.9. This reaction
(R5.24) was found to be important only under reducing conditions, while no impact was
observed for other stoichiometries. An accurate determination of the rate constant
for (R5.24) would be desirable. The decrease in NOy observed at 40 bar and reducing conditions
might be explained thanks to this reaction. NO reacts with H radicals to form HNO (R5.25), then
reaction (R5.24) occurs and NH is formed, which ends up reacting with NO to form N, and OH

through (R5.26). Hence, NOy decrease can be due to the formation of N,, which is not quantified.
NO + H (+M) 2 HNO (+M) (R5.25)
NH + NO = N, + OH (R5.26)

The model matches well the experimental data under all the experimental conditions,
except for the system H,/0,/NO at 40 bar and oxidizing conditions. This good fit is achieved, in
part, by the proposed kinetic parameters of reaction (R5.16), which is important for predicting
the amount of NO and NO; that enters the reaction zone, influencing H, ignition as well as the
NO oxidation process at high temperatures. A comparative plot of the kinetic constants for
reaction (R5.16), proposed in this work and from the literature, is shown in Figure 5.10. As seen,
scatter of the different reaction constants is high. The present kinetic constant chosen is in
reasonable agreement with experimental data reported in the past (Ashmore et al., 1962; Greig
and Hall, 1967; Hisatsune and Zafonte, 1969; England and Corcoran, 1975) more than with the
latest review of this reaction (Atkinson et al., 2004), which is mainly based on the work of

Olbregts (1985).

NO + NO + O; = NO; + NO, (R5.16)
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Figure 5.10 Comparison of different values for the kinetic constant logarithm of (R5.16)

(NO+NO+02=N02+NO3) vs. 1/T (K1), from the literature and the estimation of the present study.

5.3 H2S OXIDATION AT HIGH PRESSURE

The study about H.S oxidation at high pressures has been published in two different
works (Papers Il and V). All the experiments were carried out in the high-pressure facility
described in section 3.2 (high-pressure tubular flow reactor set-up 2) from 450 to 1000 K. The

experimental conditions are described in detail in Table 5.3.

Paper Ill reported the analysis of H.S oxidation at high pressures (0.65, 10, 20 and 40
bar), where only one stoichiometric ratio was used (A~2). The kinetic model developed till that
moment at atmospheric pressure (Paper |), together with the updated H,/O, subset and
validated under high pressure conditions (Paper Il), were tested under those conditions. At the
same time, the mechanism was tested against experiments from the literature. Previous studies
about this topic are scarce in the literature. The group of Glarborg at DTU (Technical University
of Denmark) published two papers about H.S oxidation in a similar experimental set-up with a
tubular flow reactor. In the first one, about neat H,S oxidation (30-100 bar) (Song et al., 2017),
they claimed for more research in this field and more experiments, as well as a better kinetic
characterization of the oxidation process, since they had doubts about certain reactions (e.g.
reactions involving Os, which were pointed in the present work (Paper lll) to have no relevance),
and dispersion in their experimental data. The second one (Gersen et al., 2017), related to

H,S/CH4 oxidation at high pressure, presented experiments in a tubular flow reactor and claimed
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as well for more experimental data and better kinetic parameter characterization, since the
kinetic mechanism did not reproduce fairly well the experimental data. Another example would
be the work by Mathieu et al. (2014), about H,S addition on H, ignition delay times, where they
summarized that the data in flow reactors, when H.S is a reactant (referring to the work by Zhou
et al. (2013)), were poorly reproduced by all the H,S oxidation models available. At the same
time, Mathieu et al. (2014) managed to simulate their data by modifying some important

reactions within their reported error factor.

Table 5.3 Experimental conditions for H2S oxidation in the high-pressure set-up 2. N2 as bath gas.

Manometric

H.S (o) Flow rate
St P eem) pm) M ¥ (sTPYmin) PP
22 0.65 520 750 1.0 371/T 1 \Y
23 0.65 505 1509 2.1 371/T 1 "l
24 0.65 525 4510 5.7 371/T 1 \Y
24R 0.65 525 4450 5.7 371/T 1 \Y
25 10 500 792 1.1 2552/T 1 \Y
25R 10 500 822 1.1 2552/T 1 \Y
26 10 485 1510 2.1 2552/T 1 "l
27 10 498 4380 5.5 2552/T 1 \Y
28 20 465 760 1.1  4872/T 1 \Y
29 20 497 1520 2.0 4872/T 1 1]
30 20 500 4485 6.0 4872/T 1 \Y
31 40 500 753 1.0 9280/T 1 V
32 40 500 1545 2.1 9280/T 1 1"l
33 40 485 4296 5.9 9280/T 1 V
34 10 504 4485 5.9 4872/T 0.5 \Y

Overall, in Paper lll, the results were satisfactory. New valuable experimental data were
provided, as well as a kinetic model capable of reproducing the oxidation of H,S at different
pressures (0.65-40 bar), especially at low pressures (0.65 bar), confirming the good prediction
at atmospheric pressure observed in Paper | in a different tubular flow reactor (atmospheric
pressure set-up 1). The reaction pathways of H.S oxidation obtained at high pressure were
similar to the ones at atmospheric pressure. The differences were found in the species that are
involved in the oxidation process at the different pressures, as H,0, and H,S,, which become
more important as pressure rises. At the same time, the mechanism was capable of reproducing

the data from Song et al. (2017) with certain accuracy, as well as the ignition delay times by
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Mathieu et al. (2014). Despite the good results, there was still room for improvement at the
highest pressure tested (40 bar), where the model showed more deficiencies. This is one of the

reasons why the study reported in Paper V was carried out.

The work about H,S oxidation at high pressures, Paper V, presented new experimental
data (two different stoichiometries; A~1 and A~6) together with an updated and improved
kinetic mechanism for high pressures. The experimental and modeling results of the
concentrations of H,S, SO, and O; as a function of temperature from Paper V are shown together
with the ones from Paper Ill in Figures 5.11-5.14. The graphs are ordered from 0.65 bar to 40
bar of pressure, showing the three different lambda values in each of the figures. The simulation
results are plotted as lines, the black ones represent the final mechanism, published in Paper V,
and which include the omission of some reactions which will be discussed later. The red lines
are only present in the figures for conditions of A~2, which represent the model published in
Paper lIl. The sulfur balance closes in all cases within £5%. As can be observed in the figures, the
conversion of H,S is shifted to lower temperatures, and the oxidation is more abrupt, as the
pressure and the oxygen concentration increase (higher lambda value). Thus, the onset
temperature for H,S conversion is 725 K in the case of 10 bar and stoichiometric conditions
(A=1.1, set 25 in Table 5.3), while it is 575 K at 40 bar and oxidizing conditions (A=5.9, set 33 in

Table 5.3). The consumption of O, follows the same trend as hydrogen sulfide.
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Figure 5.11 Concentrations of H2S, SO2 and Oz vs. temperature at 0.65 bar (sets 22, 23 and 24 in Table
5.3). Symbols represent experimental measurements and lines denote simulations of the final model

(black lines) and model in Paper Il (red line).
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Figure 5.12 Concentrations of H2S, SOz and O vs. temperature at 10 bar (sets 25, 26 and 27 in Table 5.3).

Symbols represent experimental measurements and lines denote simulations of the final model (black

lines) and model in Paper Ill (red line).
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Figure 5.13 Concentrations of H2S, SOz and O vs. temperature at 20 bar (sets 28, 29 and 30 in Table 5.3).
Symbols represent experimental measurements and lines denote simulations of the final model (black

lines) and model in Paper Ill (red line).
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Figure 5.14 Concentrations of H2S, SOz and O vs. temperature at 40 bar (sets 31, 32 and 33 in Table 5.3).
Symbols represent experimental measurements and lines denote simulations of the final model (black

lines) and model in Paper lll (red line).

Reactions involving H,0, species were found as the most sensitive in the kinetic model
analysis of H,S oxidation at high pressures, as well as in the works by Song et al. (2017) and
Mathieu at al. (2014). Hence, in Paper V, other possible reactions involving this peroxide, H,0,,

were evaluated. For example, the reaction of H,O, with SH radicals, for which only an upper limit
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for the rate constant at room temperature is available (Friedl et al., 1985). Three different

possible reaction channels were evaluated for the SH+H,0; reaction (R5.27-R5.29).

SH + H,0, = H,S + HO; (R5.27)
SH + H,0, = HSOH + OH (R5.28)
SH + H,0, = HSO + H,0 (R5.29)

Two of them (R5.27 and R5.28) were already present in earlier versions of the
mechanism (Paper I). On the other hand, no kinetic parameters are available in the literature for
the third reaction channel (R5.29). According to Friedl et al. (1985), the formation of HSO+H,0
is not relevant at room temperature. However, it was observed a higher reactivity of H,S at high
pressures (40 bar) if (R5.29), and also the possible reaction of HSO with H,0, (R5.30), are

included in the mechanism for the simulations of H,S oxidation.
HSO + H,0, = HSO; + H,0 (R5.30)

There are no kinetic parameters for (R5.30) in the literature either. In this work, both
reaction kinetic constants have been estimated as 10'? (cm3*mol™:s?), in the temperature range
studied (450-1100 K). These reactions have no effect on the simulations at the other pressures

studied.

Another important point about the reactivity of H,S is related to the work by Song et al.
(2017), who increased the reactivity of H,S by skipping at high pressure and oxidizing conditions
some reactions, such as H,S reactions with O3 (R5.31 and R5.32), and under stoichiometric and
oxidizing conditions, a couple of reactions of the S;0 subset (R5.33 and R5.34). Following a
similar procedure, i.e. removing the reactions mentioned above in our mechanism, no changes
occur in the simulations presented in Paper | or Paper IIl. Only if (R5.29) and (R5.30) are included
in our mechanism, the same behavior observed by Song et al. (2017) eliminating those reactions
(R5.31-R5.34) happens. The reactivity of the system is increased at high pressures (40 bar and

20 bar), while it remains unaltered at other pressures.

HaS + 03 = SO, + H,0 (R5.31)
HaS + O3 = HOSO + OH (R5.32)
$0+0H =S, + HO, (R5.33)
S0 + S, = S5+ SO (R5.34)
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As an example, Figure 5.15 shows the H,S concentration vs. temperature at 40 bar and
oxidizing conditions (A=5.9), by comparing the results of different mechanisms together with the
corresponding experimental data. The simulations are improved compared to the mechanism in
Paper Il by adding reactions (R5.29) and (R5.30) in the model (Paperlll+R5.29+R5.30). Besides,
apart from adding reactions (R5.29) and (R5.30), reactions (R5.31-R5.34) can also been omitted,
as in the work by Song et al. (2017), managing to improve the model predictions
(Paperlll+R5.29+R5.30-(R5.31-R5.34). The mechanism published by Song et al. (2017) is also
presented in Figure 5.15 with the reactions that they omitted (R5.31-R5.34) in their original

model (Song et al. (2017)+(R5.31-R5.34)), showing a big difference in the predictions (around

200 K difference) between their models.
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Figure 5.15 Concentration of H2S vs. temperature at 40 bar and A=5.9 (set 33 in Table 5.3) using different

mechanisms. Symbols represent experimental data and lines represent modeling predictions.

When reactions (R5.31-R5.34) are present in the mechanism, they slow down the
oxidation process of H,S. Reaction of H,S with O; (R5.31) is the most important one, but it is a
chain-terminating step. As mentioned by Song et al. (2017), their kinetic parameters are
currently not well established. The most reliable measurement for H,S + Os is believed to be the
room temperature upper limit by Becker et al. (1975). The kinetic parameters used here are
taken from the theoretical work by Mousavipour et al. (2013), whose suggestion of (R5.31) as
the dominant channel seems to be inconsistent with the experimental observations. In the case

of the reactions with S,0 species, (R5.33) and (R5.34), they also slow down the reactivity of the
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H,S/0, system. Reaction (R5.33) converts OH radicals to less active HO, radicals. Once S,0
species are formed via (R5.35), they are mainly consumed via (R5.36) to form Ss, and, if (R5.34)
is present in the model, it forms back S,0 from Ss, slowing down the oxidation process of H,S.
Reaction (R5.34) proceeds in the backward direction due to its high reverse kinetic constant,
which is 10 (cm3*molts?) in all the temperature range, which kinetic parameters were
determined theoretically by Zhou et al. (2013). According to the simulations, if its pre-
exponential factor is reduced by two orders of magnitude, the reaction (R5.34) stops having any

influence.
HSO + S; = S,0 + SH (R5.35)
5,0 + 5,0 = S3 4+ S0, (R5.36)

Overall, the mechanism shown in Figure 5.15 as Paper 1l1+R5.29+R5.30-(R5.31-R5.34)
simulates properly the experimental results. This is, adding new reactions involving H,0; species
and omitting (R5.31-R5.34) reactions. However, the final mechanism includes such reactions,

since omitting reactions can be seen as just an exploratory analysis.

5.3.1 EFFECT OF RESIDENCE TIME

In order to evaluate independently the effect of gas residence time and pressure, an
additional experiment has been performed at 10 bar and oxidizing conditions using a flow rate
approximately of 0.5 L (STP)/min (set 34 in Table 5.3) instead of 1 L(STP)/min. This means that
this set presents the same gas residence time as in the experiment at 20 bar and oxidizing
conditions (set 30 in Table 5.3). Thus, we can observe in Figure 5.16 how pressure affects the
oxidation of H,S using the same residence time. As it is observed, the experimental results differ
by a maximum of 25 K. Additionally, in Figure 5.17, it can be observed how the gas residence
time affects H,S oxidation, by comparing the experiment at 10 bar and 0.5 L (STP)/min (set 34 in
Table 5.3) and the experiment at 10 bar and 1 L (STP)/min (set 27 in Table 5.3). As can be seen,
the difference between experiments is around 50 K by doubling the flow rate, which means the
gas residence time is the half. The larger the residence time, the earlier the oxidation of H,S
starts. The effect of gas residence time is, then, stronger than the effect of pressure under the
conditions studied. All in all, the model seems capable of predicting H,S oxidation well under the

different conditions studied.
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Figure 5.16 Concentrations of H2S, SO2 and O: vs. temperature at 10 and 20 bar using the same gas

residence time (sets 30 and 34 in Table 5.3). Symbols represent experimental data and lines represent

model predictions.
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Figure 5.17 Concentrations of H2S, SO2 and O: vs. temperature at 10 bar using different gas residence

times (sets 27 and 34 in Table 5.3). Symbols represent experimental data and lines represent model

predictions.
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5.3.2 LITERATURE RESULTS SIMULATIONS

Results from the literature have also been simulated. The experimental results obtained
by Song et al. (2017), about H,S oxidation in a flow reactor at 30 bar and 100 bar (under
stoichiometric and oxidizing conditions A=35), are shown in Figures 5.18-5.20, along with
simulations using the final mechanism, but omitting reactions (R5.31-R5.34) as the authors did.

A good match between experimental data and model calculations is obtained at all conditions.

The final mechanism has also been used to simulate the experiments from the work of
Mathieu et al. (2014), about the effect of H,S addition on hydrogen ignition delay times. The
results obtained can be seen in Figure 5.21. The ignition delay times were measured
experimentally behind reflected shock waves for mixtures of 1% Hx/1% O,, diluted in Ar and
doped with various concentrations of H,S (100, 400 and 1600 ppm) at different pressures (1.6,
13 and 33 atm). The model predictions are reasonably close to the experimental results under
almost all the conditions, except for two experiments, those corresponding to the highest H,S

concentration (1600 ppm) and pressures of 13 and 33 atm.
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Figure 5.18 Concentrations of H2S, SOz and Oz vs. temperature at 30 bar and A=1.14 (data taken from set
1 in Table Il of Song et al. (2017)). Symbols represent experimental data, while lines denote model

predictions (final mechanism omitting reactions R5.31-5.34).

70



5. RESULTS AND DISCUSSION

1000
800 | ) -
€ °6 % o
g 60of o
C
i) L
‘8 400 - = HS
© o so,
@]
S 200} B
0-— ' |
PR TR TR N 1 PR R R TR S R TR TR TR S
400 500 600 700 800 900

Temperature (K)

Figure 5.19 Concentrations of H2S and SO vs. temperature at 30 bar and A=36 (data taken from set 3 in
Table Il of Song et al. (2017)). Symbols represent experimental data, while lines denote model predictions

(final mechanism omitting reactions R5.31-5.34).
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Figure 5.20 Concentrations of H2S and SOz vs. temperature at 100 bar and A=35 (data taken from set 4 in
Table Il of Song et al. (2017)). Symbols represent experimental data, while lines denote model predictions

(final mechanism omitting reactions R5.31-5.34).
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Figure 5.21 Ignition delay time measurements vs. temperature for different experimental conditions,
using a mixture of 1% H2/1% O, diluted in Ar and doped with H»S. Experimental data are taken from the

work of Mathieu et al. (2014).

5.4 H,S/CHs MIXTURES OXIDATION

After studying the oxidation of H,S under different experimental conditions, both at
atmospheric pressure and at high pressures in 2 different facilities, as well as having developed
a kinetic model capable of reproducing the oxidation of H,S (Papers I, Il and lll), the next step
has consisted of studying the oxidation behavior with methane, the main component of natural
gas. This study covers different experimental conditions to study the H,S/CH, interaction. The
experiments have been conducted in 2 different facilities with tubular flow reactors, at
atmospheric pressure (set-up 1) and at high pressure (set-up 2). Variables such as pressure (from
atmospheric pressure to 40 bar), the air excess ratio, temperature (450-1400 K), as well as the
influence of the initial H,S/CH4 ratio have been studied. The details of all the experimental
conditions considered are described in Table 5.4. Nitrogen has been used as the inert

atmosphere in the experiments. The results of this work were published in Paper IV.
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Table 5.4 Experimental conditions for the H2S/CHa mixtures oxidation. N2 as bath gas.

Manometric
Set Pressure CH, HaS 0: Acha  Auzs  Awotar  tr (S) Set- Paper
(ppm) (ppm) (ppm up
(bar)
383
35 0.65 1569 480 4500 1.4 6.3 1.2 ) 2 v
383
24 0.65 - 525 4510 - 5.7 5.7 ) 2 Vv
383
36 0.65 1350 1250 4590 1.7 25 10 ) 2 v
383
37 0.65 1307 1255 25500 9.8 13,5 5.7 ) 2 v
383
38 0.65 480 1270 11300 11.8 59 3.9 ) 2 v
2552
39 10 1282 1243 4550 1.8 24 1.0 ) 2 v
4872
40 20 1303 1224 4503 1.7 25 1.0 ) 2 v
9280
41 40 1320 1230 4600 1.7 25 10 ) 2 v
4872
42 20 1315 1295 1804 0.7 09 04 ) 2 v
43 20 1348 4286 1.6 1.6 1872 2 v
44 40 1400 4500 1.6 1.6 9280 2 v
383
23 0.65 - 505 1509 - 20 20 ) 2 i
26 10 485 1510 21 21 2552 2 i
29 20 497 1520 20 20 1872 2 [}
32 40 500 1545 21 21 9280 2 [
45 A heri 1517 750 0.3 0.3 1946 1 v
tmospheric - . - . T
194.6
46  Atmospheric 1517 - 3000 1.0 - 1.0 TR 1 v
194.6
47  Atmospheric 1508 - 6000 2.0 - 2.0 TK) 1 \
194.6
48  Atmospheric 1510 279 750 0.3 1.8 0.2 TK) 1 \
194.6
49  Atmospheric 1513 285 3000 1.0 7.0 0.9 T®) 1 v
194.6
50 Atmospheric 1508 298 6000 20 134 1.7 TK) 1 \
4 A heri 482 1500 21 21 1946 1 I
tmospheric - - . . T
5 A heri 492 3750 51 5.1 1946 1 I
tmospheric - - . . TK)

The experimental results of H,S, SO,, CHs and CO concentrations corresponding to the

experiments near atmospheric pressure (set-up 2), sets 24 and 35-38 from Table 5.4, are

presented in Figure 5.22 as symbols. Model predictions are also presented in the figure as lines,

where the red ones correspond to the model published in Paper IV and the black ones represent
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the final mechanism. This pattern of line colors is followed in the rest of the figures of this
section. The species CO,, C;H4, CoHg, CH3SH and CS; were detected in small concentrations and,

therefore, they are not shown in the figures.

1600F BTN a) | b)
1400 [ = HS@ithCH) e CH, ey -

1200 | 4 so,(with CH,) % co -
1000} | o neans r
800 |
600 -
400 -

200 +

Concentration (ppm)

1600
1400
1200
1000
800
600
400
200

Concentration (ppm)

500 600 700 800 900 1000 500 600 700 800 900 1000
Temperature (K) Temperature (K)

Figure 5.22 Concentrations of H2S, SO2, CHs and CO vs. temperature under 0.65 bar at set-up 2,
experimental conditions in Table 5.4: a) sets 35 (Atotai=1.2) and 24 (Atwotai=5.7); b) sets 36 (Atotai=1.0) and 23
(Atotal=2.0); c) set 37 (Atota=5.7); d) sets 38 (Awtai=3.9) and 24 (Awtai=5.7). The original model results (Paper
IV) are represented with red lines, while those from the final version of the mechanism are represented

with black lines.

As can be observed in Figure 5.22, different stoichiometry values and H,S/CH, ratios have
been used to study the oxidation behavior of the H,S/CH4 mixture oxidation near atmospheric
pressure. In all the cases, H,S oxidation happens at temperatures lower than the ones at which
CH, oxidation occurs, being H,S completely converted into SO, at temperatures above
approximately 900 K. Some tests were run with neat CHs and no reaction was observed, hence,
CH, oxidation is promoted by H5S. A higher concentration of O, shifts the oxidation of both H,S
and CH, to lower temperatures, as can be compared in cases a) and c) (Awta=1.0 and Asta=5.7,

respectively). It can be observed that when H,S is fully consumed, CH4 conversion increases
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coinciding with a higher formation of CO. This is observed in all the cases and it is more

noticeable at oxidizing conditions, cases ¢) Awta=5.7 and d) Awta=3.9.

In the case a), the experimental results from set 35 in Table 5.4 (Awta=1.2, Acna=1.4,
An2s=6.3), together with neat H,S oxidation (set 24 in Table 5.4; Awta=5.7, Au2s=5.7) are plotted,
both with similar Anzs value. As can be observed, the consumption of H,S is shifted to higher
temperatures (by 75 K) compared to the neat oxidation of H,S, indicating therefore the delay in
H,S oxidation by CHa. A similar case can be observed in the study of Zeng et al. (2019b), about
the co-oxidation of CHs and CS; in a flow reactor, where they also saw experimentally a delay in
the oxidation of CS; by CHs, and that trace amounts of CS, reduce the ignition temperature of
CHs. The authors indicated that the C-H-O-S combustion chemistry was complex and
consequently their mechanism could not include all potential reactions. In our case, the kinetic
model cannot predict the inhibition of H,S conversion by CH4 to higher temperatures either,

despite the inclusion in the present mechanism of the CH3SH, CS; and COS reaction subsets.

In the case b), the results obtained with the ones in the case a) can be compared, which
have similar Acua and Awtal Values, but different H,S inlet concentrations (1250 and 480 ppm,
respectively) and H,S/CH, ratio ratios (0.9 and 0.3, respectively). It can be observed that the
onset of H,S conversion in the case a) occurs at lower temperature than that obtained in the
case b), due to the higher Auzs in the case a), but only by 25 K. In the case b), H,S oxidation is also
shifted to higher temperatures in comparison with neat H,S oxidation, due to the presence of
CHa, but in a minor extent as in the case a), due to the major ratio H,S/CH4 (0.9), where less CH,4

molecules interfere in H,S oxidation.

If the H,S/CH4 ratio is augmented, case d), using the same Auzs as in the case a) Ans~6, we
can evaluate if a comparatively lower concentration of methane will decrease the inhibition
process. As it is shown, the H,S oxidation finishes at lower temperatures in comparison with the
results shown in the case a), where a higher concentration of CH, was used, hence, competing
with H,S for the consumption of radicals. However, we cannot assure if the delay in the ignition
temperature of H,S, in comparison with neat H,S oxidation, is due to the consumption of radicals
of the radical pool by CHa, or due to the formation of some carbon-sulfur intermediate species,
not detected in the micro-GC analysis. It is worth to mention that, except in the case of oxidizing
conditions (case c), in each of the other cases, a weak minimum in CH4 concentration during the
oxidation of H,S can be observed at low temperatures. This could indicate some interaction
somehow during the conversion of the mixtures, which might be responsible for the shift to high

temperatures of H,S oxidation in the presence of CHa.
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The experimental trends are fairly well captured by the mechanism, except for the
observed delay in H,S oxidation. The final mechanism barely changes the simulations respect to
the ones published in Paper IV, which is a good indication and shows that the posterior changes
at high pressures do not alter the simulations near atmospheric pressure. The consumption of
H,S follows the same reaction pathways as shown in section 5.1 (H,S oxidation at atmospheric
pressure). The oxidation of methane in the H,S/CH4 mixture occurs at lower temperatures
compared to the oxidation of neat methane, due to the radicals coming from H,S oxidation.
Regarding neat CH,, it did not show any reactivity in the simulation run under these conditions.
Methane reacts with OH radicals to form CH; (R5.37), which, depending on the temperature,

will form different products.
CHs + OH = CH; + H,0 (R5.37)

At low temperatures (850 K), CH3 forms mainly CHs0 (R5.38) and C;Hs (R5.39), while at
higher temperatures the reaction with O, to form CH,0 is predominant (R5.40). CHs also reacts

with HO; to regenerate CH,4 via (R5.41), being less important as the temperature increases.

CHs + HO, 2 CH;0 + OH (R5.38)
CHs + CH3 (+M) 2 CoHe (+M) (R5.39)
CHs + O, = CH,0 + OH (R5.40)
CHs + HO, 2 CHq + O, (R5.41)

The oxidation continues with CH3O species decomposing to CH,O+H (5.42) and
proceeding to CO via (R5.43) and (R5.44). The pathway leading to C;Hs might continue with its
reaction to C;Hs (R5.45) and C;H,4 (R5.46) later on. The oxidation behavior of methane is similar

to that presented in the work of Giménez-Lépez et al. (2015) about oxy-fuel oxidation of

methane.
CH30 (+M) = CH0 + H (+M) (R5.42)
CH,0 + OH = HCO + H,0 (R5.43)
HCO + 0, = CO + HO, (R5.44)
CoHe + OH = CyHs + H,0 (R5.45)
CoHs + O, = CyH4 + HO, (R5.46)
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With the purpose of improving the model predictions, regarding the delay in H,S
oxidation by CH., reaction (R5.47) was updated with the value for its kinetic constant
recommended by Zeng et al. (2016), who revised this reaction using the CBS-QB3 level of theory,

mentioning that it was overestimated before at lower temperatures.
CHs + H,S = CHg + SH (R5.47)

This change managed to improve model predictions for the CH, oxidation under all
conditions studied in the system H,S/CH4/0,. However, the improvements are not enough and
a gap between experimental data and model predictions is still observed, approximately of 75 K
at stoichiometric conditions. Also, new reactions (R5.48) and (R5.49) from the work of Zeng et
al. (2016) were added, but they are not important under the experimental conditions

considered.
CHs +S; = CHs + HS; (R5.48)
CH4 + SO = CH3 + HSO (R5.49)

For the experiments of H,S/CH,; mixtures oxidation at high pressures (10, 20 and 40 bar),
the concentrations of H,S, SO,, CH4 and CO, as a function of temperature, using stoichiometric
conditions (Awtai~1 and Apyas~2.5) are shown in Figure 5.23. The results obtained for the oxidation
of neat H,S (Awtai~2) are also shown for comparison. In the case of 20 and 40 bar, the oxidation
of neat CHs (Awta~1.6) is also included, since these are the only cases in which neat methane

was found to be reactive, in the temperature range studied.

The conversions of both CH, and H.S are shifted to lower temperatures as the pressure
increases. In the case of 10 bar, the oxidation of H,S is almost the same with and without CHg,
while at 20 and 40 bar the oxidation of H,S is slightly promoted to lower temperatures. The
oxidation trend of CHy, is fairly well captured by the model, both in the case of the neat CH, and
co-oxidation. The biggest differences between modeling results and experimental data are
found in H,S conversion at 40 bar, which are the same differences for neat H,S oxidation as in
the presence of CHa. Thus, this gap could be attributed to the present description of the H,S

chemistry at high pressure (Paper lll).
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According to the model calculations, H,S conversion starts via (R5.50), as was also
mentioned by Gersen et al. (2017). In the same way, Zhou et al. (2013) mentioned the high
sensitivity to (R5.50) in their mechanism due to its role to determine the ignition temperature

of H,S.
H,S + O, = SH + HO;, (R5.50)

As mentioned before, in section 5.3 about H,S oxidation at high pressure, the
consumption of H,S is mainly maintained through reaction of H,S with HO; radicals, radicals
which formation is enhanced at high pressures (Mathieu et al., 2014; Gersen et al., 2017; Song
et al., 2017). At the same time, H,0, formation (R5.2), also favored at high pressures, promotes

the oxidation of the system H,S/CH4/0, via the branching reaction (R5.10).
H,S + HO, = SH + H,0, (R5.2)
H,0; (+M) = OH + OH (+M) (R5.10)

As well as near atmospheric pressure, the conversion of CH, in the mixture is influenced
by H,S oxidation, being the influence more noticeable as pressure increases, reaching 20% of
conversion between 700 and 900 K at 40 bar. H,S oxidation provides radicals to the radical pool
and, at the same time, higher pressures involve a major role of peroxides like CH300 and HO; in
the oxidation process of CHi. At high pressures, other pathways become important in
comparison with the previous ones mentioned near atmospheric pressure. Depending on
temperature, the model predicts that CH4 consumption is dependent on the reactions of CHs to
form different products. At intermediate temperatures and high pressures, formation of peroxyl
radicals may be significant (Hashemi et al.,, 2016; Marrodan et al., 2018a, 2018b). At low
temperatures and high pressures (e.g. 725 K at 40 bar), the formation of the CH300 peroxide is
the preferred channel (R5.51),

CHs + 0, = CH3;00 (R5.51)

which will continue reacting through (R5.52), (R5.53), (R5.42), (R5.43) and (R5.44), and finally
decomposing to CO (R5.54).

CH300 + HO, = CH3;O0H + O, (R5.52)
CH3O0H (+M) = CH30 + OH (+M) (R5.53)
HCO+M =H+CO+M (R5.54)
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As temperature rises, other pathways become important. At 800 K and 40 bar, CHs
radicals react with HO; radicals to give CHsO (R5.38), instead of producing only CH300, which
also ends up as CH3O, being the net result of the CH;00 pathway similar to reaction (R5.38).
CH30 decomposes thermally to CH,0, as mentioned before via (R5.42), and ends as CO through
(R5.43), (R5.44) and (R5.54). From 900 K and above, the branching ratio shifts toward the
production of CH,0 (R5.40) from CHs, which is the main pathway for neat CH, oxidation as well.
CH,0 can react with HO; radicals too (R5.55), as well as with CHs to regenerate CH4 (R5.56), like
reaction (R5.57), but mainly CH,O reacts with OH radicals (R5.43).

CH.0 + HO, = HCO + H,0, (R5.55)
CH,O + CH3 = HCO + CH,4 (R5.56)
CHs3+H,=CHs+H (R5.57)

Regarding reaction (R5.40) (CHs + O, = CH,0 + OH), large discrepancies in the modeling
results using different kinetic parameters from the literature were found. This reaction has been
broadly discussed over the years, as it is important for the combustion of hydrocarbons, since a
competition with reaction (R5.58) exists at high temperatures and with (R5.51) at low
temperatures at roughly stoichiometric conditions. The more recent kinetic parameters by

Srinivasan et al. (2007) were used for reaction (R5.40).
CH3;+ 0, =CH:0+0 (R5.58)

Finally, the results obtained in the experiments of the H,S/CH,; co-oxidation in the
atmospheric pressure set-up (set-up 1) are shown in Figure 5.24. The trends are similar to the
ones found in the high-pressure reactor (set-up 2) under near atmospheric pressure conditions.
CH,4 oxidation is shifted to lower temperatures due to the presence of H,S at all conditions
considered. In the case of H,S oxidation, its conversion is shifted to higher temperatures in the
presence of CHs. The CH4 conversion onset temperature is different from one reactor to another.
If the experiments at stoichiometric conditions are compared, there is a difference of 200 K (900
K at the set-up 2 and 1100 K at the set-up 1). This might be attributed to the difference in gas
residence times, as the gas residence time in the high pressure reactor (set-up 2) working near
atmospheric pressure doubles the one in the reactor at atmospheric pressure (set-up 1). The
kinetic model captures fairly well the oxidation trends. However, it overpredicts the oxidation
of H.S and CH. by a small margin, except at reducing conditions, where CH,4 oxidation is not
captured at high temperatures. The simulations with the final mechanism do not differ of those

from the original mechanism published in Paper IV. This can be considered good, since the
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changes made in the mechanism after Paper IV were focused on H,S at high pressures, showing

here no influence at atmospheric pressure.
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Figure 5.24 Concentrations of H2S, SO2, CHs and CO vs. temperature at the experimental conditions in
Table 5.4, under atmospheric pressure at set-up 1: a) sets 45 (Atota=0.3), 48 (Atota=0.2) and 4 (Atota=2.1); b)
46 (Atotai=1.0), 49 (Atotai=0.9) and 5 (Atotai=5.1); €) 47 (Atotai=2.0) and 50 (Awota=1.7). The original model results
(Paper 1V) are represented with red lines, while those from the final version of the mechanism are

represented with black lines.
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In addition, some simulations have been run with experimental data from the literature.
The results of the experiments by Gersen et al. (2017), in a flow reactor at 50 bar of pressure,
are shown in Figures 5.25 and 5.26, together with the simulations running the mechanism from
their authors (red lines) and the final mechanism form this thesis (black lines). As can be
observed, two different experiments are shown under reducing conditions. First, in Figure 5.25,
the ratio H,S/CHa is 1/60 and the air-excess ratio is Awti=0.03. H,S concentration is consumed
totally under these oxidizing conditions for H,S (Au2s=3.7). The final mechanism improves the
previous predictions by the authors and is only shifted 50 K from the experimental data. It is
worth to mention that, experimentally, the partial conversion of CHs occurs at the same
temperatures as HsS, while the mechanism predicts the conversion of CH, when H,S oxidation
finishes, as seen in the experiments of this thesis at stoichiometric conditions. In Figure 5.26, the
H,S/CHg ratio is 1/15 and the air-excess ratio is Awta=0.6. The oxidation of H,S occurs prior to CHy
oxidation and is shifted to lower temperatures, in comparison with the previous case in Figure
5.25, due to the higher availability of O, (An2s=10). In this case, the conversion of CHy is shifted
to higher temperatures, which is contradictory to what has been observed at more reducing
conditions (Figure 5.25). Under oxidizing conditions, the mechanism is able to reproduce CH,4
oxidation. As mentioned by the authors, CH, oxidation is promoted by H,S in comparison with
neat CH4 oxidation tests, as it has also been said earlier in this section. The final mechanism
improves slightly the model predictions from the original paper. Overall, the final mechanism is
able to model with certain accuracy the results obtained in different high-pressure flow reactors

when H,S/CH,4 oxidation is studied.
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Figure 5.26 Concentrations of H2S, SOz, CHa, CO and Oz vs. temperature from the experiments of Gersen
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with black lines.
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5.5 H,S/NO MIXTURES OXIDATION

The work about the oxidation of H,S/NO mixtures was carried out in two different
facilities at the University of Zaragoza. The goal was to study first the oxidation behavior at
atmospheric pressure (set-up 1, described in section 3.1) and, then, to move on to high pressures
(set-up 2, described in section 3.2). Besides pressure, other variables such as temperature (450-
1400 K) and air-excess ratio were also considered. All the experimental conditions are collected
in Table 5.5. Two repeated experiments are also included, denoted with the letter “R”.
Additionally, the system NO/O, was tested at high pressures, since there were uncertainties in

the influence of NO on H,S oxidation under high pressure (20 bar).

Table 5.5 Experimental conditions for H2S/NO mixtures oxidation. N2 as bath gas. The experiments

repeated are denoted with the letter “R”.

Set Manometric H>S (07} NO Aas Ao t (s) Set- Paper
pressure (bar)  (ppm)  (ppm)  (ppm) up
51 Atmospheric 487 225 500 0.3 0.9 194.6/T 1 W
51R Atmospheric 493 225 500 0.3 0.9 194.6/T 1 W
52 Atmospheric 474 900 500 1.3 3.6 194.6/T 1 W
52R Atmospheric 488 900 500 1.2 3.6 194.6/T 1 VI
53 Atmospheric 470 1500 500 2.1 6 194.6/T 1 VI
1 Atmospheric 476 225 - 0.3 - 194.6/T 1 I
Atmospheric 485 900 - 1.2 - 194.6/T 1 I
4 Atmospheric 482 1500 - 2.1 - 194.6/T 1 I
54 20 493 1644 489 2.0 6.7 4872/T 2 \
55 20 484 4542 490 6.0 185 4872/T 2 \
29 20 497 1520 - 2.0 - 4872/T 2 1l
30 20 500 4485 - 6.0 - 4872/T 2 Vv
56 20 - 1500 500 - 6 4872/T 2 \
57 20 - 4500 500 - 18 4872/T 2 \
16 20 - 3000 508 - 11.8 4872/T 2 Il

The experiments performed at atmospheric pressure using the experimental set-up 1,
from reducing (Au2s=0.3) to oxidizing conditions (Au2s=2.1), are shown from Figure 5.27 to Figure
5.29 (sets 51-53 in Table 5.5). The concentrations of H,S, SO, and NO concentrations are plotted
as a function of temperature (700-1400 K). The results of the oxidation of neat H,S oxidation are

also included in the figures, corresponding to sets 1, 3 and 4 in Table 5.5.
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The results show that H,S oxidation onset occurs similarly for all lambda values (An2s=0.3-
2.1), in the absence and presence of NO. The NO presence has a little effect shifting H,S
conversion to higher temperatures, a 25 K difference is observed under oxidizing and near
stoichiometric conditions. Under reducing conditions, Figure 5.27, H,S conversion starts at the
same temperature, but it is oxidized in a greater extent, above 1200 K, in the presence of NO.
The concentration of NO remains unaltered for all experimental conditions at the initial value of
500 ppm. This was also observed in some tests analyzing the NO/O, system, where nothing
occurred in the same temperature range (700-1400 K). The oxidation of H,S produces mainly
SO, and the sulfur balance is maintained within 100 +5% under oxidizing and near stoichiometric
conditions. Under reducing conditions, the sulfur balance goes down to 67% for the highest
temperature considered (1375 K), in the presence of NO, and 80% in the case of neat H.S
oxidation (Paper 1). As it was also observed in the case of neat H,S oxidation, in the experiment
carried out under reducing conditions (set 51 in Table 5.5, Au2s=0.3), a yellow deposit was seen

at the outlet of the reactor, which can be the explanation for the poor balance closure.
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Figure 5.27 Results from H2S oxidation in conditions of set 51 in Table 5.5 (A12s=0.3). Symbols represent
experimental data and lines denote final model predictions. The results of H2S oxidation without NO

correspond to set 1 in Table 5.5 (An2s=0.3).
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Figure 5.28 Results from H2S oxidation in conditions of set 52 in Table 5.5 (An2s=1.3). Symbols represent
experimental data and lines denote final model predictions. The results of H2S oxidation without NO

correspond to set 3 in Table 5.5 (An2s=1.2).
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Figure 5.29 Results from H2S oxidation in conditions of set 53 in Table 5.5 (AH2s=2.1). Symbols represent
experimental data and lines denote final model predictions. The results of H.S oxidation without NO

correspond to set 4 in Table 5.5 (An2s=2.1).

The kinetic model developed manages to simulate well the experimental data under all
conditions at atmospheric pressure. Despite the constant concentration of NO observed

experimentally, according to the calculations, the shift to higher temperatures in H,S oxidation,
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when NO is present, is due to reactions involving NO. The following cycle is responsible for NO

consumption and recycle to NO:
NO + HO, = NO; + OH (R5.22)
NO; + SH = HSO + NO (R5.59)

The following overall reaction (R5.60) would be the result of combining both (5.22) and

(5.59):
SH + HO, = HSO + OH (R5.60)

which converts the unreactive HO; radicals into more reactive OH radicals. The HSO species

would react in reaction (R5.61) to form SO and HSOH.
HSO + HSO = SO + HSOH (R5.61)

HSOH further reacts with the radical pool, but mainly through (R5.62) to give back H,S:
HSOH + SH = H,S + HSO (R5.62)

In a lesser extent, NO, species react with SO to form SO, and NO (R5.63), while SO

radicals form SO, as well in reaction (R5.64).
NO, + SO = SO, + NO (R5.63)
SO+0,=S0,+0 (R5.64)

Summing up, the presence of NO in H,S oxidation at atmospheric pressure shifts the
process to higher temperatures, by both competing for HO, radicals under oxidizing and near
stoichiometric conditions. The conversion of HO, to more active radicals, like OH, enhances the
process via (R5.22), as it is seen in other works using CO or CH4 in the presence of NO (Glarborg
et al., 1995; Roesler et al., 1995; Song et al., 2019). Under reducing conditions, where HO;
radicals are not so important and other important species such as H,S;, HS; and S; might be
formed, the simulations remain equal as for the neat H,S oxidation. The model is not capable of
predicting the major H,S consumption at high temperatures when NO is present (1375 K),
probably due to possible interactions between NO and disulfur species (e.g. H,S,, HS;, S;; more

important at reducing conditions) that are not present in the model.

It is worth to mention that, under reducing conditions, a yellow deposit was seen at the
outlet of the reaction zone, due to the condensation of the elemental sulfur formed, as also

previously observed during the neat H,S oxidation (Paper I). Hence, for the posterior
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experiments at high pressure (set-up 2), only oxidizing conditions were used for the
experiments, to avoid the possible formation of sulfur in the experimental set-up, in case of
using reducing conditions. However, during the experiments at high pressure, the sulfur balance
did not close at 100% in any case, probably due to the formation of sulfur, as will be discussed

later.

The results for the experiments of H,S oxidation at 20 bar in the presence of NO are
shown in Figures 5.30 and 5.31, for Aus=2 and Au2s=6, respectively (sets 54 and 55 in Table 5.5)
in the 475-1000 K temperature range. The results for neat H,S oxidation are also plotted in the
figures and are taken from previous works by the authors in the same experimental set-up, for
An2s=2.0 (Paper 1) and for An2s=6.0 (Paper V) (sets 29 and 30 in Table 5.5). In each figure, the
results are plotted by duplicate in two separate graphs per figure. This has been done in order
to show with clarity the results of two different kinetic models respect to the same experimental
results. The graph at the left shows the poor performance of the kinetic model available at the
beginning of this work, which is not able to simulate the unexpected conversion of the system
H,S/NO/O; at high pressure. The graph at the right shows an attempt to simulate such behavior,

by proposing reaction (R5.74). This will be further discussed.
H,S + NO, = S+ NO + H,0 (R5.65)

Regarding the experimental results in the presence of NO, significant H,S conversion is
obtained over the entire temperature range studied. For example, at the lowest temperature
considered (475 K), the conversion of H,S reaches, at least, 50% for Anzs=2 and 90% for Auas=6.
At the same time, all the H,S reacted is not quantified as SO,. For Au2s=2, the sulfur balance is
maintained around 86+5%, while for Au2s=6 the sulfur balance observed is maintained around
67+10%. These characteristics are not observed in the absence of NO (Paper lll and Paper V). A
possible explanation would be that NO and/or NO; are reacting with H.,S prior to the reactor
inlet or at lower temperatures than 475 K in the reaction zone. The complete oxidation of H,S

at Auas=2 is shifted to higher temperatures respect to neat H,S oxidation (by 50 K).
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Figure 5.31 Results from H2S oxidation in conditions of set 55 in Table 5.5 (An2s=6.0). The results of H2S
oxidation without NO (AH2s=6.0) correspond to set 30 in Table 5.5. Symbols represent experimental data
and lines model predictions. The model results of the mechanism detailed in section 4.4 (H,S/NO
oxidation) are shown at the left, and at the right the simulations results include reaction (R5.65)

(H25+NO2= S+NO+H20).

Additionally, in order to further evaluate the influence of NO in relation to the H,S
conversion at oxidizing conditions, experiments of neat NO oxidation under similar conditions
(20 bar and same O, concentration; sets 54-57 in Table 5.5) were carried out. The evolution of
NO concentration, with and without H,S, versus temperature is plotted in Figure 5.32. Two
different stoichiometries have been used (Ano=6 and 18). Two different graphs are shown in the

figure in order to differentiate the kinetic mechanisms with and without reaction (R5.65). Results
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of neat NO oxidation with a different stoichiometry (Ano=11.8) (Paper Il) have also been plotted
in order to compare results (set 16 in Table 5.5). The experimental results for Axo=11.8 (Paper )
are placed between the ones done for Ayo=6 and 18 (Paper VI), following a trend according to
the lambda value. When the H,S/NO/O, system is analyzed, the NO concentration at the exit is
much higher than just in NO oxidation. The kinetic model is capable of reproducing accurately
the experimental results of NO oxidation as in Paper Il, but is far from reproducing the

experimental data of the H,S/NO/O; system.

The major conversion of NO in the absence of H.S, higher when O, concentration
increases, implies a major concentration of NO, molecules (Paper Il). This is mainly due to
reaction (R5.16, NO+NO+0,=NO,+NQO,), which enhances the formation of NO; at high pressures
and low temperatures. Since the concentration of NO is so high when H.S is present, differing
from the study of neat NO oxidation (Figure 5.32), this could mean that the NO, formed under
high pressure conditions, prior to entering the reactor, is reacting with H,S to form some

elemental sulfur and NO (R5.65).

This behavior between H,S and NO; has previously been reported in the literature.
However, the studies are more qualitative than quantitative (Pierce, 1929; Cadle and Ledford,
1966; Hales et al., 1974; Frost and Thomas, 1975; Blackwood, 1980; Kim, 2003; Russel, 2009).
The research carried out in the past between these species has been mainly focused on its
implication for atmospheric chemistry. The measurements indicated that some mechanisms
other than ozonation must be responsible for the atmospheric breakdown of reduced sulfur
compounds in the atmosphere (Hales et al., 1974). Cadle and Ledford (1966) observed the
formation of free sulfur upon exposing mixtures of nitrogen dioxide and hydrogen sulfide to
light. However, Hales et al. (1974) indicated that this reaction may proceed to a limited extent
even in a totally dark reactor. Blackwood (1980) studied the reaction of NO>+H,S in air and
reported S and SO; as products, however, no mechanism was postulated. Frost and Thomas
(1975) also studied this reaction over the 448-528 K temperature range in a Pyrex reaction
vessel, saying that, when H,S was in excess, sulfur was one of the reaction products. Thus, they
performed the investigation using Pno2 > 3Puas. In the present work, the experiments are
performed under H,S excess, which could explain the formation of sulfur. More recently, Kim
(2003) studied the atmospheric corrosion process of silver in environments containing 0.1 ppm

H,S and 1.2 ppm NO,. He found sulfur formed in the silver, supposedly through (R5.66):

HxS + 2NO; = S + 2HNO; (R5.66)
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Figure 5.32 Results from NO oxidation in the presence (sets 54 and 55 in Table 5.5) and absence (sets 56
and 57 in Table 5.5) of HS at 20 bar. The results for NO oxidation without H»S at Ano=11.8 correspond to
set 16 in Table 5.5. Symbols represent experimental data and lines denote model predictions. The model
results of the mechanism detailed in section 4.4 (H2S/NO oxidation) are shown in the upper graph, while

at the bottom, the simulations include reaction R5.65 (H2S+NO2= S+NO+H20).
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It has also been mentioned, in studies dealing with fireworks, how H,S and NO,, which
come respectively from the sulfur and the KNOs present in the black powder used, may react,

and are supposed to produce and consume sulfur as follows (Russel, 2009) (R5.65 and R5.67):
H,S + NO, =S+ NO + H;0 (R5.65)
2NO; + 25 =250, + N, (R5.67)

For the moment, no detailed kinetic models are available in the literature yet dealing
with this issue. An attempt to simulate such behavior has been tried in this thesis by proposing
the kinetic parameters of reaction (R5.65), using 108 (cm3*mol™:s?) as the kinetic constant value
for the temperature range studied (475-1000 K), which provides good results. Reaction (R5.65)
shows a high impact on the concentration trends of all the species (H,S, SO,, NO and O,), as
shown in the previous figures. According to the calculations, the reaction (R5.65) is important at
room temperature, in the experimental set-up zones prior and posterior to the reactor. Reaction

(R5.65) predicts the formation of sulfur, which is further oxidized to SO, via (R5.68), i.e.:
S+0,=S0+0 (R5.68)

Observing the simulations, H,S is totally consumed at lower temperatures in the case of
the most oxidizing conditions studied, as observed in the experiments. This can be explained
due to the major formation of NO; at oxidizing conditions, which reacts with H,S (R5.65). In the
case of Ans=2, the oxidation of H.S is also well predicted by the model. The model predictions
of SO,, NO and O, concentrations are close to the experimental data, although some differences
are still noticeable. For example, NO; is supposed to react with H,S to give back NO, but the
amount of NO formed in the simulations is still low by 20%, in comparison with the experimental
data. The important interaction between H,S and NOy at high pressure, presumably dominated
by the NO; presence, has been pointed out both in the experiments and the simulations of the
present work. A better characterization of this reaction (R.65) and other possible reactions

involved in such interaction is desirable.
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5.6 H2S AND CHsSH OXIDATION IN A JET-STIRRED REACTOR

The study about H,S and CHsSH oxidation in a jet-stirred reactor was performed during
the research stay at Murdoch University (Perth, Australia), in Professor Bogdan Dlugogorski’s
group. The experimental set-up used is described in section 3.3 (atmospheric pressure jet-stirred
reactor (JSR) set-up 3). The results from this work were published in Paper VII. In this section,
the main results, together with a detailed explanation of them, are summarized. The
experiments carried out are shown in Table 5.6, where they are separated in H.S oxidation and
CHsSH oxidation experiments, both under stoichiometric conditions and oxidizing conditions, in
the 600-1100 K temperature range. Repeatability of some experiments is also included in Table

5.6.

Table 5.6 Experimental conditions for H2S and CH3SH oxidation in the JSR at atmospheric pressure.

Residence time of 1 second. Nz as bath gas. The experiments repeated are denoted with the letter “R”.

Set H,S(ppm) CHsSH (ppm) A

58 1975 - 11
58R 1996 - 1.0
59 1953 - 2.1
59R: 1960 - 2.0
59R; 1953 - 2.1
60 1885 - 5.0
61 - 1898 1.0
61R - 1887 1.0
62 - 1782 3.6
62R1 - 1774 3.6
62R; - 1757 3.6

The results of the experiments of H,S oxidation at the jet-stirred reactor are shown in
Figure 5.33. The H,S and SO, concentrations are plotted, for three air excess ratios of A~1, 2 and
5, in the temperature range of 600-1100 K and for 1 s gas residence time. The lines denote the
predictions from the model and points are referred to the experimental measurements. As
observed, H,S is fully converted to SO; for all stoichiometries, with the sulfur balance maintained
within the range of 100 = 5 %. The onset of H,S oxidation occurs at 725 K in the case of A~1,
which is shifted to lower temperatures as O, concentration increases, i.e. 675 K for A=5. The
kinetic model results match well the experimental data, as the final version of the mechanism
shows a good behavior even at atmospheric pressure, as also seen in sections 5.1, 5.3 and 5.4,
where the oxidation of H,S in the atmospheric pressure tubular flow reactor facility (set-up 1) is

shown, as well as the results at near atmospheric pressure (0.65 bar) in a high-pressure tubular
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flow reactor set-up (set-up 2). The reaction pathways remain the same as in section 5.1, about
H,S oxidation at atmospheric pressure. As mentioned earlier, the changes proposed in the
mechanism to improve model predictions at high pressures have no influence on the results at
atmospheric pressure. This satisfactory agreement between measurements and the kinetic
model results, arising both for the tubular-flow reactor (modeled as PFR) and JSR (modeled as
CSTR), indicates the reliability of the mechanism to simulate the oxidation of H,S at atmospheric

pressure in different reaction systems.
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Figure 5.33 Concentration of H2S and SOz as function of temperature for the experimental conditions of
sets 58, 59 and 60 in Table 5.6. Symbols represent experimental concentrations, while lines denote final

model predictions.
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It is worth to mention that the surface/volume ratio of the tubular-flow reactor, from
the experimental set-up in section 3.1 exceeds that of the JSR by a factor of 4.5. Thus, despite
the difference in the surface/volume ratio, the model reproduces accurately the experimental
results for both reactors. This seems to indicate a negligible catalytic effect of the quartz surface

on the oxidation of H,S.

The conversion of CHsSH for the stoichiometries of A~1 and 3.6, is plotted in Figures
5.34 and 5.35 respectively, showing the conversion of CH3SH and the formation of reaction
products as CO, CO,, CH4, H.S and SO,, as a function of temperature. In comparison to the
stoichiometric oxidation, at fuel-lean conditions (A=3.6), the onset of the reaction and the
appearance of the oxidation products is found at lower temperatures. The sulfur contained in
CHsSH molecules is fully converted to SO; at high temperatures, while a maximum in the
concentration of H,S arises at intermediate temperatures in both air excess ratios. In the case
of carbon species, under stoichiometric conditions (Figure 5.34), there is no formation of CO,,
with the main carbon species corresponding to those of CO and CHa. Under fuel-lean conditions,
as illustrated in Figure 5.35, CH, and CO start to disappear at high temperatures, forming CO,,
due to the complete combustion. The model predictions, plotted as lines, represent the
mechanisms of Alzueta et al. (2019) (dashed lines) and the present work (solid lines); being the
latter updated with reactions listed in Table 4.1. The updated mechanism exhibits minor
improvements in CHsSH conversion, in comparison with the one by Alzueta et al., while the
prediction in the distribution of the reaction products is better now. In the present study, these
improvements are related to the formation of sulfine (CH,SO) through the intersystem crossing
process described in the section 4.3 (Modeling. Reaction mechanism); through reaction (R5.69).

Sulfine decomposes mainly to CO and H,S (R5.70), and partly to COS and H, (R5.71).

CH3SH + 0, = CH,S0 + H,0 (R5.69)
CH.SO = CO + HaS (R5.70)
CH.SO = COS + H, (R5.71)

There is no information in the literature regarding rate constants for the reactions of
CH,SO consumption. Therefore, in the present work, these rate constants are proposed based
on an analogy with the decomposition of singlet formaldehyde oxide (CH,00). The work by
Maricq et al. (1994) has served as a reference for such analogy. In their study on the reaction of
chlorine atoms with methylperoxy and ethylperoxy radicals, they proposed that the
decomposition of CH,00 proceeds via three channels, with 61 + 7 % of the reactant converted

to CO and H,0 (which would be in accordance with the presently suggested CO + H,S pathway),
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and the other two channels forming CO, + H, and CO, + 2H. Based on Maricg’s et al. (1994)
reactions for the decomposition of the Criegee intermediate, as an analogy to the unimolecular
decomposition of CH,SO, the kinetic parameters for reactions (R4.14, R4.16-R4.18) listed in

Table 4.1 have been proposed, assuming a value of 10! (s!) for the pre-exponential factor.
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Figure 5.34 Concentrations of CHsSH, CHs4, CO, H2S, CO2 and SO2 vs. temperature for the experimental
conditions of set 61 in Table 5.6 (A=1.0). Symbols represent experimental concentrations, while lines
denote final model predictions (continuous lines) and predictions using the model by Alzueta et al. (2019)

(dashed lines).

Another possible product from CHsSH oxidation is the methylthiol radical (CHsS),
illustrated in reaction (R5.72), where CHsSH reacts with CH; to produce CH, in addition to CHsS.
The methylthiol radical reacts with O, to form SO, and CHs (R5.73), which results in the overall

reaction of CHsSH + O, = SO, + CHa.
CH3SH + CHz = CHsS + CHas (R5.72)

CH3S + O2 = SO; + CHs (R5.73)
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This radical (CHsS) has been recognized previously as the most important intermediate
in the oxidation of CH3SH, together with CH,SH (Alzueta et al.,, 2019). According to the

calculations, CH,SH is less abundant than CH,SO or CHsS.
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Figure 5.35 Concentrations of CHsSH, CHs, CO, H2S, CO2 and SO2 vs. temperature at the experimental
conditions of set 62 in Table 5.6 (A=3.6). Symbols represent experimental concentrations, while lines
denote final model predictions (continuous lines) and predictions using the model by Alzueta et al. (2019)

(dashed lines).

The consumption pathway of neat H,S in the jet-stirred reactor remains equal to that
observed in the tubular-flow reactor (Paper I). Additionally, the same important reactions were
found in the sensitivity analysis of neat H,S oxidation from this work and the one in Paper I.
However, the oxidation pathway of CHsSH has changed from the one showed in the previous
study about this topic (Alzueta et al., 2019), due to the formation of CH,SO proposed. In the case
of CH3SH oxidation, where H,S is found as a reaction product, the oxidation behavior that H,S
follows is different from the one observed of neat H,S oxidation. SH radicals, instead of going
through HSOO to the final product SO, (Paper I), continue the reaction pathway by reacting with
CHsSH to yield CHsS and H,S (R5.74), instead of producing HSOO. This is the reason of the H,S
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peak observed in Figures 5.34 and 5.35, together with the occurrence of reaction (R5.70),

according to model calculations.
CH3SH + SH = CHsS + H3S (R5.74)

Additionally, selected experiments (A~1 and A~5) from the previous work of Alzueta et
al. (2019) on the oxidation of CH3SH in a tubular-flow reactor have been simulated. Figures 5.36
and 5.37 compare the model predictions for the oxidation of CHsSH and formation of the
products from the present work (Paper VII) and Alzueta et al. reaction mechanism. The updated
mechanism in this work improves the prediction in the formation of the reaction products, such
as CO and H.S, due mainly to the inclusion of the new reactions, while the mechanism

underpredicts the generation of CHa.

Some repeatability experiments from Table 5.6 can be seen in Figure 5.38. It can be
concluded that the oxidation of neat H,S and CHsSH oxidation present a good repeatability in

the jet-stirred reactor.
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Figure 5.36 Comparison between experimental and modeling results for A=5.08. Set 7 in Table 1 of the

work by Alzueta et al. (2019). Symbols represent experimental concentrations, while lines denote final
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model predictions (continuous lines) and predictions using the model by Alzueta et al. (2019) (dashed

lines).
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oxidation (sets 62, 62R1 and 62Rz in Table 5.6) in the jet-stirred reactor at the Murdoch University.
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5.7 REACTION PATHWAYS

Finally, in order to summarize the oxidation behavior of H,S under different conditions,
a schematic diagram, showing the reaction pathways from H,S to the final product SO, can be
seen in Figure 5.39. The major and minor reaction pathways taking place in the H,S oxidation
process, together with important reactions occurring under reducing conditions, as well as the
NO presence on H,S oxidation under high pressure (right diagram), are presented.
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6. SUMMARY AND CONCLUSIONS

The oxidation of H,S has been studied from both experimental and kinetic modeling
points of view. The final goal is related to the application of sour gas combustion, where H.S is
present in significant amounts. Therefore, the study of H,S oxidation, over a wide range of
conditions, is important for the understanding and knowledge of sour gas combustion. This
involves the H,S oxidation study from atmospheric to high pressures, over a wide temperature
range (300-1400 K) and under different stoichiometries. The H,S interaction with other
compounds, such as CH,4 (present in sour gas) and NO (a known contaminant) has been also
contemplated. Additionally, the influence of the reactor type on H.S oxidation and another
important compound in sour gas (CH3SH) has also been considered to be studied. The results
have allowed to compile and validate a detailed chemical kinetic mechanism that is able to
describe the oxidation behavior of H,S, H,S/CH, and H,S/NO mixtures and the different species
related in this work (e.g. CH3SH), under different conditions, which might be useful for the

practical application of sour gas oxidation.

6.1 H,S OXIDATION AT ATMOSPHERIC PRESSURE

The oxidation of H,S at atmospheric pressure has been studied as a first step. Although
many combustion and industrial processes are carried out at high pressures, the study at
atmospheric pressure is necessary for further understanding the H,S oxidation process, together
with the development of a kinetic modeling that might work under a wide range of conditions.
The study has been performed in a quartz tubular flow reactor, in the 700-1400 K temperature
range and the concentrations of H,S, SO, and H, have been quantified. Different reaction
atmospheres have been tested, varying the air excess ratio (A) from reducing (A=0.3) to oxidizing

conditions (A=19.5).

The H,S oxidation is shifted to lower temperatures as the concentration of O rises. The
main product of the oxidation is SO, at all stoichiometries, but under reducing conditions, the
sulfur balance does not close near 100% and a yellow deposit was detected during the
experiments at the reactor outlet. This has been considered to be related to the formation of
elemental sulfur. Apparently, catalytic reactions on wall surfaces are not significant. This has
been tested by adding water vapour in H,S oxidation experiments. In this manner, the radical

pool is enlarged and the impact of radical recombination in the reactor walls is minimized. No
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significant differences have been observed in the H,S oxidation experiments in the presence and

absence of H,0.

A detailed kinetic mechanism has been developed to predict the conversion of H,S under
such conditions. This mechanism has been used to simulate the experimental results obtained
in the present work, together with data from the literature, obtaining a fairly good agreement
under the different conditions. The changes in the initial mechanism included the addition of
isomerization reaction (HSOO=HSO), supported by recent theoretical works as a key step in a
faster reaction path of SH oxidation, and modification of the (H,S+HO,=SH+H,0;) reaction
kinetic parameters, which has a significant impact on the reaction pathways of H,S oxidation.
The most important reactions governing H,S conversion have been identified. The modifications
performed later in the model for high pressure conditions have no influence in the results under

atmospheric pressure.

6.2 H2 OXIDATION AND ITS INTERACTION WITH NO

As a preliminary step towards the study of H,S oxidation at high pressures, the research
about H, oxidation at high pressures and its interaction with NO has been carried out. The
systems Hy/NO/O,, H,/O, and NO/O;, have been analyzed in a tubular quartz flow reactor.
Different variables have been studied, such as various manometric pressures (10, 20 and 40 bar),
temperatures (450-1100 K) and air excess ratios (A42=0.5-6.4). The results obtained have been
useful to update the kinetic model with important reaction subsets (e.g. H,/0,) and to analyze

the behavior of NO under high pressures.

The results have shown that the oxidation of H, is promoted by NO under oxidizing
conditions, since NO reacts with the HO, radicals, important reaction at high pressure, to form
the more active OH radical, enhancing the conversion of hydrogen. The onset for H, oxidation,
when NO is present, for all stoichiometries at high pressures (40 bar), is shifted to higher
temperatures as pressure decreases. The results have been successfully simulated using an
updated mechanism from recent works and some of the kinetic parameters from specific
reactions have been modified. One of them, reaction (NO+NO+0,=NO,+NQ,), which is
important under high pressures and low temperatures, has been modified according to the
uncertainty of its activation energy. Another one is the (HNO+H,=NH+H,0) reaction, which rate
constant has been proposed as 7-108 (cm*mol™*s?) to help reproduce the oxidation of H, under

reducing conditions. The simulations have been run using the temperature profiles of the entire
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experimental set-up, due to the conversion of NO to NO; in the presence of O, at low

temperatures and high pressures.

The kinetic model developed is able to predict the results about H, oxidation and its
interaction with NO under a wide range of conditions, except for the case of 40 bar under
oxidizing conditions, where a 20% drop of the NOy balance has been found and can not be
predicted by the model, presumably by some interaction between NO,/H, or the possible

formation of nitric acid. This issue would need a more detailed study.

6.3 H.S OXIDATION AT HIGH PRESSURE

The study about H,S oxidation at high pressures has been performed in a high-pressure
facility with a quartz tubular flow reactor. The influence of pressure on H.,S oxidation has been
analyzed at different manometric pressures (0.65, 10, 20 and 40 bar), under different
stoichiometric ratios (A~1-6) and in the 450-1000 K temperature range. The kinetic model,
which has been first developed at atmospheric pressure and updated with the H,/O, subset for
high pressures, has been tested using the above mentioned conditions and against experiments

from the literature and from the present work.

The onset of H,S oxidation is shifted to lower temperatures as the pressure and oxygen
concentration rise. The influence of gas residence time has been found to be stronger than
pressure under the conditions studied. The kinetic model has been able to predict H,S oxidation
under almost all the experimental conditions, specially near atmospheric pressure (0.65 bar).
However, in the experiments at 40 bar, a gap of approximately 50 K between experimental
concentrations and model predictions has been observed. The sensitivity analysis performed at
40 bar indicates that the H,S conversion is mainly sensitive to the (HSOO=HSO,) isomerization
reaction, and to some branching reactions involving H,S; and H,0; species. Hence, the kinetic
model has been updated with two new reactions involving H,O, species (SH+H,0,=HSO+H,0
and HSO+H,0,=HS0,+H,0), and has been successfully used to reproduce the experimental data
from the present work and data from the literature. Their rate constants have been estimated
as 102 (cm3mol™*s?), in the temperature range studied (450-1100 K). The reaction pathways of
H,S oxidation at high pressures are found to be similar to the ones at atmospheric pressure. The
main differences are related to the relevance of H,0, species and HO, radicals at higher
pressures, which act to increase the H,S oxidation reactivity. The simulations at atmospheric

pressure remain essentially unaltered with the updated mechanism.
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6.4 H,S/CHs MIXTURES OXIDATION

In order to study the oxidation of H,S under conditions more similar to sour gas
oxidation, the work about H,S/CH4 mixtures oxidation has been carried out. The experiments
have been performed in two different tubular flow reactor set-ups, at different pressures, in the

temperature range of 450-1400 K and using different H,S/CH, ratios and stoichiometries.

The concentrations of H,S, SO,, CHs and CO, as a function of temperature, have been
quantified. The results have shown that, as the pressure increases, the conversion of both CH,4
and H,S in the oxidation of H,S/CH4 mixtures is shifted to lower temperatures. H,S oxidation has
been found to occur prior to CH,; oxidation at all conditions, which provides radicals to the
system promoting CH,4 oxidation to lower temperatures (compared to neat CH4 oxidation). The
H,S oxidation is inhibited by CH, at atmospheric pressure, being more noticeable when the
H,S/CHy, ratio is lower. At high pressures, the conversion of H,S occurs similarly in the absence
and presence of CHa. The carbon and sulfur balances remain near 100% at all temperatures and
no C-S species were found in the gas chromatograph analysis (e.g. CS; or CH3SH), even under

reducing conditions.

In the work about H,S/CH, oxidation mixtures, the mechanism has been updated with
important subsets of reactions (CH3SH and CH3;00), and has managed to predict the
experimental trends fairly well at all conditions. Later on, the final mechanism has been able to
improve the simulations at high pressures of the published mechanism, while the simulations
remain unaltered at atmospheric pressure, as it has been previously observed in the neat
oxidation of HsS as well. The influence of CH4 on H,S is more important as pressure rises, where
CH, reaches a maximum conversion of 20% at 40 bar. At high pressures, peroxide species, like
CH300 and HO,, become important in the oxidation process of CHs. The model predicts that CH,
consumption is dependent on the reactions of CHs to form different products. The reaction
(CH3+0,=CH,0+0H) kinetic parameters have been updated obtaining a better theoretical

prediction of the experimental results.

6.5 H2S/NO MIXTURES OXIDATION

The study about H,S oxidation in the presence of NO, a well-known contaminant, has
been carried out in two different facilities, under atmospheric pressure and high pressure

conditions. Different air excess ratios and temperatures have been analyzed. First, the results
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obtained in the experimental set-up at atmospheric pressure, operating from 700 to 1400 K,
have shown a slight shift of H,S oxidation to higher temperatures (25 K) respect to neat H,S
when NO is present, for oxidizing (Au2s=2.1) and near stoichiometric conditions (An2s=1.2). The
kinetic model has been updated with S/N reactions that are capable of reproducing well the
experimental data. Under reducing conditions (Au2s=0.3), the H,S/NO/O, system presents a
major reactivity above 1200 K, which can not be predicted by the model. The concentration of
NO does not change in all the temperature range for all the stoichiometries, although an
interconversion cycle between NO/NO, consuming HO, radicals is responsible for the oxidation

shift, which is found both in the experimental data and model predictions.

The work about the oxidation of H,S and its interaction with NO at high pressure has
been performed only at 20 bar, for oxidizing conditions (An2s=2 and Au2s=6), operating from 475
to 1000 K. The results have shown that, at the lowest temperature considered (475 K), it exists
at least 50% of H,S conversion for Auas=2 and 90% for Anas=6. The sulfur balance closes at 86:5%
for Auas =2, while for An2s=6 the sulfur balance is maintained around 67+10%. In order to further
study the influence of NO, neat oxidation experiments of NO have been performed using similar
O, concentrations to those used in the HS oxidation in the presence of NO. The conversion of
NO to NO; is favored at high pressures and low temperatures, and is higher as O, concentration
increases. This is one of the reasons why two different oxidizing conditions were tested, in order
to check how the formation of NO, could affect the H,S oxidation. A reaction between NO; and
H,S is thought to be the responsible for the early conversion of H,S and the decay in the sulfur
balance. An attempt to simulate such behavior has been done by proposing reaction
(H2S+NO,=5+NO+H,0), which forms sulfur and has allowed to reproduce well the experimental
data at high pressure, while having no effect at atmospheric pressure. The kinetic constant has

been estimated as 10 (cm®*mol*-s?).

6.6 H2S AND CHsSH OXIDATION IN A JET-STIRRED REACTOR

A different type of reactor has been chosen to perform the oxidation of H,S (a jet-stirred
reactor at atmospheric pressure), for comparison with the results obtained at atmospheric
pressure in a quartz tubular flow reactor. The oxidation of another typical compound in sour gas
has also been studied, the methyl mercaptan (CHsSH) oxidation. This reactor works as a JSR (that
can be modeled as a CSTR) and presents a surface/volume ratio 4.5 times lower than in the case
of the tubular flow reactor at atmospheric pressure. Hence, the possible reactor surface

interaction with H,S oxidation has been tested again.
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The study about H,S and CH3SH oxidation in a jet-stirred reactor has been carried out
from both experimental and modeling points of view. Different air-excess ratios (A~1-5) have
been used in the temperature range of 600-1100 K, with a fixed residence time in the reactor of
1 second. Different compounds have been detected and quantified, such as O,, CO;, CHa, H,S,

SO, and CHsSH.

The results haven shown that the oxidation of both compounds (neat H,S and neat
CHsSH) is shifted to lower temperatures as the oxygen concentration increases. The oxidation of
H,S forms SO,. The sulfur contained in CH3SH molecules is fully converted to SO, at high
temperatures, while a maximum in the concentration of H,S arises at intermediate
temperatures of CH3SH oxidation for both air excess ratios. In the case of carbon species, under
the stoichiometric conditions, there is no formation of CO,, and the main carbon species
correspond to those of CO and CH4. Under fuel-lean conditions, CH, and CO start to disappear
at high temperatures forming CO,, due to the major CHsSH conversion, in comparison to

stoichiometric conditions.

The model has been able to reproduce well the experimental trends under all conditions
of this study and of investigations available in literature. Calculations indicate that the oxidation
of CH3SH involves the formation of the CH,SO species that decompose mainly to CO and H.S,
improving the predictions with respect to the mechanisms described in the literature. The
updated mechanism has shown minor improvements in CHsSH conversion, while the prediction
in the distribution of the reaction products is better now. In the present study, these

improvements are related to the formation of sulfine (CH,SO).

The reaction pathways of H,S remain equal to the ones that have been shown earlier in
the study performed in the tubular flow reactor at atmospheric pressure. This satisfactory
agreement between measurements and the kinetic model results, both for the experiments in
the tubular flow reactor and JSR, indicates the reliability of the mechanism to simulate the

oxidation of H,S at atmospheric pressure in different reaction systems.

6.7 GENERAL CONCLUSION

The results have shown that H,S oxidation is shifted to lower temperatures as pressure
increases. The residence time has an important influence on H.S oxidation under the conditions
studied. The results of experiments at atmospheric pressure show no significant differences in

the presence and absence of water vapor. The possible catalytic reactions promoted by the
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guartz reactor walls at atmospheric pressure have been considered negligible. H,S oxidation
promotes the oxidation of CH, to lower temperatures under all the conditions studied. At the
same time, CH,4 delays the oxidation of H,S at atmospheric pressure, while, at higher pressures,
the conversion of H.S is slightly promoted to lower temperatures. The oxidation of H.S is slightly
delayed by NO at atmospheric pressure. At high pressure, NO; is thought to react considerably
with H,S at low temperatures forming sulfur. The kinetic mechanism developed is able to
describe the oxidation behavior of H,S, H,S/CH4 and H,S/NO mixtures over a wide range of
conditions, as well as to predict H,S and CHsSH oxidation in two different types of reactor at
atmospheric pressure (JSR and PFR). Peroxide species like HSOO, H,0; and HO; have been

pointed out in this work to be key in H,S oxidation.
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6. RESUMEN Y CONCLUSIONES

La oxidacion de H,S se ha estudiado tanto desde el punto de vista experimental como
de modelado cinético. El objetivo final estd relacionado con la aplicacidon de la combustion de
gas acido, donde el H,S esta presente en cantidades significativas. Por lo tanto, el estudio de la
oxidacion del H,S, en un amplio intervalo de condiciones, es importante para la comprension y
el conocimiento de la combustién de gas acido. Se han realizado estudios de oxidacion de H,S
desde presion atmosférica hasta altas presiones (40 bar), en un amplio intervalo de
temperaturas (300-1400 K) y bajo diferentes estequiometrias. También se ha contemplado la
interaccion de H,S con otros compuestos, como el CH4 (presente en el gas acido) y el NO (un
conocido contaminante). Ademas, también se ha considerado estudiar la influencia del tipo de
reactor en la oxidacion del H,S y otro compuesto importante en el gas acido (CH3SH). Los
resultados han permitido compilar y validar un mecanismo cinético quimico detallado que es
capaz de describir la oxidacion de H,S, mezclas de H,S/CH4 y H.S/NO, asi como otras especies
relacionadas (CH3SH), bajo diferentes condiciones, lo que podria ser util para la aplicacion

practica de la oxidacidn de gas acido.

6.1 OXIDACION DE H,S A PRESION ATMOSFERICA

La oxidacién de H,S a presién atmosférica se ha estudiado como primera etapa de este
trabajo. Aunque muchos procesos de combustidn e industriales se llevan a cabo a altas
presiones, el estudio a presion atmosférica es necesario para comprender mejor el proceso de
oxidacion de H.S, asi como para el desarrollo de un modelo cinético que pueda describir el
proceso bajo diferentes condiciones. El estudio se ha realizado en un reactor de flujo tubular de
cuarzo, en el intervalo de temperatura de 700-1400 K y se han cuantificado las concentraciones
de H.S, SO, e H,. Se han probado diferentes atmdsferas de reaccidn, variando la relacién de

exceso de aire (A) desde condiciones reductoras (A=0.3) a oxidantes (A=19.5).

La oxidacién de H.S se desplaza a temperaturas mas bajas a medida que aumenta la
concentracién de O,. El producto principal de la oxidacién es SO; para todas las estequiometrias,
salvo en condiciones reductoras, donde el balance de azufre no cierra al 100%. En estas
condiciones se detecté un depdsito amarillo a la salida del reactor durante los experimentos,
que se ha considerado que estd relacionado con la formacién de azufre elemental.
Aparentemente, las reacciones cataliticas en la superficie de las paredes del reactor no son

significativas. Esto se ha probado afiadiendo vapor de agua en experimentos de oxidacion de
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H,S. De esta manera, la cantidad de radicales aumenta y se minimiza el impacto de la
recombinacidon de radicales en las paredes del reactor. No se han observado diferencias

significativas en los experimentos de oxidacion de H,S en presencia y ausencia de H,0.

Se ha desarrollado un mecanismo cinético detallado para predecir la conversién de H,S
a presion atmosférica. Este mecanismo se ha utilizado para simular los resultados
experimentales obtenidos en el presente trabajo, junto con datos de la bibliografia, obteniendo
una concordancia bastante buena bajo las diferentes condiciones. Los cambios en el mecanismo
inicial incluyeron la adicidn de la reaccidn de isomerizacion (HSOO=HSO,), respaldada por
trabajos tedricos recientes, como un paso clave en una ruta de reaccidon mas rdpida de oxidacion
de SH, y la modificacion de los parametros cinéticos de la reaccién (H,S+HO,=SH+H,0,), lo que
tiene un impacto significativo en las vias de reaccién de oxidacién de H,S. Se han identificado las
reacciones mas importantes que gobiernan la conversién de H,S. Las modificaciones realizadas
posteriormente en el modelo para condiciones de alta presion no influyen en los resultados a

presidn atmosférica.

6.2 OXIDACION DE H; Y SU INTERACCION CON NO

Como paso previo al estudio de la oxidacidén del H,S a altas presiones, se ha llevado a
cabo la investigacidn sobre la oxidacion del H; a altas presiones y su interaccion con el NO. Los
sistemas H,/NO/O3, H,/0, y NO/O; se han analizado en un reactor de flujo de cuarzo tubular. Se
han estudiado diferentes variables, como diferentes presiones manométricas (10, 20 y 40 bar),
temperaturas (450-1100 K) y relaciones de exceso de aire (A42=0.5-6.4). Los resultados obtenidos
han sido Utiles para actualizar el modelo cinético con importantes subsets de reacciones (por

ejemplo, H2/0,) y para analizar la oxidacion de NO a altas presiones.

Los resultados han demostrado que la oxidacidon del H, es promovida por el NO en
condiciones oxidantes, ya que el NO reacciona con los radicales HO,, reaccion importante a alta
presion, para formar el radical OH mas activo, favoreciendo la conversion de hidrégeno. El inicio
de la oxidacidon de H;, cuando NO esta presente, para todas las estequiometrias y a altas
presiones (40 bar), se desplaza a temperaturas mas altas a medida que la presion disminuye. Los
resultados se han simulado con éxito utilizando un mecanismo que se ha actualizado con
resultados de recientes trabajos y en el que se han modificado algunos de los parametros
cinéticos de reacciones especificas. Una de ellas, la reaccién (NO+NO+0,=NO»+NO;), que es

importante a altas presiones y bajas temperaturas, se ha modificado en funcién de la
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incertidumbre de su energia de activacion. Otra es la reaccién (HNO+H,=NH+H;0), cuya
constante de velocidad se ha propuesto como 7-10% (cm3mol™*-s?) para ayudar a reproducir la
oxidacion de H, en condiciones reductoras. Las simulaciones se han realizado utilizando los
perfiles de temperatura considerando todo el sistema experimental, debido a la conversidn de

NO a NO; en presencia de O; a bajas temperaturas y altas presiones.

El modelo cinético desarrollado es capaz de predecir los resultados sobre la oxidacion
del H, y su interaccién con el NO en un amplio intervalo de condiciones, excepto en el caso de
40 bar en condiciones oxidantes, donde se ha encontrado una caida del 20% del balance de NOy
que no puede ser predicho por el modelo, presumiblemente por alguna interacciéon entre

NO>/H; o la posible formacion de acido nitrico. Este tema necesitaria un estudio mas detallado.

6.3 OXIDACION DE HS A ALTA PRESION

El estudio sobre la oxidacidn de H,S a altas presiones se ha realizado en una instalacién
de alta presidon con un reactor de flujo tubular de cuarzo. La influencia de la presién en la
oxidacion de H,S se ha analizado a diferentes presiones manométricas (0.65, 10, 20 y 40 bar),
bajo diferentes relaciones estequiométricas (A~1-6) y en el intervalo de temperatura de 450-
1000 K. El modelo cinético, que se desarrolld a presion atmosférica y se actualizé con el
subconjunto H,/0, para altas presiones, se ha utilizado tanto para simular los experimentos de

esta tesis como experimentos de la bibliografia.

El inicio de la oxidacidon de H,S se desplaza a temperaturas mas bajas a medida que
aumentan la presidn y la concentracién de oxigeno. Se ha encontrado que la influencia del
tiempo de residencia del gas es mayor que la de la presidn en las condiciones estudiadas. El
modelo cinético ha sido capaz de predecir la oxidacién de H,S bajo casi todas las condiciones
experimentales, especialmente a presiones cercanas a la presion atmosférica (0.65 bar). Sin
embargo, en los experimentos a 40 bar, se ha observado un desplazamiento de
aproximadamente 50 K entre las concentraciones experimentales y las predicciones del modelo.
El andlisis de sensibilidad realizado a 40 bar indica que la conversién de H,S es principalmente
sensible a la reaccion de isomerizacién (HSOO=HSO;) y a algunas reacciones de ramificacién
gue involucran especies como H,S; y H,0,. Por lo tanto, el modelo cinético se ha actualizado con
dos nuevas reacciones que involucran especies de H;0; (SH+H;0,=HSO+H,O vy
HSO+H,0,=HS0>+H,0), y se ha utilizado con éxito para reproducir los datos experimentales del

presente trabajo y algunos datos de la bibliografia. Sus constantes de velocidad se han estimado
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como 10*? (cm3>mol™?-s?), en el intervalo de temperatura estudiado (450-1100 K). Los caminos
de reaccidn de la oxidacion del HS a altas presiones son similares a los de presién atmosférica.
Las principales diferencias estan relacionadas con la relevancia de las especies de H,0; y los
radicales HO, a presiones mas altas, que actlan para aumentar la reactividad del H.S en su
oxidacion. Las simulaciones a presidon atmosférica permanecen esencialmente inalteradas con

el mecanismo actualizado.

6.4 OXIDACION DE MEZCLAS H,S/CHa4

Con el fin de estudiar la oxidacidn de H.S en condiciones mas similares a la oxidacidn de
gas acido, se ha realizado el estudio de la oxidacion de mezclas de H,S/CH,. Los experimentos se
han realizado en dos configuraciones diferentes de reactores de flujo tubular, a diferentes
presiones, en el intervalo de temperatura de 450-1400 K y utilizando diferentes relaciones y

estequiométricas H,S/CHa.

Se han cuantificado las concentraciones de H,S, SO,, CHs y CO, en funcién de la
temperatura. Los resultados han demostrado que, a medida que aumenta la presién, la
conversion de CH4 y H,S en la oxidacion de mezclas de H,S/CH, se desplaza a temperaturas mas
bajas. Se ha encontrado que la oxidacion de H,S ocurre antes que la oxidacion de CH4 en todas
las condiciones, lo que proporciona radicales al sistema que promueven la oxidacién del CHs a
mas bajas temperaturas (en comparacion con la oxidacion del CH4 puro). La oxidacion de H,S es
inhibida por el CHs a presion atmosférica, siendo este hecho mds notorio cuando la relacidon
H,S/CH4 es menor. A altas presiones, la conversidn de H,S ocurre de manera similar en ausencia
y presencia de CHa. Los balances de carbono y azufre permanecen cerca del 100% a todas las
temperaturas y no se han encontrado especies C-S en el analisis cromatografico realizado (por

ejemplo, CS; o CH3SH), incluso en condiciones reductoras.

En el estudio sobre la oxidacion de mezclas H,S/CHa, se ha actualizado el mecanismo con
importantes subsets de reacciones (CHsSH y CHs00), lo que ha permitido predecir bastante bien
las tendencias experimentales en todas las condiciones. Posteriormente, el mecanismo final ha
sido capaz de mejorar las simulaciones a altas presiones, mientras que las simulaciones
permanecen inalteradas a presidon atmosférica, como se ha observado previamente también en
la oxidacidn del H.S puro. La influencia de la presencia de CHs en la oxidacién de H.S es mas
importante a altas presiones, donde el CH; alcanza una conversién maxima del 20% a 40 bar. A

altas presiones, las especies de perdxido, como CH300 y HO,, adquieren mayor importancia en
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el proceso de oxidaciéon de CH,. El modelo predice que el consumo de CH, depende de las
reacciones de CHs para formar diferentes productos. Por tanto, se han actualizado los
pardmetros cinéticos de la reaccidén (CH3+0,==CH,0+0OH) obteniendo una mejor prediccion

tedrica de los resultados experimentales.

6.5 OXIDACION DE MEZCLAS H,S/NO

El estudio de la oxidacion de H,S en presencia de NO, un conocido contaminante, se ha
realizado en dos instalaciones diferentes, en condiciones de presidén atmosférica y alta presion.
Se han analizado diferentes relaciones de exceso de aire y temperaturas. Los resultados
obtenidos en la configuracidn experimental a presidn atmosférica, operando de 700 a 1400 K,
han mostrado un ligero desfase (25 K) a las temperaturas mas altas en la oxidacién de H,S
cuando NO esta presente con respecto a la oxidacién de H,S puro, para condiciones oxidantes
(Au2s=2.1) y condiciones casi estequiométricas (Au2s=1.2). El modelo cinético se ha actualizado
con reacciones que involucran especies S/N que son capaces de reproducir bien los datos
experimentales. En condiciones reductoras (An2s=0.3), el sistema H,S/NO/O, presenta una
reactividad mayor por encima de 1200 K, con respecto al sistema H,S/0,, que no puede
predecirse con el modelo. La concentracion inicial de NO no cambia en todo el intervalo de
temperatura para todas las relaciones de exceso de aire, aunque el ciclo de interconversién
NO/NO;, que consume radicales HO,, es responsable del desplazamiento de la oxidacién de H,S

a altas temperaturas.

El trabajo sobre la oxidacion de H,S y su interaccidon con NO a alta presién se ha realizado
solo a 20 bar, para condiciones oxidantes (An2s=2 y An2s=6), operando de 475 a 1000 K. Los
resultados han demostrado que, a la temperatura mas baja considerada (475 K), existe al menos
50% de conversidn de H,S para Auas=2 y 90% para Auz2s=6. El balance de azufre se cierra en 86+5%
para Anzs=2, mientras que para Aw2s=6 el balance de azufre se mantiene alrededor de 67+10%.
Para estudiar mas a fondo la influencia de NO, se han realizado experimentos puros de oxidacion
de NO puro utilizando concentraciones de O, similares a las utilizadas en la oxidacién de H.S en
presencia de NO. La conversion de NO a NO; se favorece a altas presiones y bajas temperaturas,
y es mayor a medida que aumenta la concentracion de O,. Esta es una de las razones por las que
se probaron dos condiciones oxidantes diferentes, con el fin de comprobar cémo la formacién

de NO, podria afectar a la oxidacion de H,S. Se cree que una reaccién entre NO, y H,S es la
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responsable de la conversidn a bajas temperaturas de H,S y la caida del balance de azufre. Se ha
intentado simular dicho comportamiento proponiendo la reaccidn (H2S+NO,=S+NO+H,0), que
forma azufre, y que ha permitido reproducir bien los datos experimentales a alta presidn, sin

tener efecto a presién atmosférica. La constante cinética se ha estimado en 10% (cm*mol?*-s?).

6.6 OXIDACION DE H,S Y CH3SH EN UN REACTOR JET-STIRRED

Se ha elegido un tipo diferente de reactor para realizar la oxidacion de H,S (un reactor
jet-stirred a presidn atmosférica), para comparar los resultados con los obtenidos a presion
atmosférica en un reactor de flujo tubular de cuarzo. También se ha estudiado la oxidacion de
otro compuesto presente en el gas acido, el metilmercaptano (CHsSH). Este reactor funciona
como un JSR (que puede modelarse como un CSTR) y presenta una relacion superficie/volumen
4.5 veces menor que en el caso del reactor de flujo tubular a presion atmosférica. Por tanto, se

ha probado de nuevo la posible influencia de la superficie del reactor en la oxidacién del H,S.

El estudio de la oxidacién de H,S y CH3SH en un reactor jet-stirred se ha realizado tanto
desde el punto de vista experimental como de modelado cinético. Se han utilizado diferentes
relaciones de exceso de aire (A~1-5), en el intervalo de temperatura de 600-1100 K, con un
tiempo de residencia fijo en el reactor de 1 segundo. Se han detectado y cuantificado diferentes

compuestos, como O,, CO,, CHa, H,S, SO, y CHsSH.

Los resultados han demostrado que la oxidacion de ambos compuestos (H.S y CHsSH),
se desplaza a temperaturas mas bajas a medida que aumenta la concentracién de oxigeno. La
oxidacion de H,S forma SO,. El azufre contenido en las moléculas de CHsSH se convierte
completamente en SO, a altas temperaturas, apareciendo un maximo en la concentracién de
H.,S a temperaturas intermedias para relaciones de exceso de aire (A~1y 3.6). En el caso de las
especies de carbono, en condiciones estequiométricas, no hay formacién de CO,, vy las
principales especies de carbono corresponden a CO y CHa. En condiciones oxidantes, el CH, y el
CO comienzan a desaparecer a altas temperaturas formando CO,, debido a la mayor conversion

de CHsSH, en comparacion con condiciones estequiométricas.

El modelo ha sido capaz de reproducir bien las tendencias experimentales en todas las
condiciones de este estudio y de diferentes investigaciones disponibles en la bibliografia. Los
calculos indican que la oxidacion de CHsSH implica la formacion de especies CH,SO, que se
descomponen principalmente en CO y H,S, mejorando las predicciones con respecto a los

mecanismos descritos en la bibliografia. El mecanismo actualizado ha mostrado pequenas
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mejoras menores en la conversion de CHsSH, mientras que mejora de forma significativa la
prediccidn de la distribucién de los productos de reaccién. En el presente estudio, estas mejoras

se han relacionado con la formacion de sulfina (CH,SO).

Los caminos de reaccion de la oxidacion de H,S permanecen igual a los que se han
mostrado anteriormente en el estudio realizado en el reactor de flujo tubular a presion
atmosférica. Esta satisfactoria concordancia entre los datos experimentales y los resultados del
modelo cinético, tanto para los experimentos en el reactor de flujo tubular como en JSR, indica
la fiabilidad del mecanismo para simular la oxidacién de H,S a presidon atmosférica en diferentes

sistemas de reaccion.

6.7 CONCLUSION GENERAL

Los resultados han demostrado que la oxidacidn de H.S se desplaza a temperaturas mas
bajas a medida que aumenta la presién. El tiempo de residencia tiene una influencia importante
en la oxidacion de HsS. Los resultados de los experimentos a presién atmosférica no muestran
diferencias significativas en la presencia y ausencia de vapor de agua. Las posibles reacciones
cataliticas promovidas por las paredes del reactor de cuarzo a presion atmosférica se han
considerado insignificantes. La oxidacidon de H,S promueve la oxidacién de CH; a temperaturas
mas bajas en todas las condiciones estudiadas. Al mismo tiempo, el CH,4 retarda la oxidacién de
H,S a presidon atmosférica, mientras que, a presiones mas altas, promueve ligeramente la
conversion de H,S a temperaturas mas bajas. La oxidacién de H,S se retrasa ligeramente en
presencia de NO a presion atmosférica. A alta presion, se cree que NO; reacciona
considerablemente con H,S a bajas temperaturas formando azufre. El mecanismo cinético
desarrollado es capaz de describir el comportamiento de oxidacién de H,S, de mezclas de
H,S/CH4 y H,S/NO bajo diferentes condiciones, asi como predecir la oxidacidn de H,S y CH3SH en
dos tipos diferentes de reactores a presidon atmosférica (JSR y PFR). En este trabajo, se ha

puntualizado que especies perdxido como HSOO, H,0, y HO; son clave en la oxidacién del H,S.
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Abstract

Oxidation of H,S at atmospheric pressure has been studied under different reaction atmospheres, varying
the air excess ratio (1) from reducing (A = 0.32) to oxidizing conditions (A = 19.46). The experiments have
been carried out in a tubular flow reactor, in the 700-1400 K temperature range. The concentrations of H,S,
SO, and H, have been determined and the experimental results have been simulated with a detailed chemical
mechanism compiled in the present work. The experimental results obtained indicate that H,S consumption
is shifted to lower temperatures as the stoichiometry increases, starting at 925 K for reducing conditions and
at 700 K for the most oxidizing ones. The model reproduces well, in general, the experimental data from
the present work, and those from the literature at high pressures. Supported by theoretical calculations, the
isomerization of HSOO to HSO; has been determined as an alternative and possible pathway to the final
product SO,, from the key SH + O, reaction.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: H,S; Oxidation; Sour gas; PFR; Kinetic modeling

1. Introduction

Conventional natural gas, as well as different
non-conventional fuel mixtures or biogas gener-
ated in anaerobic digestion, may contain different
amounts of hydrogen sulfide (H,S) in their compo-
sition. Additionally, hydrogen sulfide can also be
found as a by-product from the oil industry, re-

* Corresponding author.
E-mail address: uxue@unizar.es (M.U. Alzueta).

https://doi.org/10.1016/j.proci.2018.05.005

leased from the pyrolysis of fuels containing sulfur,
natural gas cleaning or in synthesis gas produced
from gasification of coal and biomass. Due to the
corrosive and harmful nature of hydrogen sulfide,
streams containing H,S are led to cleaning treat-
ments (e.g., amine absorption) and sulfur recovery
units, which convert hydrogen sulfide into sulfur
through the Claus process. This process is divided
in two reaction steps: in the first one (thermal step),
H,S undergoes a partial oxidation in air, and then
in the second one, it reacts with SO, to form sulfur
in the presence of a catalyst (catalytic step) [1-3].

1540-7489 © 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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As the energy demand increases worldwide, an
efficient utilization of available natural resources is
needed. The increasing importance of fuel sources,
such as sour and shale gas (up to 30% of hydrogen
sulfide content in volume), brings interest to the di-
rect use of these fuels without the use of expensive
cleaning treatments and to devote the main effort
to the development of technologies and combus-
tion processes [4]. The different fuel compositions,
together with the presence of different combustion
atmospheres, may affect the conversion of H,S. In
this context, it is interesting to be able to predict the
most appropriate conditions for stable combustion
at the desired temperatures, with minor pollutant
emissions.

However, the oxidation steps chemistry of H,S
remains unknown in many aspects, and the avail-
able experimental data are limited. In 2000, Gar-
diner et al. [5] reviewed the significant progress in
the understanding of the kinetics and mechanisms
of the atmospheric oxidation chemistry of sulfur in
the last decades, indicating the less effort placed on
developing and understanding sulfur combustion
kinetics. More recent studies have faced different
combustions chemistry studies. For example, Bon-
gartz and Ghoniem [6] developed an optimized
mechanism to make predictions on the combustion
behavior of sour gas under oxy-fuel conditions.
In the same way, Cong et al. [2] developed a
mechanism to assess the production of hydrogen
through H,S thermolysis for the Claus process.
Despite these efforts, there is still a need for more
accurate direct determination of several important
rate constants as well as more validation data [6].

Additionally, there are also experimental works
involving H,S oxidation. For example, earlier in-
vestigations at high temperatures [7], H,S mixtures
explosion limit determinations [8], induction time
measurements in reflected shock waves [9] or pre-
mixed flames [10], have been performed. Besides,
recent researches in flow reactors, more related to
this study, include the work of Zhou et al. [11],
who performed experiments of H,S oxidation in a
flow reactor at atmospheric pressure, under fuel-
lean conditions and in the temperature range of
950-1150 K. In another study, Song et al. [12] con-
ducted experiments at high pressures (30100 bar),
evaluating the oxidation of H,S under oxidizing
and stoichiometric conditions, concluding that the
combustion behavior depends strongly on the stoi-
chiometry and pressure.

In this context, the present study aims to extend
the results available in the literature related to H,S
conversion, and addresses the oxidation of H,S
under different stoichiometries, ranging from fuel-
rich to fuel lean conditions. Experimental work in
a tubular flow reactor at atmospheric pressure has
been performed, in the temperature range of 700—
1400 K. A kinetic model developed by our group,
updated for this work, has been used to simulate
the experimental results.

2. Experimental methodology

The experiments have been carried out in a
quartz tubular flow reactor at atmospheric pres-
sure. Only a brief experimental setup description
is given here and a more detailed description can
be found elsewhere [13]. The reactor has a reac-
tion zone of 20cm in length and 0.87cm of in-
ternal diameter. Total flow rate in all experiments
was 1L (STP)/min, resulting in a gas residence
time as a function of temperature of 194.6/T(K),
in seconds. The reactor is placed in a three-zone
electrically heated oven, ensuring a uniform tem-
perature profile (+5K) along the reaction zone.
Besides, heat release from chemical reactions is
minimized by performing the experiments under
highly diluted conditions and using nitrogen to bal-
ance. Gases from gas cylinders are led to the reac-
tor in up to four separate streams, which are heated
separately and mixed in cross flow at the reactor in-
let. At the outlet of the reaction zone, using an ex-
ternal cooling air, the product gas is quenched. The
flue gases are led to the analysis system previous
pass through a condenser and a filter, that remove
any possible residual solid and moisture, therefore
a constant supply of clean dry combustion gases is
delivered to the analyzers. The analysis instrumen-
tation consists of a UV continuous analyzer for sul-
fur dioxide (SO;) concentration measurements and
a gas micro-chromatograph for H,S and H, quan-
tification. The uncertainty of the measurements is
estimated within 5%.

3. Kinetic model

The experimental results were interpreted in
terms of kinetic modeling, using an updated ki-
netic model based on earlier works by our group
[14-16]. This updated model counted with a sub-set
of sulfur chemistry reactions, but it was focused on
SO, reactions. Therefore, additional hydrogen sul-
fide reactions have been added, taken mainly from
the kinetic model by Song et al. for H,S oxidation
at high pressures [12]. The final reaction mecha-
nism listing is included as supplementary material
and can be obtained directly from authors. Modi-
fications made in the present work are denoted as
“present work: pw”. As for thermochemical data,
same sources as for the corresponding reactions
were used. Calculations were carried out in the
frame of Chemkin Pro with the PFR model [17].

Hydrogen sulfide reacts primarily with radi-
cals like H, OH or HO, to form mainly SH
radicals. In general, the reactions of H,S with
the radical pool have been determined either ex-
perimental and/or theoretically, and are known
with certain confidence. The exception is the
H,S+ HO, reaction, for which only an upper
limit for the rate constant at room temperature
is available [18]. This reaction has two different
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product channels: H,S+ HO,=SH + H,0, and
H,S + HO,=HSO + H,O. The uncertainty of the
reaction kinetic parameters for the first chan-
nel and its high sensitivity have been previously
mentioned elsewhere, especially in high-pressure
works, where HO, radicals are expected to play
a major role [12,19,20]. Scarce data referred to
this reaction are available in the literature. There
is also an experimental determination at room
temperature for the reverse channel producing
SH + H,0, [21]. Available theoretical calculations
include those by Zhou et al. [11] for the reversible
H,S + HO,=SH + H,0, reaction, which was then
lowered by a factor of 2 by Mathieu et al. [20],
and calculations by Batiha et al. [22], indicating a
much lower rate constant value. The recent work of
Gersen et al. [19] on the effect of H,S addition to
methane ignition and oxidation at high pressures
also identified the H,S + HO, reaction to be im-
portant and claimed for the need of an accurate
determination of its rate constant. Calculations in
the present work were very sensitive to this reac-
tion, in particular to the SH 4+ H,O, channel, and
thus their kinetic parameters were estimated in the
present work as 5-10' cm3/mol s for the reverse re-
action, i.e., SH + H,O,=H,S + HO,. This estima-
tion agrees well with the high temperature data of
Zhou et al. [11] and Mathieu et al. [20], while it
is considerably higher than the value of Friedl et
al. [21], experimentally characterized at 298 K. The
impact of this important reaction is further dis-
cussed in the “Results and discussion” section.

H,S conversion mainly produces SH radicals.
Subsequently such a diatom reacts and interme-
diate species are formed. This is considered as
a key reaction step in the bibliography for H,S
combustion. Particular attention has been devoted
to the SH + O, reaction [11,12,19,23.24] and sig-
nificant differences concerning the rate constants
and product channels of the SH+ O, reaction
have been reported in the literature. Stachnik and
Molina [25] provided an upper limit rate con-
stant for this reaction at 298 K of 2-10° cm?/mol
s. This reaction has been largely studied theo-
retically [11,26-29] and several product channels
have been proposed, i.e., HSO + O, S+ HO,, and
SO + OH.

Zhou and coworkers [11], in their atmospheric
pressure study, indicated that the production of
SO+ OH predominates at temperatures below
1000 K, while the formation of HSO+ O is the
main pathway above this temperature. As will
be seen later, these reactions are not very im-
portant for the conditions of the present work.
Garrido et al. [26], in a high level ab initio study
of the HSO, system, identified a new reaction
channel for the SH + O, reaction, which would
produce the preferred SO,+ H channel, via the
HSO, intermediate. Song et al. [12] determined
the kinetic parameters for the SH + 0,=S0,+ H
reaction through ab initio calculations, obtaining a

Table 1

Experimental conditions.
Set H,S (ppm) O, (ppm) A
1 476 225 0.32
2 509 750 0.98
3 485 900 1.24
4 482 1500 2.07
5 492 3750 5.08
6 514 15000 19.46

rate constant of 1.5-10%-T?!.¢-1L.020RD) (ca] mol,
cm?, s). The inclusion of this reaction and cor-
responding kinetic parameters in the mechanism
does not have any effect in the calculations under
the conditions of the present work. Freitas et al.
[27] mentioned that the connection between the
intermediate structures, HSOO and HSO,, takes
place via an HSOO* isomer in an electronic excited
state. HSOO has been reported to be formed
in the SH+Oy(+M)=HSOO(+ M) reaction
[26-30], while in some of these works the for-
mation of HSO, and HOSO was considered to
be inaccessible directly from SH + O,. The fate
of HSOO may include dissociation to HSO + O,
but this reaction has been reported to have a
significant energy threshold [28], and thus is not
competitive. Following the work of Ballester et
al. [31], where they studied the SH + O, reaction
through quasi-classical trajectory (QCT) methods,
HSOO may be considered to isomerize to HSO,.
Taking into account the barrier for HSO, forma-
tion determined by Freitas et al. [27], we assume an
activation energy of 21.3 kcal/mol for the HSOO
to HSO, isomerization. In this work, a reaction
rate of 107 . e(=2130RT)(ca] mol, cm?, s) has been
proposed for this reaction. The impact of this
assumption will be discussed later.

4. Results and discussion

The study of H,S oxidation in a tubular flow
reactor at atmospheric pressure from fuel-lean to
fuel-rich conditions, in the temperature range of
700-1400 K, has been carried out. The experimen-
tal conditions are listed in Table 1. The influence
of the amount of oxygen available on the process
was studied for different values of A, defined as
0O,(real)/O,(stoichiometric). For an inlet total flow
rate of 1 L (STP)/min, the gas residence time in the
reactor varies in the 0.14-0.24 s range.

For the conditions listed in Table 1, the con-
centrations of H,S, SO, and H, obtained as a
function of temperature are presented in Fig. 1.
Symbols represent experimental data and lines
model predictions using the mechanism com-
piled in this work. As seen, modeling predic-
tions agree fairly well with the experimental data.
Additionally, experimental sulfur mass balances
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Fig. 1. Experimental results from H,S oxidation in conditions of sets 1-6 in Table 1. Symbols represent experimental data

and lines model predictions.

are shown in the supplementary material (Fig.
S1), being close to 100% (£5 %) in most
cases.

Hydrogen sulfide starts to react at 925 K under
reducing conditions (A =0.32), with lower temper-
atures for the onset of H,S consumption as the
stoichiometry increases, dropping to 700 K for the
highest oxygen concentration used (A = 19.46). The
onset of H,S conversion is coincident with the on-
set for hydrogen and sulfur dioxide formation. H,S
is fully converted into SO, at high temperatures, ex-
cept for the case of A =0.32, due to the lack of oxy-
gen. Such a result was also observed in [32], where

H,S was neither consumed by the oxygen available
nor by thermolysis. Under similar experimental
conditions (O,/H,S=0.35, 1375K, t,=150ms),
but using 10% H,S, Palma et al. [32] obtained 70%
of H;,S conversion versus our 52% (O,/H,S =0.47,
1375 K, t,= 140 ms, 0.05% H,S).

For A >1, when almost all H,S is converted
to SO,, the H, formed starts to vanish. This was
also observed by Zhou et al. [11], who mentioned
that H, selectivity presents a maximum with the
last traces of H,S. The two maxima, observed
for A =0.98 in H, predictions, are found to occur
in the modeling by the concurrent formation and
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consumption of H,. Hydrogen is formed mainly
from H,S and consumed by reaction with O/OH
radicals. Once H,S is fully consumed, the H; levels
start to decrease at high temperatures.

A diagram showing the main reaction pathways
is described in Fig. S2 of the supplementary mate-
rial. Solid lines represent reaction paths at all stoi-
chiometries, with the important species connected
by thick arrows, and dashed lines correspond to ad-
ditional reactions important only under reducing
conditions. The most relevant pathways for H,S ox-
idation show that the addition and modification of
the reactions made in this work have a significant
relevance in the oxidation behavior.

Calculations indicate that H,S reacts with the
radical pool (H, OH and HO,), but primarily with
H radicals, to rapidly form SH, independently of
the stoichiometry. SH continues the reaction with
0O, to form mainly HSOO (R 1), which isomerizes
to HSO, (R2).

SH + 0, (+ M) = HSOO (+ M) (R1)
HSOO = HSO, (R2)

Then, HSO, is branched to HOSO (R3) or to
the final product SO, through (R4) and (RY), this
last one under highly oxidizing conditions. HOSO,
as well as HSO,, can dissociate or react with oxygen
(R6, R7). The reaction paths with S, SO and HS,
radicals are quite similar to the ones identified by
Zhou et al. [11], but less important in the present
mechanism.

HSO; (+ M) = HOSO (+ M) (R3)
HSO, (+ M) = H+ SO, (R4)
HSO; + 0, = SO, + HO, (RS5)
HOSO (+ M) = SO, + H (+ M) (R6)
HOSO + 0, = SO, + HO, (R7)

The reaction process is maintained primarily by
cause of H radicals released in the final step (R4),
which maintain the consumption of H,S through
(R8), together with HO, radicals formed in (R7),
which react with H,S through (R9). Reaction (R9)
becomes more important as the oxygen concentra-
tion increases, due to the major occurrence of (R5)
and the increase in HO, concentration. The H,O,
radicals formed in (R9) decompose to OH radi-
cals through (R10), promoting H,S consumption
through (R11).

H,S+H=SH+H, (R8)
H,S +HO, = SH + H,0, (R9)

H,0, (+ M) = OH + OH (+ M) (R10)

H,S + OH = SH + H,0 (R11)

The production of HO, radicals through (R5)
and (R7) makes reactions with this kind of rad-
icals to become important, as for example (R9),
which was found, together with (R2), to be the most
sensitive under our experimental conditions at all
stoichiometries. Figure S3 in the supplementary
material shows, as an example, the sensitivity anal-
ysis for SO,, obtained for A = 5.08 at 823 K. Calcu-
lations indicate that the results are sensitive to the
SH + H,0,=H,S + HO, reaction (-R9), which ap-
pears always as one of the top five most sensitive
reactions. Therefore, we can confirm the necessity
of having a good determination of the kinetic pa-
rameters of this reaction for an accurate modeling
description. Results are also sensitive to the HSOO
=HSO, reaction (R2), which has been proposed
to occur and is included in the present mechanism.
The impact of modifying the rate for (R2) is shown
in Figs. S4 and S5 of the SM. Calculations indi-
cate the necessity of including reaction (R2) in the
model, even though the impact of varying the rate
for (R2) is appreciable but not very significant.

Under reducing conditions, the consumption
of H,S follows the main reaction paths discussed
in previous paragraphs. However, due to the lack
of oxygen, other important species, such as H,S,,
HS, and S,, can be formed. S, can be produced
through the sequence of reactions with SH (R12-
R15), which self-reacts (R12) and forms HS,, as
well as with H,S, (R13) formed by (R14). Finally,
the HS; radical converts to S, through (R15). In
the experiment carried out in the present work un-
der reducing conditions, A =0.32, a yellow deposit
was seen at the outlet of the reactor. In this ex-
periment, for high temperatures, the mass balance
for sulfur, which is calculated by adding the con-
centrations of H,S and SO, measured at the reac-
tor outlet, did not close, Fig. S1. Such unbalance
can be explained by the presence of the yellow de-
posit, presumably S,. The apparition of this de-
posit was also previously mentioned by Zhou et al.
[11] and was attributed to the formation of S, in the
gas phase, which condenses when exhaust gases are
quenched.

SH+SH = HS, +H (R12)
SH + H,S, = HS, + H,S (R13)
HS, + HO, = H,S, + 0, (R14)
HS, +SH = S, + H,S (R15)

In order to evaluate the model compiled in this
work, we have performed simulations of literature
results. In particular, we have simulated the flow re-
actor results from Song et al. [12] and Gersen et
al. [19] of H»S conversion at high pressures, where
HO, radicals are important, and thus the impact of
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Fig. 2. Comparison of experimental data (symbols) of
Song et al. [12] and simulations (lines) with the model
developed in the present work. Stoichiometric conditions
at 30 bar. Inlet composition: 756 ppm H,S, 1290 ppm O,
balance N; (A =1.14). The residence time in the isother-
mal zone is calculated from t; (s) =3520/T (K).
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Fig. 3. Comparison of experimental data (symbols) of
Song et al. [12] and simulations (lines) with the model
developed in the present work. Oxidizing conditions at
30 bar. Inlet composition: 801 ppm H;S, 4.4% O,, balance
Nj (A =36). The residence time in the isothermal zone is
calculated from t; (s)=3100/T (K).

(-R9) and its rate estimation may potentially be im-
portant. The simulation results are shown in Figs. 2
and 3 for the experiments of Song et al. [12] (stoi-
chiometric and oxidizing conditions at 30 bar), and
in Fig. 4 for the experiment of Gersen et al. [19] of
H,S/CH, oxidation (reducing conditions at 50 bar).
In general, the present model reproduces well the
main trends, and actually improves the previous
predictions of the experimental results. The present
simulation results are very similar to those obtained
by Song et al. [12] under stoichiometric conditions,
meanwhile, under oxidizing conditions, the authors
were able to approximate the simulation results to
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Fig. 4. Comparison between experimental data of
Gersen et al. [19] (symbols) and model predictions
(lines). Experiments with CH4/H;S in a flow reactor at
50 bar. Inlet composition: 1.25% CHy, 1110 ppm of O,
200 ppm of Hj,S, and balance N;. The gas residence time
is calculated as t.(s) = 5990/T (K).

experimental ones by suppressing two reactions in-
volving O3 (R16 the most important one and R17),
proposed by Mousavipour et al. [33]. The model
in the present work keeps these reactions, which
are found to be indeed important under the ex-
perimental conditions of Song et al. [12]. Reac-
tion (R17) is a source of ozone and H,S consumes
it through (R16). Despite the scatter in the exper-
imental SO, concentrations reported by Song et
al. [12], the main trends in SO, evolution can be
seen. Although, the simulation in Fig. 3 is S0K
shifted to higher temperatures compared to the ex-
perimental results, it is worthwhile to mention that
the mechanism is able to reproduce the diminution
in the observed H,S mole fraction (ca. 480 K). Cal-
culations indicate that the mentioned decrease be-
tween approximately 480 and 540 K occurs through
the interaction between H,S and O; (R16), which
is the dominant consumption reaction of H,S at
these temperatures. Above 500 K, reaction (R16)
becomes less important because of the decrease in
the O; concentration, and H,S conversion proceeds
mainly through reaction (R9).

SH+ O, +0, = HSO + 03 (R17)
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Figure 4 includes the simulation results of both
the model of Gersen et al. [19] and the present
model at 50 bar. Simulation of the combustion be-
havior of CH4/H,S and formation of products is
improved with the present mechanism, which pre-
dicts well the tendencies. Under these conditions,
H,S reacts to SO, through the SH reaction chan-
nel (R1 and R2). In the case of CH4/H,S oxida-
tion, the model predicts that CO starts to be formed
when H,S is almost consumed, although experi-
mentally this happens earlier. This might be due to
the lack of reactions in the present mechanism de-
scribing the interaction between CH4 and H,S or to
a non appropriate value for the kinetic parameters
of the reaction of H,S with the CH300 peroxide,
which were estimated to be the same as in the re-
verse H,S 4+ HO; reaction (-R9) by Zhou et al. [11],
and mentioned by the authors to be important [19].

5. Conclusions

Oxidation of H,S at atmospheric pressure has
been studied under different reaction atmospheres,
varying the air excess ratio (A) from reducing
(A =0.32) to oxidizing conditions (A = 19.46). The
experiments were carried out in a tubular flow reac-
tor, in the 700-1400 K temperature range and con-
centrations of H,S, SO, and H, were determined.
A detailed kinetic mechanism for the conversion of
H,S under the present conditions has been devel-
oped, evidencing the importance of given reactions,
like the interaction of SH radicals with the radical
pool and oxygenated species, such as O, and H,0,.
This mechanism has been used to simulate the ex-
perimental results obtained in the present work, to-
gether with data from the literature, obtaining a
fairly good agreement under the different condi-
tions. The changes in the mechanism included the
addition of reaction (HSOO=HSO,), supported
by recent theoretical works, as a key step in a faster
reaction path of SH oxidation, and modification
of (SH + H,0,=H,S + HO,) kinetic parameters,
which has a significant impact on the reaction path-
ways of H,S oxidation. The main reactions gov-
erning the conversion of H,S have been identified,
together with the necessity for a better determina-
tion of the kinetic parameters of important reac-
tions, including the isomerization of HSOO into
HSO, and the interaction of H,S with HO,. This
work supports the evolution of SH + O, reaction
through HSOO to HSO, isomerization.
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Figure S1. Sulfur mass balances as a function of temperature for the set of experiments (1-6) in
Table 1.



2) Reaction pathways
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3) Sensitivity analysis for SO,

HSO0=HSO,
H,0,+M=OH+OH+M
H,S+H=SH+H,
O+OH=0,+H
SH+H,0,=H,S+HO,
H,S+S=SH+SH
H+S0,(+M)=HSO,(+M)
HOSO(+M)=HSO,(+M)
SH+HO,=H,S+0,

S0+0,=S0,+0

Figure S3. Sensitivity coefficients for SO, in conditions of set 5 in Table 1: A=5.08, T = 823 K.



4) Modeling calculations modifying R2 (HSOO=HSO0,)

500

400

w

o

o
I

200

Concentration (ppm)

100 |

500 600 700 800 900 1000 1100 1200 1300 1400
Temperature (K)

Figure S4. Modeling calculations with the present model, multiplying the pre-exponential
factor of R2 reaction by 2, and without R2 reaction, for stoichiometric conditions (A=0.98).
Solid lines show the original model results, dashed lines show predictions changing the R2 rate
and dotted lines show predictions suppressing R2.
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Figure S5. Modeling calculations with the present model, multiplying the pre-exponential
factor of R2 reaction by 2, and without R2 reaction, for oxidizing conditions (A=5.08). Solid lines
show the original model results, dashed lines show predictions changing R2 rate and dotted
lines show predictions suppressing R2.
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ABSTRACT

The present study deals with the oxidation of H, at high pressure and its interaction with
NO. The high pressure behavior of the H,/NO,/O, system has been tested over a wide range
of temperatures (500—1100 K) and different air excess ratios (1 = 0.5—6.4). The experiments
have been carried out in a tubular flow reactor at 10, 20 and 40 bar NO has been found to
promote H, oxidation under oxidizing conditions, reacting with HO, radicals to form the
more active OH radical, which enhances the conversion of hydrogen. The onset temper-
ature for hydrogen oxidation, when doped with NO, was approximately the same at all
stoichiometries at high pressures (40 bar), and shifted to higher temperatures as the
pressure decreases. The experimental results have been analyzed with an updated kinetic
model. The reaction NO + NO + O, =NO, + NO, has been found to be important at all
conditions studied and its kinetic parameters have been modified, according to its acti-
vation energy uncertainty. Furthermore, the kinetic parameters of reac-
tionHNO + H, =NH + H,0 have been estimated, in order to obtain a good prediction of the
oxidation behavior of H, and NO conversion under reducing conditions. The kinetic model
shows a good agreement between experimental results and model predictions over a wide
range of conditions.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

pressure combustion systems [5], what has created the need
of kinetic models validated in these high pressure conditions
and the target of increasing their efficiency. The H,/O, sub-

Hydrogen has been taking attention in the last decades
because of its potential as fuel. Due to its high energetic value
per mass unit and its almost inexistent contribution to
pollution, H; is seen as an attractive option [1], although the
problem with its high transportation cost makes difficult
hydrogen storage. Solutions like ammonia as a hydrogen
carrier [2,3] or on-board reforming of hydrocarbon fuels [4]
have emerged to deal with the hydrogen storage issue. Ef-
forts are being undertaken on the development of high

* Corresponding author.
E-mail address: uxue@unizar.es (M.U. Alzueta).
https://doi.org/10.1016/j.ijhydene.2019.01.078

mechanism is the basis in the kinetic models of hydrocar-
bons oxidation and NO, formation, being studied in the past
years in some works [6—9], but despite being a reliable subset
of reaction, uncertainty towards the determination of precise
rate constants still exists. Miller et al. [10] mentioned that
repeated direct measurements of the rate parameters of
important reactions, even performed independently by
several groups, did not decrease the uncertainty of the rate
coefficients below a certain limit, as happens for reaction H +

0360-3199/© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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0, =0H + O and reaction H+ O, + M=HO, + M, where a 30%
and 50% uncertainty in their kinetic parameters was esti-
mated, respectively. Hence, new experimental data to validate
kinetic models are valuable.

On the other hand, NO, might be present in combustion
processes, and they come from the conversion of the nitrogen
in air atmospheres. Thermal NO is the most important source
of NOy in gas combustion and its formation is described by the
Zeldovich mechanism [11,12]. While most of gas fuels (e.g.
natural gas) don't have much nitrogen in their composition, in
the case of the use of NH; as a new fuel, NO, formation is
feasible [13,14]. The advantages in transportation and storage
versus Hp, together with the existing infrastructure to supply
NHs, and the fact that potentially can be fully turned into N,
and H,0, make ammonia a desirable option among other fuels
for combustion purposes. However, apart from NO, emissions,
there are still issues related to this fuel that need a further
research in terms of combustion characteristics, being its high
ignition energy and its low flammability some of the draw-
backs to tackle [15]. In this sense, some studies have proposed
the use of other fuels like H, blended with NH; (till 50:50 ra-
tios), to improve its oxidation behavior [14,16]. Besides, NH;
combustion is not completely understood and some experi-
mental issues are still barriers or unresolved. According to
some sources [13,17], NH3 has been reported to adsorb on
stainless steel surfaces, as to decompose on given materials
[18,19]. Thus, providing new experimental data for NH3 con-
version under different combustion conditions, and assuring
a reliable kinetic model for the H,/NOy system seems impor-
tant for addressing NH; oxidation.

Less conventional sources of NO, in combustion processes
might be the addition of alkyl-nitrates as cetane enhancers in
diesel fuels [20] or the use of exhaust gas recirculation (EGR)
[21], which recirculates NO, back into the combustion cham-
ber among other gases. EGR has been proved to reduce NOy
emissions in diesel engines due to a lower flame temperature
but increasing CO and hydrocarbons (HC) emissions. On the
other hand, the idea about the addition of H, into the intake
mixture of a diesel engine with EGR has shown great potential
in improving diesel engine performance and reducing NO, and
soot emissions [22,23]. However, determining the optimum
amount of H, to add seems to be important to avoid concerns
of pre-ignition, backfire, and other combustion problems such
as the onset of knock.

Some studies have considered in the past the oxidation of
H, doped with NO,. Bromly et al. [24] studied it in a flow reactor
at atmospheric pressure, finding that the presence of NO
(0—400 ppm) promotes the oxidation of H, except for high
concentrations of O, (22%). This work was extended by
Mueller et al. [25], who perturbed the H,/O,/N, system with
small amounts of NO at pressures and temperatures ranging
from 10 to 14 atm and from 800 to 900 K, respectively, finding
that the modeling results were highly sensitive to the
H+0,+M=HO,+M pressure-dependent reaction and recom-
mending a kinetic expression for it. This reaction was also
studied by Ashman and Haynes [26], who compared theoret-
ical predictions and experimental concentration values of NO,
in the H,/0, system, allowing them to determine a rate con-
stant and different third body efficiencies (N, H,0, CO, and
Ar). This reaction is considered to be important, due to the

high number of reactions that become important at high
pressures consuming HO, radicals.

Autoignition of Hy/air/NO, mixtures has also been studied
in some works. Slack and Grillo [27] tested the addition of both
NO and NO, (0—4.5%) in a shock tube, in the pressure range of
0.27—2 atm, and temperature range of 800—1500 K, finding that
the induction times were reduced up to more than an order of
magnitude, compared to H, conversion in the absence of ni-
trogen oxides. Laster and Sojka [28] also studied this system,
reaching the same conclusion as Slack and Grillo, i.e. the NO
addition decreases ignition delay times until a concentration
of about 0.5%, and above this concentration induction times
are lengthened due to the scavenging of H atoms from NO.
They concluded that the NO promoting effect is lessened as
temperature rises and pressure decreases. More recently,
Mathieu et al. [29] published ignition delay time measure-
ments of Hy/O,/NO, mixtures diluted in Ar using shock tube
behind reflected shock waves, finding a strong dependency on
pressure and NO, concentration, which needs thus to be
carefully evaluated.

At high pressures, the NO/NO, interconversion becomes
important, specially at low temperatures and high O, con-
centrations, where NO, presence is favoured. The presence of
NOx under engine-relevant conditions might influence
notably the reactivity of the fuel, through a sequence of re-
actions in which NO and NO, convert less reactive peroxy
radicals into more reactive OH and alkyloxy radicals [30].
Knowing accurately the amount of NO/NO, that interacts with
the fuel seems to be an important task to approach. An
important reaction determining the conversion of NO into NO,
is NO+ NO+ 0=NO; + NO,. In particular, in the case of
premixed reactants feeding, this reaction may occur in the
inlet section of the reactor, varying the initial concentration of
NO, chosen for the experiment, which needs thus to be care-
fully determined.

The present work addresses the oxidation of H, and its
interaction with NO under high pressure conditions. For this
purpose, different experiments of H, oxidation in the absence
and presence of NO have been performed in a quartz tubular
flow reactor at high pressure, studying the influence of tem-
perature (500—1100 K) and manometric pressure (10, 20 and
40 bar), using different stoichiometries related to H,
(2 = 0.5-6.4). The experimental conditions chosen are useful
to validate a kinetic model for describing hydrogen oxidation,
over a wide range of conditions that might occur in any high-
pressure system where H, is oxidized and interacts with NOy
species.

Experimental

The experiments have been carried out in a high-pressure
flow reactor set-up, which is described in detail elsewhere
[31]. Testing different manometric pressures (10, 20 and
40 bar) and different stoichiometries in the temperature range
of 500—1100 K, the oxidation of H, and its interaction with NO
have been studied. Briefly, the set-up includes gas cylinders
that supply the gases to the system, while mass flow con-
trollers assure a total flow rate of 1 L (STP)/min. Gases used in
this work (H,, O, and NO) have been highly diluted in nitrogen
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Table 1 — Experimental conditions. The total flow rate is
balanced with N,. Parameter Ay, is calculated according to
the reaction H, + 1/20, =H,0 and parameter Ayo

according to the reaction NO+1/20,=NO,. The residence
time is referred, as an example, to the entire set-up at one
particular temperature in the isothermal zone of the
reactor (875 K).

Set P (bar) H, (ppm) NO (ppm) Auz Ano tr (S) Oz (ppm)

1 40 937 530 6.4 113 107 3000
2 20 935 517 64 116 56 3000
8 10 920 524 6.5 115 29 3000
4 40 1029 = 58 - 107 3000
5 20 930 - 6.4 — 56 3000
6 10 910 = 6.6 — 29 3000
7 40 = 521 = 11.5 107 3000
8 20 = 508 = 11.8 56 3000
9 10 - 514 - 11.7 29 3000
10 40 1022 485 098 2.1 107 500
11 20 1050 525 13 26 56 675
12 40 1024 535 0.5 09 107 250
13 20 1000 520 05 1 56 250

and different concentrations of oxygen have been tested. The
experimental conditions are detailed in Table 1. The H,/NO/O,
system has been tested at different stoichiometries (oxidizing,
stoichiometric and reducing atmospheres with respect to H,,
Aup in Table 1), while the comparison with the NO/O, and H,/O,
systems has been done only under oxidizing conditions. The
reaction system included a quartz tubular reactor (inner
diameter of 6 mm and 1500 mm in length) enclosed in a
stainless-steel tube that acts as a pressure shell. The steel tube
is placed horizontally in a tubular oven, with three individu-
ally controlled electrical heating elements that ensure an
isothermal reaction zone of approximately 56 c¢cm, with a
uniform temperature profile (+10 K). The reactor temperature
is monitored by type K thermocouples positioned between the
quartz reactor and the steel shell. An example of the tem-
perature profiles at 40 bar can be seen in Fig. 1. Gas residence
time depends on pressure and temperature and it can be
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T 800 | %
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Fig. 1 — Temperature profiles in the entire experimental
set-up at 40 bar, as a function of the set-up length. 0 cm
corresponds to the point where the gases are premixed,
while the reactor zone starts at 64 cm and ends at 204 cm.

expressed as: t,[s] = 261.1 P [bar]/T [K] in the isothermal zone
of the reactor. The total gas residence time is calculated taking
into account the temperature profiles in the experimental
entire set-up. An example of the total gas residence time in
the entire set-up is shown in Table 1, corresponding to a
temperature of 875 K in the isothermal part of the reactor.
Previously to the gas analysis systems, gases pass through a
filter and a condenser to ensure gas cleaning and water-free
content. Products are analyzed by a gas chromatograph
equipped with thermal conductivity detector (TCD) to detect
H, and a continuous chemiluminescence analyzer to detect
NO and NO,. The uncertainty of the measurements is esti-
mated within 5%.

Kinetic model

The experimental results have been interpreted in terms of
kinetic modeling using Chemkin-PRO. The kinetic model used
in this work is a revised and updated version of the work of
Giménez-Lopez et al. [32], who performed experiments of
C,H4/NO mixtures at high pressure (60 bar) and different
stoichiometries in a flow reactor. The subset for H,/O, has
been taken from the work of Hashemi et al. [8] on H, oxidation
at high pressures in a flow reactor, which was based on the
kinetic model developed by Burke et al. [6]. Thermodynamic
data were taken from the same sources as the sub
mechanisms.

Consumption of hydrogen can be described as a chain of
reactions, being R1 the main step in the H, oxidation. Radicals
HO, are formed due to the reaction of atomic H with oxygen
through R2, then, are recombined to form H,0, in R3. In the
last step, R4, through H,0, decomposition provides OH radi-
cals for the consumption step R1 [8,25]. RS is considered to be
important for H, conversion initiation at all stoichiometries
and found to be one of the most sensitive [8]. Kinetic param-
eters for this reaction were taken from Giménez-Lépez et al.
[32], because they are more updated values compared to the
ones used in the H,/0, sub-mechanism by Hashemi et al. [8]
and provide a better modeling behavior in this work.

H, + OH=H,0 + H (R2)
H + 02(+M)=HO,(+M) (R2)
HO, + HO, =H,0, + 0, (R3)
H,0,(+M)=OH + OH(+M) (R4)
H,0, + H=HO, + H, (R5)

The competition between reactions R2 and R6 determines
the generation of chain carriers in combustion of hydrogen, as
well as of most hydrocarbons [33,34].

H+0,=0+0H (R6)

In the present work, operating at high pressures, the H,
oxidation behavior has been explained to happen under con-
ditions dominated by reactions involving HO, and H,0, (e.g.
Ref. [8]). When NO is added to the system, the role of HO, as a
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chain terminator is changed, and HO, is consumed by NO in
R7, forming NO, and OH. Then, NO, reacts with H radicals to
give back NO and OH radicals (R8), forming a well known NO/
NO, catalytic cycle, represented by R7 and R8 [24,25,27], with
HO, + H=0H + OH as net reaction.

NO + HO, =NO, + OH (R7)

NO, + H=NO + OH (R8)

In the work of Mathieu et al. [29] on ignition delay time
measurements of Hy/O,/NO, mixtures diluted with Ar, using
shock tube behind reflected shock waves, a strong sensitivity
of reaction R9 was found in their analysis. R9 is followed by
the rapid decomposition of HONO to NO and OH, promoting
the overall oxidation of H,. They used the kinetic parameters
from Park et al. [35] for reaction RO.

NO, + H, =HONO + H (R9)

Chai and Goldsmith [30] studied rate coefficients for
fuel+NO,, predicting the formation of HONO, and they
distinguished 3 different isomers (cis-HONO, trans-HONO and
HNO,). As said by Zhang et al. [36], the total rate of the 3 iso-
mers formation calculated by Chai and Goldsmith [30] is in
excellent agreement with that reported in both the Park et al.
[35] experimental measurement and Rasmussen et al. [9]
calculation. In this work, we use the recent kinetic parame-
ters for the three different isomers from Chai and Goldsmith
[30]. Although modeling studies rarely distinguish the HONO
isomers as the products of R9, a slight improvement in the
onset temperature of H, conversion at all conditions was
found in this work including the different isomers.

The work from Glarborg et al. [37], where the ability of H, to
reduce nitric oxide under conditions relevant for the reburn-
ing process was studied, remarked the importance of species
like HNO to react with H,, finding that the only kinetic pa-
rameters available for R10, by Rohrig and Wagner [38], gave a
H, conversion too fast compared to their experimental data
and finally not using this reaction in their model.

HNO + H, =NH + H,0 (R10)

We also found that the kinetic parameters [38] overpredict
the consumption of Hy, and we estimated the kinetic constant
to be 7E8 (cm>®-mol~*+s7%), obtaining good agreement between
experimental results and model predictions, as well as for H,
as for NO, concentrations at high temperatures, as can be seen
in the next section. A comparison in the model predictions
without R10 can be found in the supplementary material
(Fig. S1), where the consumption of H, is not well captured if
R10 does not occur and is overpredicted with the kinetic pa-
rameters from the bibliography [38]. R10 was found to be
important only under reducing conditions, while no impact
was observed at other stoichiometries. An accurate determi-
nation of the rate constant for R10 would be desirable.

The amount of NO and NO, that enters the reactor zone can
affect the oxidation behavior of hydrogen. NO molecules can
be converted to NO, through R11 before entering the reactor,
since the gases are premixed at room temperature.

NO + NO + 0, =NO, + NO, (R11)

Due to high pressures and the presence of oxygen, there
will have a mixture of NO/NO, at the reactor inlet. This was
observed while the oven was still cool (290 K) and has been
pointed in previous works experimenting with NO at high
pressures [31,39,40]. For this reason, in the present work, the
model was run with temperature profiles, an example shown
in Fig. 1, that describe the entire experimental set-up: from the
mixing point of the reactants to the entrance of the reactor,
the reactor itself, and from the reactor outlet to the pressure
reduction valve (1 atm).

In order to simulate the experimental data, the kinetic
parameters of R11 were revised in the present work. Some
uncertainty exists towards R11 [41], for which most reliable
value of activation energy determined up to date is —4.41
[£3.33] kJ/mol [42]. We have taken the pre-exponential factor
recommended by Atkinson et al. [42] and varied the activation
energy in the uncertainty limits, taking the inferior limit, what
makes an apparent activation energy of -7.74 kJ/mol
(1850 cal/mol), and which seems to be adequate in all the
experimental conditions of this work to reproduce properly
the NO/NO, concentrations. As can be seen in Fig. S2 from the
supplementary material, the kinetic parameters chosen are in
reasonable agreement with experimental data reported in the
past at low temperatures [43—46], more than with the latest
review of this reaction [42], which is mainly based on the work
of Olbregts [47].

Results and discussion

Different systems have been tested under oxidizing condi-
tions: H,/NO/O,, H,/O, and NO/O, (sets 1 to 9 in Table 1), and
their results have been plotted showing the comparisons be-
tween them. In Fig. 2, the results corresponding to the con-
version of the system H,/0, with and without NO addition are
shown, at 10, 20 and 40 bar under oxidizing conditions. Pres-
sure has a little effect on the conversion onset of H, when NO
is not present, showing approximately 50 K difference in the
reaction onset between the three pressures, and shifting the
conversion to lower temperatures as the pressure increases.
When NO is added to the system, the promotion of H, con-
version to lower temperatures is increased as pressure rises,
and comparatively greater than in the experiment without
NO. In the case of 40 bar, there is a difference of 125 K in the
reaction onset, and only 25 K in the case of 10 bar. With
respect to NO,, pressure has an important influence on the
NO/NO, ratio, showing a major concentration of NO, as the
pressure rises, due to R11, and a slight conversion back to NO
as the temperature increases. The experimental trends of H,
conversion and NO/NO, concentrations are well captured by
the mechanism, confirming the behavior mentioned in the
literature about NO, promoting H, oxidation. This promotion
can be explained through the interconversion of NO and NO,
converting radicals HO, into more active radicals OH, as has
been mentioned in the kinetic modeling section. The ability to
capture this behavior (hydrogen promotion) is, in part, ach-
ieved by the proposed kinetic parameters of R11, which is
important predicting the amount of NO and NO, that enters
the reaction zone, influencing hydrogen ignition as well as the
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Fig. 2 — Results obtained under oxidizing conditions (2
referred to H,) at 10 bar (up), 20 bar (centre) and 40 bar
(down). Solid symbols correspond to experimental results
in the presence of NO, while open symbols represent
concentrations in the experiments without NO. Lines
denote simulations of the model. Conditions of sets 1 to 6
in Table 1.
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symbols represent concentrations in the experiments
without H,. Lines denote simulations of the model.
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oxidation process at high pressures, and might be seen as an
improvement in the predictions of the kinetic model.

It is worth to mention that the balance of NO, closes fairly
well (near 100%) in all the cases, except at 40 bar and under
oxidizing conditions, where at high temperatures there is a
NO, decrease of approx. 20% (Fig. 2). This behavior of NO,
balance not closing at 100% was not seen in the experiment
without hydrogen at 40 bar (set 7) (Fig. 3). A similar study of the
CO/H;/0,/NOy system [9] in a flow reactor at high pressures
did not show a loss of NO, when working at 50 bar and high
oxidizing conditions (1 = 68 for H,). According to the present
results, we might conclude that some interaction NO,/H, not
captured by the model is occurring in our experimental con-
ditions at 40 bar and high temperatures. Another possible

explanation could be related with the formation of nitric acid.
As said by Ajdari et al. [40], if water vapor is present in pres-
surized flue gas systems, the formation of gaseous nitric acid
and nitrous acid and the decomposition of nitrous acid may
proceed as shown by reactions: N,Os+ H,0 = HNO; + HNOs
and 2HNO, = NO + NO; + H,0, what could explain the loss of
NOy as nitric acid, but this has not been possible to prove.

In Fig. 3, the comparison of the results in the system NO/
NO, with and without H,, at 40, 20 and 10 bar under oxidizing
conditions can be observed. Due to the major amount of
radicals when hydrogen is present, NO and NO, react through
R7 and R8, while in the system without hydrogen, the main
reaction is the NO/NO, interconversion (R11), being favoured
the NO presence at low pressures and high temperatures. In
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the current simulations, the concentration of NO, is the sum
of NO, and N,04, the latter only found to be important under
40 bar, with a maximum concentration of around 35 ppm in
the reactor outlet section, according to the model. Due to the
equilibrium between these two species, represented by R12,
the existing N,0, molecules are totally converted to NO, as the
pressure is decreased to 1 bar in the relief valve of the set-up.
The experimental trends are fairly well fitted by the model and
the balance of NO, does not close only at 40 bar.

NO, + NO,(+M) =N, 04 (+M) (R12)

Fig. 4 shows theresults of H, conversionin the presence of NO
for stoichiometric conditions and different pressures. Under
these conditions, the NO,/NO ratio is higher as the pressure in-
creases, as mentioned before, and the onset temperature for H,
conversion remains the same at 40 bar as for oxidizing condi-
tions (773 K), but finishes at higher temperatures due to the lack
of oxygen. At 20 bar, the reaction starts at higher temperatures
in comparison to the case of 40 bar, around 823 K. The kinetic
model reproduces well the experimental data.

Similar results are plotted, in Fig. 5, for experiments per-
formed under reducing conditions. The onset temperature for
the reaction of hydrogen at 40 bar remains the same as for other
stoichiometries (773 K), which is different to what was observed
in the work of Hashemi et al. [8] of hydrogen oxidation at high
pressures (50 bar) in a flow reactor, where they found that the
onset of the reaction happened at lower temperatures under
reducing conditions, compared to stoichiometric and oxidizing
conditions, due to the competition between R2 and R6. In our
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Fig. 4 — Results obtained under stoichiometric (A referred to
H,) conditions at 20 bar (up) and 40 bar (down). Symbols
represent experimental measurements and lines denote
simulations of the model. Conditions of sets 10 and 11 in
Table 1.
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Fig. 5 — Results obtained under reducing conditions (A referred
to Hj) at 20 bar (up) and 40 bar (down). Symbols represent

experimental measurements and lines denote simulations of
the model. Conditions of sets 12 and 13 in Table 1.

case, when NO is added, R2 remains the main path in the
oxidation of H,, involving HO, radicals in the oxidation process.
This oxidation process is more effective at higher pressures
(40 bar) and R2 starts to compete with R6 as the pressure drops,
shiftingthe onset of thereaction to higher temperatures, as seen
in the results of Fig. 5. At 40 bar, the H, conversion onset is well
captured by the model as well as its experimental trend. How-
ever, in the case of 20 bar, the experimental H, concentration
suffers a sudden experimental decrease that is predicted
smoothlier by the model. The general conversion trends are still
well captured by the model, and the modification of the kinetic
parameters of R10 clearly improves the prediction of H, con-
centration at 20 and 40 bar under reducing conditions, as well as
the drop of NOy at 40 bar (Fig. 5 down). This can be explained
because NO reacts with H radicals to form HNO, through R13,
then R10 occurs and NH is formed, which will end up reacting
with NO to form N, and OH through R14.

NO + H(+M)=HNO(+M) (R13)
HNO + H, =NH + H,0 (R14)
NH + NO=N, + OH (R15)

Conclusions

The system H,/NO/O, has been studied in a tubular quartz
flow reactor. Experiments under different controlled
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conditions, such as high manometric pressures (10, 20 and
40 bar), in the temperature range of 500—1100 K, testing
different excess ratios for H, (A = 0.5—6.4) have been carried
out. The results obtained are useful for practical purposes
where different technologies can be used. The results have
been interpretated in terms of kinetic modeling, using an
updated mechanism from recent works and modifying the
kinetic parameters of the reactions: 2NO+ O, =NO; + NOg,
according to the uncertainty of its activation energy; and the
HNO + H, =NH + H,0 reaction, proposing a rate constant of
7E8 (cm3-mol~-s7%), which reproduces fairly well the oxida-
tion of H, under reducing conditions. This kinetic model al-
lows us to predict results about the H, oxidation and its
interaction with NO under a variety of operating conditions.

NO has been found to promote H, oxidation under
oxidizing conditions, reacting with the HO, radical to form the
more active OH radical, which enhances the conversion of
hydrogen. The onset for hydrogen oxidation when doped with
NO is the same at all stoichiometries at high pressures (40 bar),
and is shifted to higher temperatures as the pressure de-
creases. The kinetic model matches fairly well the experi-
mental data at all conditions, explaining the oxidation of H,
and NO under oxidizing, stoichiometric and reducing condi-
tions, except for the case of 40 bar under oxidizing conditions,
where a 20% drop of the NO, balance has been found and can
not be predicted by the model, presumably by some interac-
tion between NOo/H, or the possible formation of nitric acid,
which needs a more detailed study.
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Figure S1. Set 12 from Table 1. Results under reducing conditions at 40 bar of pressure.
Symbols represent experimental measurements and lines denote simulations of the
model. Solid lines indicate the simulation without R10 in the model, dotted lines the
simulation with our estimation for rate constant of R10: 7E8 (cm® mol* s%), and dashed
line shows the simulation of H, concentration using the kinetic parameters of R10 from
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The oxidation of H,S at different manometric pressures (0.6-40 bar), in the temperature range of 500-1000 K
and under slightly oxidizing conditions (. = 2), has been studied. Experiments have been performed in a quartz
tubular flow reactor. The results have shown that H,S conversion shifts to lower temperatures as the pressure
increases. The kinetic model used in this work is based on a previous one proposed by the authors to describe
H,S oxidation at atmospheric pressure, which has been updated with a H,/O, reaction subset for high pressures.

Model results match fairly well the experimental ones both from the present work and from the literature. The
reaction pathways of H,S oxidation analyzed are similar to the ones at atmospheric pressure. The differences are
found in the radicals that are involved in the oxidation process at the different pressures. For a given temperature
it is shown that, under the operating conditions of this work, pressure will have a major role than the gas
residence time in the oxidation rate.

1. Introduction

As the energy demand increases worldwide, an efficient utilization
of available natural resources is needed. Natural gas production is ex-
pected to peak near 2035, taking into consideration a scenario of cu-
mulative production, plus remaining reserves, plus undiscovered re-
sources [1]. The abundance of natural gas reserves can facilitate the
transition from fossil derived to fully renewable fuels and chemical
generation [2,3]. The total long-term recoverable conventional gas re-
source base is more than 400 trillion cubic metres (tcm), and another
400 tcm are estimated for unconventional sources (sour gas) [4]. The
increasing importance of unconventional fuel sources, such as sour and
shale gas (natural gas with significant amounts of H,S and COs, up to
30% content in volume each one [5]), brings interest to the direct use of
these fuels, developing technologies and combustion processes focused
on their knowledge and understanding under high pressure conditions
[6]. The technology most used for the treatment of H,S is the Claus
process, by producing sulfur from it [7,8]. However, due to the large
offer of sulfur worldwide [9] and the variable feedstock of H,S in
natural gas reserves, different processes for treating sour gas and H,S
streams are emerging [2,10-13]. Thus, Langeé et al. [14] proposed a
detailed description of the phase behavior of the CH4 + H,S system, in
a wide range of temperatures and pressures, with the goal of performing
the correct process design of new gas purification technologies. Another
interesting process for exploitation of sour gas reserves is the direct gas
combustion, for example, through oxy-combustion [15], which has

* Corresponding author.
E-mail address: uxue@unizar.es (M.U. Alzueta).

https://doi.org/10.1016/j.fuel.2019.116145

been studied at high pressures to increase efficiency in power plants
[16,17].

Some studies about mixtures of sulfur species and carbon species
oxidation have been performed, with the final goal of knowing more
about sour gas conversion. For example, Gersen et al. [18] experi-
mentally studied the autoignition and oxidation of CH,/H,S mixtures in
a rapid compression machine (RCM) and a flow reactor at high pres-
sure. They showed prediction results with their model that agree well
with the measured autoignition delay times. On the other hand, they
also indicated that the H,S oxidation chemistry and the interaction of
CH,4 and H,S at high pressure are not well understood. Zeng et al. [19],
in their work on the co-oxidation of CH4 and CS, (a known impurity of
the Claus process) in a flow reactor, experimentally observed an in-
hibiting effect by CS, in the oxidation of methane at atmospheric
pressure. They became aware of the complexity of the C~-H-O-S com-
bustion chemistry and claimed that their current model could not re-
flect all potentially significant reactions. Other recent studies have been
devoted to validate their kinetic mechanisms on sulfur compounds
oxidation with experiments from the literature. Bongartz et al. [15] and
Bongartz and Ghoniem [20,21] developed an optimized mechanism to
make qualitative and even quantitative predictions on the combustion
behavior of sour gas under oxy-fuel conditions. Salisu and Abhijeet [22]
carried out kinetic simulations of acid gas (H,S and CO,) pyrolysis and
oxidation for simultaneous syngas (H, + CO) and sulfur recovery,
which results will assist in the design and optimization of acid gas
conversion reactors. Despite these efforts, there is still a need for more
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accurate direct determination of several important rate constants as
well as more validation data in order to improve modeling predictions
of sour gas conversion [15].

The reaction steps in the H,S oxidation process remain unknown in
many aspects and the available experimental data are limited. Some
works have been carried out in the last years trying to understand H»S
kinetic behavior under combustion conditions. The experimental and
theoretical work of Zhou et al. [23] about H,S oxidation at atmospheric
pressure established several kinetic parameters for different reactions
involved in the process. Later, the exploratory work from Song et al.
[24] on H,S oxidation under high pressures showed that, under oxi-
dizing and stoichiometric conditions, the H,S oxidation depends
strongly on the stoichiometry and pressure, claiming that experimental
results for H,S oxidation at elevated pressures are scarce.

As H,S conversion can be affected by the operating conditions, such
as temperature, pressure and combustion atmosphere, the present work
addresses the oxidation of H,S at high pressures, with the basis of the
work from the authors at atmospheric pressure [25], where H,S oxi-
dation was studied in a flow reactor from reducing to oxidizing con-
ditions and different temperatures (700-1400K). In that study, H,S
conversion was predicted reasonably well by the kinetic model pro-
posed, which included the addition of HSOO = HSO, isomerization
reaction, supported by recent theoretical works, as a key step in a faster
reaction path of SH oxidation.

In this context, the present work studies the influence of mano-
metric pressure (0.6-40bar) at different temperatures (500-1000 K)
and at slightly oxidizing conditions (approximately A = 2), on the
conversion of hydrogen sulfide, performing flow reactor experiments,
under laboratory controlled conditions. Moreover, a kinetic model
capable of describing the oxidation process of H,S at high pressures has
been used to interpret the experimental results. The results obtained in
this work can be also useful for different industrial processes, such as
the Claus process [26] or oxy-combustion of the sour gas [15,20,21,27].

2. Experimental methodology

The experimental set-up used to perform the high-pressure H,S
oxidation experiments has been previously described in detail else-
where [28]. Therefore, only a brief description of the main features is
provided here. 1L (STP)/min of gas reactants: H,S (approximately
500 ppm), O, (approximately 1500 ppm) and N, as carrier gas, were
supplied from gas cylinders through mass flow controllers with an un-
certainty in the flow rate measurements of approximately 0.5%. The
oxygen required to carry out each oxidation experiment is determined
by the air excess ratio (A, defined as inlet oxygen divided by stoichio-
metric oxygen). Slightly oxidizing conditions (A = 2) were selected to
study the oxidation of hydrogen sulfide at different manometric pres-
sures. Table 1 contains the conditions for the different experiments
performed. The moderate concentration of oxygen used in this work
was chosen to avoid deposition of sulfur in the experimental set-up, if
reducing conditions were used, and to minimize SO3; formation, which
is enhanced at high pressures and very oxidizing conditions and could
lead to corrosion problems. The reactant gases were premixed before
entering the reactor, which consists of a quartz tube (inner diameter of
6mm and 1500 mm in length) designed to approximate plug flow
conditions [29]. The reactor is enclosed in a stainless-steel tube that

Table 1
Experimental conditions. N, as bath gas. t,(s) = 232*P(bar)/T(K).
Set A Manometric pressure (bar) H,S (ppm) O, (ppm)
1 1.99 0.6 505 1509
2 2.1 5 480 1520
3 2.06 10 485 1510
4 2.04 20 497 1520
5 2.06 40 500 1545
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acts as a pressure shell. The steel tube is placed horizontally in a tubular
oven, with three individually controlled electrical heating elements that
ensure an isothermal reaction zone of approximately 500 mm, with a
uniform temperature profile ( = 5 K). Gas residence time depends on
pressure and temperature and it can be expressed as t.(s) = 232*P
(bar)/T(K) in the isothermal part of the reactor. Previously to the gas
analysis systems, gases pass through a filter and a condenser to ensure
gas cleaning. Products are analyzed by a gas chromatograph equipped
with a thermal conductivity detector (TCD) to quantify H,S and O, and
a continuous UV analyzer to quantify SO,. The uncertainty of the
measurements is estimated within 5%.

3. Kinetic model

The kinetic model used in this work has been taken from a recent
work by the authors, where H,S oxidation at atmospheric pressure was
studied in a flow reactor, from reducing to oxidizing conditions [25].
The simulations have been carried out with the software Chemkin-Pro
and the plug flow reactor code [30]. The oxidation mechanism pro-
posed in [25] supported the evolution of the SH + O, reaction (key
reaction step in H,S oxidation) through isomerization from HSOO to
HSO,, leading to the final product SO,, as proposed by Garrido et al.
[31], in a high level ab initio study of the HSO, system. The main re-
actions for H,S oxidation belong to the work from Zhou et al. [23] and
Alzueta et al. [32]. The H,/O, subset was updated for high pressures
[33] and has been included in the present study with no modifications.
However, no big differences have been observed in the simulations in
this work using the updated H,/O, subset.

The oxidation of H,S under high pressure conditions might be a
source of O3, as mentioned by Song et al. [24], according to the
SH + O5 + O, = HSO + O3 reaction, and ozone may promote H,S
conversion, as it is a much more reactive molecule than molecular
oxygen. Thus, a subset for O; reactions has been added from their work
[24], which is mainly based on the work from Atkinson et al. [34].
Reactions involving O3 have not been found to be important under the
present conditions.

4. Results and discussion

The experimental (symbols) and simulated (lines) results of the
concentrations of H,S, SO, and O, as a function of temperature are
plotted from Figs. 1-5. All the experiments were carried out at slightly
oxidizing conditions (A = 2), being SO, the main product from the
oxidation of H,S. The sulfur balance closes in all cases within + 5%.
The conversion of H,S is shifted to lower temperatures as the pressure
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Fig. 1. Experimental results of H,S oxidation at 0.6 bar (Set 1 of Table 1). Initial
conditions: O, = 1509 ppm, H,S = 505 ppm; A = 1.99.
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Fig. 2. Experimental results of H,S oxidation at 5 bar (Set 2 of Table 1). Initial
conditions: O, = 1520 ppm, H,S = 480 ppm; A = 2.1.
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Fig. 3. Experimental results of H,S oxidation at 10 bar (Set 3 of Table 1). Initial
conditions: O, = 1510 ppm, H,S = 485 ppm; A = 2.06.
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Fig. 4. Experimental results of H,S oxidation at 20 bar (Set 4 of Table 1). Initial
conditions: O, = 1520 ppm, H,S = 497 ppm; A = 2.04.

increases. Thus, the onset temperature for H,S conversion is 775K in

the case of 0.6 bar and 600K at the highest pressure studied (40 bar).

The consumption of O, follows the same trend as hydrogen sulfide.
The simulated results obtained with the kinetic model used in this
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Fig. 5. Experimental results of H,S oxidation at 40 bar (Set 5 of Table 1). Initial
conditions: O, = 1545 ppm, H,S = 500 ppm; A = 2.06.

work reproduce well the experimental data, mainly those obtained at
near atmospheric pressure (0.6 bar manometric pressure). This fact
confirms that the kinetic model is capable of predicting H,S conversion
at near atmospheric pressure. For the rest of the pressures studied, the
kinetic model underpredicts slightly the oxidation of H,S at the be-
ginning of the reaction and overpredicts to some extent the H,S con-
version at the end of the conversion. The exception would be the case at
the highest pressure (40 bar), where a shift of 50 K between experi-
mental H,S concentrations and model predictions is seen.

The results near atmospheric pressure of this work (0.6 bar mano-
metric pressure) are compared with the ones obtained by the authors in
their study of H,S oxidation at atmospheric pressure in other flow re-
actor [25]. This reactor has 8.7 mm inner diameter. The results are
shown in Fig. 6. It can be observed that the results are quite similar,
although a difference in the conversion onset temperature of 50 K ex-
ists, which might be due to the pressure difference (0.6 bar) or the re-
sidence time, as both experiments are carried out in different experi-
mental installations. Previously, these set-ups operating at atmospheric
pressure have already shown a similar behavior for CH3SH oxidation
under stoichiometric conditions [35].

It is worth to mention that the gas residence time in the reactor
increases with the pressure. An additional analysis, through modeling
results, of the effect of the residence time at two different pressures (1

10F --——--- T--w--O
__ 08}
=
Q@
£
»n 06F
IN ®m H,S [present work]
B 04Ff o H,S[25] :
2 — ;
®n, 02+ \
<

0.0

1 1

500 600 700 800 900 1000 1100
Temperature (K)

Fig. 6. Concentrations of H,S vs. temperature at A = 2 and atmospheric pres-
sure. Open symbols from [25] (H,S = 482 ppm, O, = 1500 ppm; A = 2.07) and
solid symbols from the present work (Set 1 of Table 1, O, = 1509 ppm,
H,S = 505 ppm; A = 1.99).
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Fig. 7. Simulations of the concentration of H,S vs. temperature at two pressures
(1 and 21 bar absolute pressure) and different residence times. Initial condi-
tions: HoS = 500 ppm, O, = 1500 ppm; A = 2.

and 21 bar absolute pressure) on H,S conversion can be seen in Fig. 7.
In this figure, at 1 bar and 21 bar, the solid lines on the right corre-
spond, respectively, to the gas residence time of the atmospheric
pressure set-up used in [25] (t, = 194/T(K)) and the gas residence time
of the present work high-pressure set-up (t, = 4872/T(K)), which are
used as the reference cases. For both pressures, their reference re-
sidence time values are subsequently increased up to being approxi-
mately doubled. As it can be observed, at 1bar a 50K temperature
difference in H,S concentration profiles exists when the residence time
is doubled. At high pressure (21 bar), under the operating conditions of
this work, the effect of the residence time is less important; in this case,
the solid line represents the residence time of set 4 in Table 1. Thus,
under these conditions, the influence of gas residence time is less sig-
nificant as the pressure increases. However, it is worth to highlight that
the specific effect of the gas residence time depends on the given pro-
cess studied. For example, Marrodan et al. [36], in their study about
DME oxidation at high pressure, observed an important effect of the
residence time at pressures even higher than those presented in Fig. 7
on DME conversion when doubling the residence time at stoichiometric
conditions.

Hydrogen sulfide oxidation proceeds via its reaction with the O/H
radical pool to form SH, as can be seen in the reaction pathways shown
in Fig. 8. Under slightly oxidizing conditions, SH radicals react mainly
with O, to form the HSOO peroxide, which isomerizes to HSO, and
forms by decomposition the SO, + H final products, feeding the radical
pool with H radicals. The HSO, radicals can also react with oxygen, if it
is available, or isomerize again to the radical HOSO, which will react in
the same way as HSO,, decomposing or reacting with O, to form SO,.
The changes in reactivity during the H,S conversion process at different
pressures are attributed to different radicals that participate depending
on pressure. In the case of relatively low pressures (0.6, 5 and 10 bar
manometric pressure), H,S will react mainly with radicals H (R1).

HyS + H=SH + H, (R1)

However, as the pressure increases (20 and 40 bar), other pathways
become also important, involving HO, and OH radicals (R2 and R3).

HzS + H02 =SH + H202 (Rz)
H,S + OH=SH + H,0 (R3)

Formation of HO, radicals is favored at high pressures (R4) [e.g.
18,24,37]. These radicals react with H,S to form SH and H,0, (R2), and
promote the oxidation via the branching reaction of H>O, to give OH
radicals (R5), which then interact again with H,S (R3).
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Fig. 8. Reaction pathways for the oxidation of H,S.

O, + H (+M) = HO, (+M) (R4)
H,0, (+M) = OH + OH (+M) (R5)

A sensitivity analysis of model calculations has been performed for
the highest pressure studied (40 bar), at the temperature when H,S is
starting to react (675 K). In Fig. 9, the sensitivity analysis for H,S shows
the isomerization reaction (R6) as the most sensitive one:

HSOO = HSO, (R6)

followed by the branching reaction of H,O5 (R5), which is compara-
tively a well stablished reaction. The next most important reaction is
(R7):

SH + SH (+M) = H,S, (+M) (R7)

which has also been seen in the top 3 most sensitive reactions in works
about H,S oxidation [24,37]. In this work, the observed sensitivity has
been related to the capability of H,S, to convert HO, radicals into
H,0,, which would enhance the oxidation process and reaction (R8) is
found as the fourth most sensitive reaction.

H,S; + HO, = HS, + H,0, (R8)

HSO0=HSO,
H,0,(+M)=0H+OH(+M)
SH+SH(+M)=H,S (+M)
H,S,+HO,=HS +H,0,
HS,+0,=5,+HO,
0SS0+0H=HO,+5,0
H,S,+SH=HS +H.S
SH+HO,=HSO+OH
SH+HO,=H,S+0,

H+oz(+M):HOZ(+M)

T T T T
-0,15 -0,10 -0,05 0,00 0,05

Fig. 9. Sensitivity analysis for H,S conversion, at A = 2, 40 bar and 675 K.
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The formation of these species (H»S, and HS,) is usually more im-
portant at reducing conditions. As mentioned by Zhou et al. [23], dis-
ulfur interactions as (R9) are important in the ignition and propagation
reactions during H,S oxidation even under fuel lean conditions, being
(R7) chain terminating reaction, while (R9) is chain propagating reac-
tion, due to the subsequent reaction of S with oxygen to form SO and
then SO,.

SH + SH=H,S + S (R9)

The same kinetic parameters for (R9) as in the work from Gao et al.
[38] have been used. However, these authors mention that care should
be taken in applying (R9) above 1 bar. Gao et al. also mention that H,S,
is more stable at high pressures and low temperatures than SH. Dis-
crepancies in the model results compared to experimental ones might
be related to the chemistry of disulfur species and claim for a better
characterization of these reactions at high pressures.

With the purpose of evaluating the performance of the kinetic model
used in the present work, it has been tested against literature ignition
delay time measurements at different pressures. Some cases from the
work of Mathieu et al. [37], about the effects of H,S addition on hy-
drogen ignition behind reflected shock waves, have been taken, and the
results are shown in Fig. 10. In that study, ignition delay times were
measured behind reflected shock waves for mixtures of 1% H,/1% O,
diluted in Ar and doped with various concentrations of H,S (100, 400,
and 1600 ppm), over large pressure (around 1.6, 13, and 33 atm) and
temperature (1045-1860 K) ranges. Their results showed a significant
increase in the ignition delay time due to the addition of H,S, in some
cases by a factor of 4 or more, over the baseline mixtures without H,S.
This behavior was explained because H,S initially reacts before the H,
fuel does, mainly through the reaction H,S + H= SH + H, (R1), thus
taking H atoms away from the main branching reaction (R10), which

would produce OH radicals, and thus inhibit the ignition process.
H+ 0,=0H+O0 (R10)

However, an increase in the reactivity was observed at the highest
pressure investigated (33 atm) and at the temperature of 1100 K, using
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the highest H,S concentration investigated (1600 ppm). This fact would
be in accordance with the discrepancy found in this work at high
pressure (40 bar), where a higher experimental reactivity is observed.
The present kinetic model fits well the ignition delay time measure-
ments under different conditions of pressure and H,S concentration.
The results from the present work and the previous study at atmo-
spheric pressure in a flow reactor [25] suggest that the update in the
kinetic model, adding the isomerization of HSOO to HSO, as a possible
step in H,S oxidation until the final product SO,, should be taken into
consideration for future works on the oxidation of H,S.

5. Conclusions

The present work addresses the oxidation of H,S at different
manometric pressures (0.6-40bar), in the temperature range of
500-1000 K, using a quartz tubular flow reactor. The experiments were
performed at slightly oxidizing conditions (A = 2). The results show
that the oxidation of H,S is shifted to lower temperatures as the pres-
sure increases. The onset for H,S conversion starts at 775K in the case
of 0.6 bar and 600 K at the highest pressure studied (40 bar). For a given
temperature, and under the operating conditions of this work, pressure
will have a major role than gas residence time in the oxidation rate. The
kinetic model about H,S oxidation at atmospheric pressure developed
by the group in a previous work, together with an updated H,/O subset
for high pressures, seems to work fairly well at different pressures. The
kinetic model matches the experimental trends, except for the experi-
ment at 40 bar, where a gap of 50K in temperature between experi-
mental concentrations and model predictions is observed. The sensi-
tivity analysis performed at 40 bar indicates that the H,S conversion is
mainly sensitive to the HSOO = HSO, isomerization reaction, and to
some branching reactions involving H,S, and H,0,.
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ARTICLE INFO ABSTRACT

Keywords: Due to the different scenarios where sour gas is present, its composition can be different and, therefore, it can be
H,S exploited through different processes, being combustion one of them. In this context, this work deals with the

SOI}Y 8as oxidation of CH, and H,S at different pressures and under a wide variety of conditions. The oxidation has been
O’_“iatwn evaluated experimentally in two different flow reactor set-ups, one working at atmospheric pressure and another
Ell:i pressure one operating from atmospheric to high pressures (40 bar). Different CH4/H,S mixtures have been tested, to-

gether with different oxygen concentrations and in the temperature range of 500-1400 K. The experimental
results obtained show that the oxidation of the CH4/H,S mixtures is shifted to lower temperatures as pressure
increases, obtaining the same trends at atmospheric pressure in both experimental set-ups. H,S oxidation occurs
prior to CH, oxidation at all conditions, providing radicals to the system that promote CH, oxidation to lower
temperatures (compared to neat CH4 oxidation). This effect is more relevant as pressure increases. H,S oxidation
is inhibited by CH,4 at atmospheric pressure, being more noticeable when the CH4/H,S ratio is higher. At higher
pressures, the H,S conversion occurs similarly in the absence or presence of CH4. The experimental results have
been modeled with an updated kinetic model from previous works from the literature, which, in general,
matches well the experimental trends, while some discrepancies between experimental and modeling results at
atmospheric pressure and 40 bar are found in the conversion of H,S and CHy,.

Kinetic modeling

1. Introduction

Recently, the International Energy Agency has paid special attention
to natural gas, exploring how the rise of shale gas and natural gas re-
serves is changing the global gas market, as well as the opportunities
and risks for gas use in the transition to cleaner energy systems [1]. The
abundance of natural gas reserves can facilitate the transition from
fossil derived to fully renewable fuels [2,3]. Unconventional sources,
such as sour and shale gas (natural gas with significant amounts of H»S
and CO,, up to 30% content in volume each [4]), are becoming more
important and bring interest to the direct use of these fuels, with the
consequent development of proper combustion processes and technol-
ogies for their utilization, including the necessity of an increase of the
knowledge and understanding of their conversion under high pressure
conditions [5].

The high CO, content, as well as the presence of hydrogen sulfide
(H,S), limit the economic and environmental viability of sour gas re-
sources. So far, the main solution has relied upon the production of
sulfur through sulfur recovery units (SRU) using acid gas, that includes
both CO, and H,S [6], based on the Claus process [7], performing thus
a prior cost effective separation process from the fuel. In these units, the

* Corresponding author.
E-mail address: uxue@unizar.es (M.U. Alzueta).
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H,S is partially oxidized, producing both SO, and S that further react in
the Claus reactor in the presence of a catalyst. CH4 might be added to
the process to increase furnace temperature and preventing flame ex-
tinction [8]. Improvements of the Claus process include: the use of
oxygen enrichment, as it raises the flame temperature by eliminating
the diluent effect of nitrogen in air [9], production of hydrogen or
syngas together with sulfur in the Claus process [10,11], or sulfur
production from SO, containing streams, by reaction of SO, with me-
thane to produce CS, and H,S, and later on sulfur [12].

Another possibility for natural gas utilization, particularly shale gas
containing significant amounts of H,S, is its direct combustion. Not
many studies on that are available in the literature. Actually, to our
knowledge, only oxy-combustion of sour gas has been addressed in the
literature [13-15], including the development of this process at high
pressures to increase efficiency in power plants [16,17]. The high-
pressure conditions may allow the direct use of sour gas in a gas turbine
process [13].

Apart from sour gas reserves, H,S is also present together with CH,
in biogas obtained from the anaerobic biochemical conversion of bio-
mass, in a range of 100-10000 ppm [18]. As increasing the share of
renewable energy is considered to be one of the main options to reduce
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Table 1
Experimental conditions. N, as bath gas.
Set Set-up Residence time, t, (s) Manometric Pressure (bar) [CH4] (ppm) [H>S] (ppm) [O.] (ppm) A CHy A HyS A total Ref.
1 1 3. Pban) 0.65 1569 480 4500 1.43 6.25 1.17 p.w.
T(K)
2 1 232 P (bar) 0.65 - 525 4510 - 5.73 5.73 p.-w.
T(K)
3 1 237, Fbar) 0.65 1350 1250 4590 1.70 2.45 1.00 p.w.
T(K)
4 1 232_P(bar) 0.65 1307 1255 25,500 9.76 13.5 5.67 p-w.
T(K)
5 1 232_P(bar) 0.65 480 1270 11,300 11.77 5.93 3.94 p-w.
T(K)
6 1 232¢ P (bar) 10 1282 1243 4550 1.77 2.44 1.03 p-w.
T(K)
7 1 3. Ptban) 20 1303 1224 4503 1.73 2.45 1.01 p.w.
T(K)
8 1 3. Pban) 40 1320 1230 4600 1.74 2.49 1.03 p.w.
T(K)
9 1 3. Ptban) 20 1315 1295 1804 0.68 0.93 0.39 p.w.
T(K)
10 1 3. Pban) 20 1348 - 4286 1.59 - 1.59 p.w.
T(K)
11 1 237, Fbar) 40 1400 - 4500 1.61 - 1.61 p.w.
T(K)
12 1 232, P (ban) 0.65 - 505 1509 - 1.99 1.99 [40]
T(K)
13 1 232.P(bar) 10 - 485 1510 - 2.06 2.06 [40]
T(K)
14 1 232.P(bar) 20 - 497 1520 - 2.04 2.04 [40]
T(K)
15 1 3. Pban) 40 - 500 1545 - 2.06 2.06 [40]
T(K)
16 2 194.6 Atmospheric 1517 - 750 0.25 - 0.25 p-w.
T(K)
17 2 194.6 Atmospheric 1517 - 3000 0.99 - 0.99 p-w.
T(K)
18 2 194.6 Atmospheric 1508 - 6000 1.99 - 1.99 p-w.
T(K)
19 2 194.6 Atmospheric 1510 279 750 0.25 1.79 0.22 p.-w.
T(K)
20 2 194.6 Atmospheric 1513 285 3000 0.99 7.02 0.87 p.-w.
T(K)
21 2 194.6 Atmospheric 1508 298 6000 1.99 13.4 1.73 p-w.
T(K)
22 2 194.6 Atmospheric - 482 1500 - 2.07 2.07 [29]
T(K)
23 2 194.6 Atmospheric - 492 3750 - 5.08 5.08 [29]
T(K)

p-w. denotes present work.

greenhouse gas emissions, energy from biomass has the potential to
provide power to the grid on demand, for example, using biogas com-
bustion in gas turbines [19], which can tolerate a H,S content up to
10000 ppm [18]. However, this issue has not been deeply investigated
yet [20].

It is clear that conversion of CH,/H,S mixtures under combustion
conditions is an important research topic. In particular, studies carried
out under high pressure conditions are necessary because of turbine
combustion applications. In this context, both experimental studies and
kinetic modeling development to describe the conversion of CH,/H,S
mixtures can be of great interest and usefulness.

All in all, to go further into the knowledge of the combustion be-
havior of H,S under different conditions, it exists a need for the de-
velopment of comprehensive kinetic models that can capture the
combustion chemistry of H,S, as well as the co-oxidation of CH, and
H,S, which remain unknown in many aspects, while the available ex-
perimental data are limited. Previous studies of co-oxidation of CH,/
H,S mixtures have considered mainly Claus process conditions (this is,
1-1.5bar, 1075-1350K) [21,22]. The only study at high pressures is
the recent work from Gersen et al. [23], where they studied experi-
mentally the autoignition and oxidation of CH4/H,S mixtures in a rapid
compression machine (RCM) and a flow reactor. They showed predic-
tion results with their model that agree well with the measured auto-
ignition delay times. On the other hand, the authors indicated that the
H,S oxidation chemistry and the interaction of CH4 and H,S at high
pressure are not well understood, emphasizing that more work is

desirable on the reactions of H,S and SH with peroxides (HO-, and
CH300) and the formation and consumption of organosulfur com-
pounds. The kinetic mechanism used in the work of Gersen et al. [23] is
based on the works from Hashemi et al. [24] for CH4 oxidation and
Song et al. [25] about H,S oxidation at high pressures.

While the conversion of methane is known with a certain con-
fidence, more work is desirable regarding the H,S oxidation. The cur-
rent mechanisms used for H,S oxidation [e.g. 13-15,26] are mainly
based on the work from Zhou et al. [27], which has been used for de-
scribing H,S oxidation in recent works, addressing ignition delay times
and laminar flame speed measurements [26,28] and flow reactors
studies [23,25,29]. However, despite these efforts, there is still ne-
cessity of both, more accurate direct experimental determination of
important rate constants and more experimental data to be used for
validation and further improvement of modeling predictions [13,15].

In this context, this work addresses the conversion of CH4/H,S
mixtures at different pressures, from atmospheric to 41 bar, analyzing
the influence of temperature (500-1050K) and for different oxygen
concentrations, which results in different stoichiometry conditions,
both global and/or individual for either CH, and H,S. The study in-
cludes both experiments performed in two different tubular flow re-
actors, which have been used in different works [29-34], and a kinetic
modeling study for analyzing the conversion of the CH4/H,S mixtures
considered. These results would be useful for analyzing the conven-
tional combustion of natural sour gas, but also for the combustion of
biogas [19], the Claus process [35] or oxy-combustion of the sour gas
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[13-15,36].
2. Experimental methodology

The co-oxidation of CH4 and H,S was studied performing experi-
ments in two different experimental set-ups. The experimental set-up 1
was used to perform the high-pressure CH4/H,S mixtures oxidation
experiments and it has been previously described in detail elsewhere
[e.g. 30]. Therefore, only a brief description of the main features is
provided here. Reactants: H,S, CH4, O, and N, as carrier gas, were
supplied from gas cylinders through mass flow controllers with an un-
certainty in the flow rate measurements of approximately 0.5%. The
reactant gases were premixed before entering the reactor, which con-
sists of a quartz tube (inner diameter of 6 mm and 1500 mm in length)
designed to approximate plug flow conditions [37]. The reactor is en-
closed in a stainless-steel tube that acts as a pressure shell. The steel
tube is placed horizontally in a tubular oven, with three individually
controlled electrical heating elements that ensure an isothermal reac-
tion zone of approximately 500 mm, with a uniform temperature profile
( = 5K). The total flow rate in all experiments has been 1 L (STP)/min.
Gas residence time in the isothermal part of the reactor depends on
pressure and temperature and it can be expressed as t.(s) = 232*P
(bar)/T(K). Previously to the gas analysis systems, gases pass through a
filter and a condenser to ensure gas cleaning. Products are analyzed by
a gas micro-chromatograph (pGC) equipped with a thermal con-
ductivity detector (TCD) calibrated to quantify H,S, CH,4, O, CO, CO,,
CoHy, CoHg, CH3SH and CS,. A continuous UV analyzer was used to
quantify SO,. The uncertainty of the measurements is estimated within
5%.

The experiments carried out in this work using the set-up 1 corre-
spond to sets 1-11 in Table 1. The experimental conditions for each set
of experiments: manometric pressure, concentrations of reactants and
corresponding air excess ratios used (A, defined as inlet oxygen divided
by stoichiometric oxygen) are specified. In order to calculate A, the
oxygen required for the complete oxidation of H,S has been used (Aypos,
according to reaction H,S + 1.50, = SO, + H,0), for CHy (Acp4, ac-
cording to reaction CH4 + 205 = CO, + 2H,0) and for both together
(Mtotal). Stoichiometric and slightly fuel lean conditions (Aoras = 1)
were selected to study the oxidation of CH,/H,S mixtures at high
pressures, while stoichiometric and oxidizing conditions were used
under near atmospheric pressures. Only an experiment for a Ao < 1,
set 9, was also done for the pressure of 20 bar, due to the potential
deposition of sulfur species in the high-pressure experimental set-up
under reducing conditions. The moderate concentration of oxygen used
in this work was chosen to minimize SO3 formation, which is enhanced
at oxidizing conditions and high pressures and could lead to corrosion
problems [38,39]. Stoichiometric and more oxidizing conditions were
used under near atmospheric pressures (0.65 bar manometric pressure).
Also different ratios between CH4 and H,S inlet concentrations were
chosen for this pressure.

Additionally to the mixtures, selected experiments using only CH,
(sets 10 and 11 in Table 1) or H,S were performed for comparison.
Experimental data for neat H,S oxidation experiments (sets 12-15 in
Table 1) were taken from another work of the authors carried out in the
same high-pressure installation (set-up 1) [40].

A different set-up (set-up 2 in Table 1) was used in order to evaluate
the oxidation of CH,4 and H,S at atmospheric pressure. A detailed de-
scription of this set-up can be found in a recent work [41]. It consists of
a tubular flow reactor in an electrically heated oven, with an isothermal
reaction zone of 200 mm and 8.7 mm of internal diameter. The total
flow rate in all experiments was 1 L (STP)/min, resulting in a gas re-
sidence time as a function of temperature of 194.6/T(K), in seconds.
The oxidation experiments, sets 16-21 in Table 1, were performed at
three different stoichiometries (reducing, stoichiometric and oxidizing
conditions) in the temperature range of 700-1400K, using a con-
centration of water vapour of 1%. In the process, the water vapour was
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used to minimize the effect, if any, of radical termination reactions on
the walls of the reactor, which can be more important operating at
atmospheric pressure. However, in this case, water vapour presence is
not expected to have an influence on the present results, as reported in
the work by Alzueta et al. [41] about CH3SH oxidation in one of the
reactors used here (set-up 2 in Table 1), where the effect of H>0 (0.5%)
was evaluated. Additionally, an example of the results obtained in ex-
periments for H,S oxidation at atmospheric pressure, with and without
water, in the set-up 2, is shown in Fig. S1 of the supplementary mate-
rial. Since the differences between the results were negligible, we in-
ferred that no significant effects of radical recombination on surface
were occurring. The results obtained in the neat H,S oxidation ex-
periments, sets 22 and 23 in Table 1, have been taken from another
work of the authors [29].

3. Kinetic model

The kinetic model used in the present study is based on previous
works from the authors, and it counts with reactions related to the
interaction of carbon and sulfur species from the work of Alzueta et al.
[42], about the inhibition and sensitization of fuel (CO) oxidation by
SO,. It also considers another study about CS, and COS conversion
under different combustion conditions [43], and the work from Abian
et al. [44] where the impact of the presence of SO, on the formation of
soot from ethylene pyrolysis was evaluated. The description of H»S
conversion is taken from the work by Colom-Diaz et al. [29], counting
with an updated subset of H,S reactions, mainly based on the work
from Zhou et al. [27] and Song et al. [25].

Besides, the present mechanism has been updated with some reac-
tions from recent studies. For example, the H,/O, reaction subset,
which is important for the radical pool composition, has been taken
from the examination at high pressures of H, oxidation and its inter-
action with NO [34]. New subsets have been added from the study of
Gersen et al. [23], about CH4/H,S oxidation at high pressures, where
the peroxides CH300 and CH300H chemistry was found to be im-
portant at high pressures and low temperatures, based on previous
studies from the same group about CH4 oxidation at high pressures
[24,45]. Thus, CH;00 and CH3OOH reaction subsets have been added.
The formation and consumption of organosulfur compounds like CH;SH
were also found important in [23], and a subset describing CH3SH
conversion taken from the work of Alzueta et al. [41], which was based
on the works of Zheng et al. [46] and Van de Vijver et al. [47], has been
included. As for thermochemical data, same sources as for the corre-
sponding reactions were used. Kinetic calculations were carried out in
the frame of Chemkin Pro with the PFR model [48]. Ultimately, some
key reactions have been updated, which are described in detail in the
next section. The mechanism listing can be found as supplementary
material.

4. Results and discussion

The experimental results of H,S, SO,, CH4 and CO concentrations
corresponding to the experiments near atmospheric pressure (set-up 1),
sets 1-5 and 12 from Table 1, are presented from Figs. 1-4 together
with the kinetic modelling predictions (lines). The species CO,, CoHy,
C,Hg, CH3SH and CS, were detected in small concentrations and,
therefore, they are not shown in the figures. In all figures, symbols
represent experimental concentrations, while lines denote model pre-
dictions. Additional graphics with normalized H,S and CH4 con-
centrations have been included in the supplementary material to fa-
cilitate the posterior discussion (Figs. S2 and S3) on the effect of A and
pressure in the results. Different stoichiometry values and CH4/H,S
ratios have been used to study the oxidation behaviour of the CH,/H,S
mixtures near atmospheric pressure. The experimental results using
oxidizing conditions (set 4, Aial = 5.67) are shown in Fig. 1. H,S
oxidation occurs at temperatures lower than the ones at which CH,4
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Fig. 1. Concentrations of H,S, SO,, CH4 and CO vs. temperature at the ex-
perimental conditions of set 4 in Table 1 (Aiora = 5.67), 0.65 bar.
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Fig. 2. Concentrations of H,S, SO,, CH4 and CO vs. temperature at the ex-
perimental conditions of sets 3 (Aora1 = 1.00) and 12 (Agora = 1.99) in Table 1,
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Fig. 4. Concentrations of H,S, SO,, CH4 and CO vs. temperature at the ex-
perimental conditions of sets 5 (Aot = 3.94) and 2 (Aot = 5.73) in Table 1,
0.65 bar.

work at atmospheric pressure in a different flow reactor (set-up 2) when
studying the conversion of neat H,S at atmospheric pressure [29]. The
consumption of H,S is due to its reactions with H and HO, radicals (R1
and R2). The radical SH formed further reacts with oxygen to form the
peroxide HSOO (R3), which isomerizes to HSO, (R4) and, then, forms
SO, + H via (R5) or reacts with O,, due to the high concentration
available, to form SO, + HO, (R6).

H,S + H=SH + H, (RD)
H,S + HO, = SH + H,0, (R2)
SH + Oy(+M) = HSOO(+ M) (R3)
HSOO = HSO, (R4)
HSO,(+M) = SO, + H(+M) (R5)
HSO, + 0, = SO, + HO, (R6)

0.65 bar.
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The oxidation of methane in the CH,4/H5S mixture occurs at lower
temperatures compared to the oxidation of neat methane, due to the
radicals coming from H,S oxidation. Regarding neat CH,, it did not
show any reactivity in the simulation runs in these conditions. Methane
reacts with OH radicals to form CH;3 (R7), which, depending on the
temperature, will form different products.

CH,4 + OH=CH; + HyO (R7)

At low temperatures (850K), CH3; forms mainly CH30 (R8) and
CoHg (R9), while at higher temperatures the reaction with O, to form
CH,O is predominant (R10). CH3 also reacts with HO, to regenerate

400 -
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Fig. 3. Concentrations of H,S, SO,, CH, and CO vs. temperature at the ex-
perimental conditions of set 1 (Aora1 = 1.17) and 2 (A\ora1 = 5.73) in Table 1,
0.65 bar.

oxidation occurs, being H,S completely converted into SO, at tem-
peratures above approximately 900 K. The experimental trends are
fairly well captured by the mechanism. It is remarkable that the oxi-
dation of hydrogen sulfide occurs similarly to the results obtained in a

CH, via (R11), being less important as the temperature increases.

CH; + HO, = CH30 + OH (R8)
CH;3 + CH3(+M) = CaHg(+M) (R9)
CH; + O, = CH;0 + OH (R10)
CHjz + HO, = CH4 + O, (R11)

The oxidation continues with CH3;O species decomposing to
CH,O + H (R12) and proceeding to CO via (R13) and (R14). The
pathway leading to CoHg might continue with its reaction to CoHs (R15)
and C,H,4 (R16) later on. The oxidation behavior of methane is similar
to that presented in the work of Giménez-Lépez et al. [49] about oxy-
fuel oxidation of methane.

CH50(+M) = CH,0 + H(+M) (R12)
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CH,0 + OH = HCO + H,0 (R13)
HCO + 0, =CO + HO, (R14)
C,Hg + OH = C,Hs + H,0 (R15)
CoHs + 0, = CoH, + HO, (R16)

The oxidation of both species (CH4 and H,S) occurs separately at a
high concentration of O,; i.e. when H,S is fully consumed, CH4 con-
version increases coinciding with a higher formation of CO, and no
presence of C-S species is detected. However, if the oxygen concentra-
tion is reduced, the oxidation behavior changes. The experimental
trends of the oxidation of CH,4/H,S mixtures at stoichiometric condi-
tions (A\ioral = 1.00, Acps = 1.70, Apos = 2.45) (set 3 in Table 1) are
presented in Fig. 2, together with its comparison with neat H,S oxi-
dation (set 12 in Table 1), using around the same Ay,5 value. It is shown
that methane oxidation is still promoted to lower temperatures, but to a
lower extent compared to the case of oxidizing conditions. In the case of
H,S, its consumption is shifted to higher temperatures (by 75K) com-
pared to the neat oxidation of H,S, indicating therefore the different
behavior of H,S conversion when studying neat oxidation of H,S or in
the CH4/H,S mixture. A similar case can be observed in the study of
Zeng et al. [50], about the co-oxidation of CH4 and CS; in a flow re-
actor, where they also saw experimentally a delay in the oxidation of
CS, by CH4 and that trace amounts of CS, reduce the ignition tem-
perature of CH,. The authors indicated that the C-H-O-S combustion
chemistry was complex and consequently their mechanism could not
include all potential reactions. In our case, the kinetic model cannot
predict the inhibition of H,S conversion by CH, to higher temperatures
either, despite the inclusion in the present mechanism of the CH3SH,
CS, and COS conversion subsets.

With the aim of improving this situation, reaction (R17) has been
also updated with the value for its kinetic constant recommended by
Zeng et al. [51], who revised this reaction using the CBS-QB3 level of
theory, mentioning that it was overestimated before at lower tem-
peratures.

This change has produced improvements in model predictions for
the CH4 oxidation at all conditions studied. Also new reactions (R18)
and (R19) from the work of Zeng et al. [51] have been added, but they
are not important under the experimental conditions considered.

CH4 + 82 = CH3 + HSZ (R18)

CH4 + SO = CH; + HSO (R19)

Fig. 3 shows the results of the conversion of the CH,/H,S mixture
(set 1 in Table 1) and neat H,S (set 2 in Table 1) for similar inlet
concentrations of H,S and O, i.e. similar values of Ays. In this manner,
we can analyze if for A5 = 6, CHy still has the potential to inhibit the
oxidation of H,S or the O, will oxidize completely the H,S, as in the
case of Fig. 1. As can be observed in Fig. 3, there is still a shift of the H,S
conversion to higher temperatures in the presence of CH, in comparison
with the case of neat H,S. While the conversion of neat H,S and the neat
CH, oxidation are well captured by the model, simulations are shifted
at lower temperatures for H,S in the mixture oxidation.

It is also interesting to compare the results obtained in set 3 (Fig. 2)
and set 1 (Fig. 3) corresponding to similar Acp4 and Aorq), but different
H,S inlet concentrations (1250 and 480 ppm, respectively) and CH,/
H,S ratios (1.1 and 3.2, respectively). It can be observed that the onset
of H,S conversion in set 1 (Fig. 3) occurs at lower temperature than that
obtained in set 3 (Fig. 2), due to the higher Ay in set 1. On the other
hand, by comparison with set 3, the conversion of H,S in set 1 finishes
at higher temperatures, which might be due to the higher CH4/H,S
ratio in set 1 (i.e. more CH, consuming necessary radicals for H,S
oxidation). This can also be clearly observed in Fig. S2 of the
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supplementary material.

If the CH4/H,S ratio is reduced, Fig. 4, using the same Ayos as in
Fig. 3 (Agos = 6), we can evaluate if a comparatively lower con-
centration of methane will decrease the inhibition process. As it is
shown, the H,S oxidation finishes at lower temperatures in comparison
with the results shown in Fig. 3 (see also Fig. S2 of the supplementary
material), where a higher concentration of CH, was used, hence, con-
suming more radicals needed for the conversion of H,S. However, we
cannot assure if the delay in the ignition temperature of H,S, in com-
parison with neat H,S, is due to the consumption of radicals from the
radical pool by CH,4, or due to the formation of some carbon-sulfur
intermediate species, even though they were not detected in the pGC
analysis. It is worth to mention that, except in the case of oxidizing
conditions (Fig. 1), in each of the Figs. 2-4 a weak minimum in CH,4
concentration during the oxidation of H,S can be observed at low
temperatures, which could indicate some interaction somehow during
the conversion of the mixtures. Additionally, as mentioned by Mulvihill
et al. [28] about the importance of C-S species in process modeling,
Gersen et al. [23] included C-S species in their mechanism, while
Bongartz and Ghoniem [14] excluded them, obtaining both of them
predictions with their models nearly similar for all shock-tube experi-
ments. It is suggested, then, that this similarity in predictions between
the two mechanisms could indicate that these C-S species are unim-
portant at shock-tube conditions, while the work from Mulvihill et al.
[28] about flame speeds showed 4 reactions involving C-S species
within the most sensitive ones. Thus, depending on the experimental
conditions, C-S species might take a significant role in the oxidation
process.

As the pressure increases, the conversion of both CH4 and H,S in the
oxidation of CH,/H,S mixtures is shifted to lower temperatures. The
concentrations of H,S, SO,, CH4 and CO, as a function of temperature,
at 10, 20 and 40 bar, using stoichiometric conditions (Ao Near 1) for
CH4/H,S mixtures, are plotted in Figs. 5-7. Results obtained for oxi-
dation of neat HoS (A1 = 2) are also shown. In the case of 20 and
40 bar, the oxidation of neat CH4; (A1 = 1.6) is also included, since
these are the only cases in which neat methane was found to be re-
active, in the temperature range studied.

The conversion of CH,4 is seen to occur and, as the conversion of
H,S, it is shifted to lower temperatures as the pressure increases. The
effect of the pressure at stoichiometric conditions for CH4/H,S oxida-
tion (=1, sets 3, 6, 7 and 8 in Table 1) can be observed in Fig. S3 of
the supplementary material. In the case of 10 bar, the oxidation of H5S
is almost the same with and without CH,4, whereas at 20 and 40 bar, H,S
is even slightly promoted. The oxidation trend of CH, is still fairly well
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perimental conditions of sets 8 (Atora1 = 1.03), 11 (Aot = 1.61) and 15
(Atotal = 2.06) in Table 1, 40 bar.

captured by the model, in the case of the neat CH,4 and co-oxidation.
The biggest differences between modeling results and experimental
concentrations are found in H,S conversion at 40 bar, which are the
same differences for neat H,S as in the presence of CH,4. Thus, this could
be attributed to the present description of the H,S chemistry at high
pressure [40].

According to the model calculations, H,S conversion starts via
(R20), as was also mentioned by Gersen et al. [23]. In the same way,
Zhou et al. [27] mentioned the sensitivity of (R20) in their model due to
the role to determine the ignition temperature of H,S.

HoS + Oz = SH + HO, (R20)

Once conversion is started, the consumption of H,S is mainly
maintained through reaction of H,S with HO, radicals (R2), radicals
which formation is enhanced at high pressures [e.g. 23,25,26]. At the
same time, H,O, formation (R2), also favored at high pressures, pro-
motes the reaction via the branching reaction (R21). The conversion of
H,S follows, as mentioned before, with (R3) and (R4), with (R6) as the
main final step.

H,02(+M) = OH + OH(+M) (R21)

The conversion of CH, in the mixture is influenced by H,S oxida-
tion, being the influence more noticeable as pressure increases,
reaching 20% of conversion between 700 and 900K at 40 bar. H,S
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oxidation provides radicals to the radical pool and, at the same time,
higher pressures involve a major role of peroxides like CH;00 and HO,
in the oxidation process of CH4. At high pressures, other pathways
become important in comparison with the previous ones mentioned
near atmospheric pressure. Depending on temperature, the model pre-
dicts that CH, consumption is dependent on the reactions of CH; to
form different products. At intermediate temperatures and high pres-
sures, formation of peroxyl radicals may be significant [e.g. 24,32,33].
Actually, at low temperatures and high pressures (e.g. 725K at 40 bar),

the formation of the peroxide CH300 is the preferred channel (R22),
CH;3 + O, = CH300 (R22)

which will continue reacting through (R23), (R24), (R12), (R13) and
(R14), and finally decomposed to CO in the final step (R25).

CH,00 + HO, = CH;00H + O, (R23)
CH;00H(+ M) = CH0 + OH(+ M) (R24)
HCO + M=H + CO + M (R25)

As temperature rises, other pathways become important. At 800 K
and 40 bar, radical CH; reacts with HO, radicals to give CH30 (R8),
instead of producing only CH300, which also ends up as CH30, being
the net result of the CH300 pathway similar to reaction (R8). CH30
decomposes thermally to CH,O, as mentioned before via (R12), and
ends as CO through (R13), (R14) and (R25). The pathway to produce
C,Hg also becomes important at this temperature (R9). From 900 K and
above, the branching ratio shifts toward the production of CH,O (R10)
from CHjs, which is the main pathway for neat CH, oxidation as well.
CH,0 can react with HO, radicals too (R26), as well as with CHs to
regenerate CH4 (R27), like reaction (R28), but mainly CH,O reacts with
OH radicals (R13).

CH,O + HO, = HCO + H,0, (R26)
CH,0 + CH3; = HCO + CH4 (R27)

Regarding reaction R10 (CH3 + O, = CH,0 + OH), we found large
discrepancies in our modeling results using different kinetic parameters
from the literature. This reaction has been broadly discussed over the
years, as it is important for the combustion of hydrocarbons, since it
exists a competition with reaction (R29) at high temperatures and with
(R22) at low temperatures.

It is difficult to determine the product branching ratios quantita-
tively for the two high temperature competitive reaction channels (R10
and R29), because the reactions are slow and only high-temperature
measurements, above approximately 1300 K, behind shock waves could
produce some meaningful data [52]. A large scatter in the rate coeffi-
cients determined over the years for the CH3; + O, reaction system
exists. In the case of the works of Glarborgs group involving CH, oxi-
dation at high pressures [23,24,45,53], they use the kinetic parameters
from Srinivasan et al. [54], who combined their own measurements
with literature data [55-57] across the temperature range
1237-2430K. In our simulations, these kinetic parameters are too fast
for neat CH4 conversion, which are out of the temperature range con-
sidered in the present work. Although, as mentioned by Fernandes et al.
[58], this problem seemed to have been settled by Herbon et al. [57]
and Srinivasan et al. [54], whose determinations for these reactions
were in near agreement with the theoretical modelling results from Zhu
et al. [52]. Srinivasan et al. reviewed this reaction (R10) in 2007 pro-
viding new experiments in a shock tube over the temperature range of
1224-1502 K, and yielding an updated kinetic expression [59].

Other recent studies including subsets for CH, conversion in their
mechanisms, such as the works of Alzueta et al. [41] and Marrodan
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netic parameters from the literature as a function of temperature, 1-10*/T(K).

et al. [32,33], used the expression of Yu et al. [55], but these values
appear to be too slow to describe the neat oxidation of CH, under the
current experimental conditions. Also, the parameters proposed by
Fernandes et al. [58] have been used in different woks [e.g. 15,60,61],
but those appear to be too low to reproduce our experimental results.

Hence, the authors have decided to use for (R10) the revisited
parameters proposed from Srinivasan et al. [59]. As seen in Fig. 8, the
kinetic constant values chosen fall just between the kinetic parameters
lastly used in the literature in high pressures studies [54] and [58], and
it is near the recommendation from Baulch et al. [62]. We think that
this might be a reasonable estimation for the temperature range studied
in this work, which falls out of the ones usually used to determine it
(R10).

The experimental results for the experiment at reducing conditions
(MAtota1 = 0.39) at 20 bar (set 9 in Table 1) are shown in Fig. 9. The
carbon and sulphur balances remain near 100% at all temperatures
(around 5%) and no C-S species were found in the analysis. H,S con-
version is more gradual than in the case near stoichiometric conditions
at 20 bar, which cannot be predicted by the model. Methane con-
centration presents two slight minimums and is almost unreactive all
across the temperature range considered.

In addition, the results obtained in the experiments of the CH,/H>S
co-oxidation in the atmospheric pressure set-up (set-up 2) are shown in
Figs. 10-12. As it can be observed, the trends are similar to the ones
found in the high-pressure reactor (set-up 1) under near atmospheric
pressure conditions. CH,4 oxidation is shifted to lower temperatures due
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to the presence of H,S at all conditions considered. In the case of HS
oxidation, its conversion is shifted to higher temperatures in the pre-
sence of CHy, and a more gradual behaviour is seen at all conditions.
The CH,4 onset temperature is different from one reactor to another. If
the experiments at stoichiometric conditions are compared, there is a
difference of 200K (900K at the set-up 1 and 1100K at the set-up 2).
This is attributed to the difference in gas residence times, as the gas
residence time in the high pressure reactor (set-up 1) working near
atmospheric pressure doubles the one in the reactor at atmospheric
pressure (set-up 2). The kinetic model captures fairly well the oxidation
trends. However, it overpredicts the oxidation of H,S and CH4 by a
small margin, except at reducing conditions, where CH, oxidation is not
captured at high temperatures.

5. Conclusions

The oxidation of CH4/H,S mixtures in two different flow reactor set-
ups, at different pressures, CH,/H,S ratios and stoichiometries, in the
temperature range of 500-1400 K, has been studied. The oxidation of
both CH,4 and H,S in the mixtures is shifted to lower temperatures as
pressure increases. H,S promotes CH,4 oxidation to lower temperatures.
The presence of CH, inhibits the oxidation of H,S under near atmo-
spheric pressure, being this inhibition less important at higher pres-
sures. A kinetic model based on published literature mechanisms has
been further updated in order to reproduce the experimental results
over a wide range of conditions. The kinetic model here used seems to
predict fairly well the trend of CH4 and H,S evolution at almost all
conditions considered. However, in the case of H,S, the model does not
capture accurately the experimental results under near atmospheric
pressure and 40 bar, which might be related to H,S conversion chem-
istry. The results obtained in this work, as well as the kinetic model
used, might be useful for practical purposes dealing with both com-
bustion or chemical processes, such as the Claus process.
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ARTICLE INFO ABSTRACT

Keywords: The present study deals with the oxidation of HyS at high pressures. In some local scenarios, combustion is seen
HyS as an alternative possibility for the use of sour gas mixtures containing HyS. Therefore, further research is needed
Of{idation in terms of HsS oxidation characteristics and kinetics, which might be useful for existing processes like the Claus
I;;ﬁ}: g;:ssure process. Experiments have been performed in the present work in a flow reactor under diluted conditions at

different manometric pressures (0.6, 10, 20 and 40 bar). The influence of oxygen concentration (A = 1 and A = 6),
temperature (450-1100 K) and gas residence time (371/T(K)-9280/T(K), in seconds) have been studied. At a
given pressure, increasing oxygen concentration shifts the onset of HyS conversion to lower temperatures and
makes the H,S consumption more abrupt. Gas residence time has an important influence on the H,S oxidation
behavior under the experimental conditions studied. A recent kinetic model by the authors has been updated
with two new reactions, obtaining a good prediction of HaS oxidation over a wide variety of experimental
conditions, both from this work and the literature. The formation of H,O» species, favored at high pressures, is
responsible for the importance of the two new reactions here proposed, improving the model predictions at high
pressures. At atmospheric pressure, the reaction pathways obtained using the current mechanism, remain
essentially unaltered in comparison with previous studies.

Kinetic modeling

1. Introduction

Natural gas reserves that contain significant concentrations of HyS
and CO3 (up to 30% content in volume each one) are referred as sour gas
[1]. According to the International Energy Agency [2], the abundance of
these reserves worldwide is estimated in more than 40% of the world’s
gas reserves, increasing to 60% for Middle East. The natural gas pro-
duction is expected to peak near 2035 [3].

Gas reserves with high HjS contents might have problems with their
exploitation, due to economic or practical limitations [4]. The most
extended way of treating gas streams with high H»S gas contents is to
produce sulfur, through the well-known Claus process or sulfur recovery
units [5,6]. About half of the H,S handling costs in the Claus process are
related to the tail gas treatment of HyS (recovery yield of sulfur up to
97%) [71, which increases the price of sulfur as raw material. Additional
solutions to deal with sour gas and HyS have been proposed. For
example, obtaining revenue of shale gas processing integrated with
ethylene production [8], producing hydrogen and syngas together with
sulfur in the Claus process [9,10], or different catalytic processes which

* Corresponding author.
E-mail address: uxue@unizar.es (M.U. Alzueta).

https://doi.org/10.1016/j.fuel.2020.119261

convert sour gas to valuable products such as: Hp, CSy and fertilizers
[11].

Another possible alternative is the direct combustion of the sour gas.
Usually, this kind of gas is treated prior to its use in order to remove
sulfur compounds, although recently the direct combustion of these
fuels, without the use of expensive cleaning treatments, has received a
significant interest [12]. This also causes the HyS combustion, which
releases around 500 kJ/mol H,S [13] (according to the HyS + 1.50, =
SO; + H20 reaction). Apart from sour gas reserves, HyS is also present,
in a range of 0.01-1 % in volume [14], together with CH,4, in biogas
obtained from the anaerobic biochemical conversion of biomass.
Increasing the share of renewable energy is considered to be one of the
main options to reduce greenhouse gas emissions. Therefore, energy
from biomass has the potential to provide power to the grid on demand,
for example, using biogas combustion in gas turbines [15], which can
tolerate a HyS content up to 1% [14]. The combustion of biogas con-
taining HyS has not been deeply investigated yet [16]. On the other
hand, studies about power generation systems have been published for
un-treated sour gas as fuel [17-19].
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Despite the importance of the sour gas combustion performed under
pressure, the research in the literature about HyS oxidation at high
pressures is scarce. Apart from the initial study by Frenklach et al. [20]
about high-pressure shock-tube ignition delay time measurements in air,
in the last years just some experimental studies have been reported
about ignition delay times [21], or using flow reactors, analyzing neat
H,S oxidation [22,23], as well as CH4/H,S mixtures oxidation [24,25].
However, the kinetic modeling used in those studies shows gaps be-
tween experimental results and model predictions, just as discrepancies
from one work to the other. This points to the necessity of a better
characterization of certain reactions [22,23], specially, those involving
the self-combination of SH (SH + SH = HsS + S and SH + SH = H>S5,),
which have been pointed as important in sensitivity analyses in works
about ignition delay times [21] and flow reactors [23,24]. Discrepancies
between experimental data and modeling predictions are attributed to
uncertainties in the Sy chemistry [22,23]. At the same time, more ex-
periments are desired in order to increase the knowledge related to HyS
chemistry and validate kinetic mechanisms. This task is important
because the results obtained might be useful for other studies, like the
ones by Bongartz et al. [26-28], that rely on kinetic mechanisms to
perform computer simulations of sour gas oxy-combustion, as well as in
the understanding of sulfur chemistry in the industry, like in Claus
process plants [29-32].

In a previous work, we performed a study about H,S oxidation at
different manometric pressures (0.6-40 bar), in a tubular flow reactor
and under slightly oxidizing conditions (A = 2) [22]. In that work, a
kinetic model based on previous studies of HyS oxidation atmospheric
pressure was proposed [33,34] and an overall good match between the
simulations and experimental trends was obtained. However, it failed to
predict HyS oxidation at the highest pressure studied (40 bar), what
happened again in the study of CH4/H)S mixtures oxidation at high
pressures [25]. In this context, the study of the conversion of H»S at
different pressures, from 0.6 to 40 bar, is extended in the present work
and new results are presented. The influence of temperature (450-1100
K), oxygen concentrations (A = 1 and A = 6), and gas residence time is
analyzed. A kinetic model by the authors [22] is slightly modified and
used to analyze the conversion of HyS from this work and from the
literature.

2. Experimental methodology

The experimental set-up used to perform the high-pressure HsS
oxidation experiments has been described in detail elsewhere [e.g. 35].
Therefore, only a brief description of the main features is provided here.
A flow rate of 1 L (STP)/min of gas reactants: H,S (approximately 500
ppm), Oy and Ny as carrier gas, is supplied from gas cylinders through
mass flow controllers, with an uncertainty in the flow rate measure-
ments of approximately 0.5%. The oxygen required to carry out each
oxidation experiment is determined by the air excess ratio: A, defined as
inlet oxygen divided by stoichiometric oxygen, according to reaction

Fuel 285 (2021) 119261

HsS + 1.502 = SOy + H0. In the present work, the effect of oxygen
concentration on HyS oxidation at different pressures has been studied.
Two different air excess ratios have been selected (A = 6 and A = 1) at
different manometric pressures (0.6, 10, 20 and 40 bar). Table 1 con-
tains the conditions for the different experiments performed, as well as
some experiments taken from the previous work by the authors, about
H,S oxidation at high pressures (0.6-40 bar) and slightly oxidizing
conditions (A = 2) [22]. The reactant gases are premixed before entering
the reactor, which consists of a quartz tube (inner diameter of 6 mm and
1500 mm in length) designed to approximate plug flow conditions [36].
The reactor is enclosed in a stainless-steel tube that acts as a pressure
shell. The steel tube is placed horizontally in a tubular oven, with three
individually controlled electrical heating elements that ensure an
isothermal reaction zone of approximately 500 mm, with a uniform
temperature profile (+5 K). Gas residence time depends on flow rate,
pressure and temperature. For most of the experiments, with a flow rate
of 1 L(STP)/min (sets 1-12 in Table 1), it can be expressed as t.(s) =
232*P(bar)/T(K) in the isothermal zone of the reactor. One additional
experiment has been performed at 10 bar with a flow rate of 0.5 L (STP)/
min (set 13 in Table 1), in order to have approximately the same resi-
dence time as using 1 L (STP)/min at 20 bar (set 9 in Table 1). Both
experiments have been carried out at oxidizing conditions Ax6. Previ-
ously to the gas analysis systems, gases pass through a filter and a
condenser to ensure gas cleaning. The products are analyzed by a gas
micro-chromatograph equipped with a thermal conductivity detector
(TCD) to quantify HaS and O», and a continuous UV analyzer to quantify
SOs. The uncertainty of the measurements is estimated within 5%.

3. Kinetic model

The kinetic model used in this work is taken from a recent study by
the authors, where HyS oxidation was studied at high pressures in a flow
reactor under slightly oxidizing conditions (A = 2) [22]. That model has
been updated in the present study. The simulations have been carried
out with the software Chemkin-Pro and the plug flow reactor code [37].
The main reactions for H,S oxidation belong to the work from Zhou et al.
[33] and Alzueta et al. [38].

The mechanism was initially proposed and used in a study about HyS
oxidation at atmospheric pressure in a flow reactor, and the experi-
mental trends were predicted with accuracy [34] at different stoichi-
ometries (A = 0.3-20). After that, in a high pressure study of HsS
oxidation in other flow reactor [22], using the same mechanism (but
with the Hy/O, subset updated for high pressures), the experimental
trends were generally well captured from 0.6 to 40 bar. Some discrep-
ancies between experimental results and model predictions were found
at the highest pressure (40 bar), with a gap of 50 K between them. All the
experiments were performed at slightly oxidizing conditions (A = 2).
Hence, the present study shows additional updates and features of the
model in order to improve the simulation performance. Besides, the
model has been used to simulate the new experiments of H,S oxidation

Table 1

Experimental conditions. N, as bath gas. p.w. denotes “present work”.
Set A Manometric pressure (bar) H,S (ppm) O, (ppm) Flow rate(L (STP)/min) Residence time (s) Ref.
1 0.96 0.6 520 750 1 371/T (K) p.-w.
2 2.06 0.6 505 1509 1 371/T (K) [22]
3 5.73 0.6 525 4510 1 371/T (K) p-w.
4 1.06 10 500 792 1 2552/T (K) p-w.
5 2.06 10 485 1510 1 2552/T (K) [22]
6 5.48 10 498 4380 1 2552/T (K) p-w.
7 1.09 20 465 760 1 4872/T (K) p-w.
8 2.04 20 497 1520 1 4872/T (K) [22]
9 5.98 20 500 4485 1 4872/T (K) p-w.
10 1.00 40 500 753 1 9280/T (K) p-w.
11 2.06 40 500 1545 1 9280/T (K) [22]
12 5.90 40 485 4296 1 9280/T (K) p-w.
13 5.93 10 504 4485 0.5 4872/T (K) p-w.
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at different pressures and lambda values, evaluating the effect of Oy
concentration, pressure and gas residence time on the conversion of HaS
and formation of main reaction products.

The H,S oxidation mechanism, described in the previous studies
[22,34], supported the evolution of the SH + O, reaction through
isomerization from HSOO to HSO», leading to the final product SO, as
proposed by Garrido et al. [39] in a high level ab initio study of the HSO,
system. The reaction pathways of HyS oxidation are similar at atmo-
spheric and high pressure. The difference found between the results
obtained at different pressures, in terms of kinetic modeling, is related to
the formation of HO, radicals, which is favored at high pressures [e.g.
21,22,24,25]. The HO4 radicals react with HyS to form SH and H,0-
(R1) and promote the oxidation via the branching reaction of HyO5 to
give OH radicals (R2), which then interact again with HyS (R3).

H,S + HO; = SH + H,0O, RD
H,0, (+M) = OH + OH (+M) (R2)
H,S + OH = SH + H,0 (R3)

At the highest pressure (40 bar), where more discrepancies were
found between experimental and simulation results [22], reaction (R2)
(involving Hy0- species) was one of the most sensitive reactions. This
indicates that the relevance of OH liberation from HyO, is more
important as pressure increases. At the same time, reaction (R1) was
identified as one of the most sensitive reactions in the work by Mathieu
et al. [21], about H,S addition to Hy oxidation when determining igni-
tion delay times, and in the work by Song et al. [23], who studied H,S
oxidation at high pressures (30 and 100 bar) in a flow reactor. Hence, in
the present study, we have evaluated other possible reactions involving
this peroxide: Hy0,.

For example, we have considered the reaction of HyOy with SH
radicals, for which only an upper limit for the rate constant at room
temperature is available [40]. In that work [40], three different possible
reaction channels were evaluated for the SH + H2O- reaction (R4a-R4c).

SH + H;0, = H,S + HOz(R 4a)
SH + H,O0, = HSOH + OH(R 4b)
SH + H,0, = HSO + H,O(R 4c)

Two of them (R4a and R4b) were already present in our previous
mechanism, with kinetic parameters previously proposed in the litera-
ture [33,34]. On the other hand, to our knowledge, no kinetic parame-
ters are available in the literature for the third reaction channel (R4c,
giving as products HSO + H30). According to Friedl et al. [40], the
formation of HSO + H5O is not relevant at room temperature. However,
it is worthwhile to mention that we have observed a higher reactivity of
HjS at high pressures (40 bar) if (R4c) and the possible reaction of HSO
with HyO5 (R5) are included in our mechanism for the simulations of
H,S oxidation.

HSO + H,0, = HSO, + H,0 (R5)

There are no kinetic parameters for (R5) in the literature either. In
this work, both reaction kinetic constants have been here estimated as
10'2 (mol, s, cm®), in the temperature range studied (450-1100 K).
These reactions have no effect on the simulations at the other pressures
studied. A good determination of the reaction parameters for these re-
actions would be desirable, in order to confirm their inclusion in
mechanisms describing HoS chemistry. These chemical reactions are
supposed to occur with the addition of an oxygen atom from HO,
species to SH in R4c, and to HSO in R5, and the formation of a water
molecule. This is similarly proposed in the recent study by Beckett et al.
[41] about the reaction HNO + H,0O, = HNO, + H,O. In that work,
according to B3LYP calculations, in the transition state that leads to
HNO,, the reaction follows by the breaking of the peroxide bond and a
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short proton transfer to the opposite peroxide oxygen. Additionally, the
authors also studied the posterior isomerization of HNO, to HONO,
which they concluded that is more feasible if water molecules are
included in the quantum simulation.

Song et al. [23] increased the reactivity of HyS in their work about
H,S oxidation at high pressures, by skipping, at high pressure and
oxidizing conditions, some reactions such as HyS reactions with O3 (R6
and R7) and, at stoichiometric and oxidizing conditions, a couple of
reactions of the S;0 subset (R8 and R9). Following a similar procedure, i.
e. removing the reactions mentioned above in our previous mechanism,
no changes occur in the simulations presented in [22,25,34]. Only if
(R4c) and (R5) are included in our mechanism, the same behavior
observed by Song et al. [23] eliminating those reactions (R6-R9) hap-
pens. The reactivity of the system is increased at high pressures (40 bar
and 20 bar), while it remains unaltered at other pressures. This will be
further discussed in the next section.

H,S 4+ O3 = SO, + H,0 (R6)
H,S + O3 = HOSO + OH (R7)
$,0 + OH = S, + HO, (R8)
S0 + S, = S5 + SO (R9)

As an example, Fig. 1 shows the HyS concentration vs. temperature at
40 bar and oxidizing conditions (A = 5.9), by comparing the results of
different mechanisms together with the corresponding experimental
data. The simulations are improved compared to the original mechanism
(Colom-Diaz et al. [22]) by adding reactions (R4c) and (R5) in the model
(Colom-Dfaz et al. [22] + R4c + R5). Besides, apart from adding re-
actions R4c and R5, reactions R6-R9 can also been omitted, as in the
work by Song et al. [23], managing to improve the model predictions
(Colom-Diaz et al. [22] + R4c + R5-(R6-R9). The mechanism published
by Song et al. [23] is also presented in Fig. 1 with the reactions that they
omitted (R6-R9) in their original model (Song et al. [23]+(R6-R9)),
showing a big difference in the predictions (around 200 K difference).

When reactions (R6-R9) are present in the mechanism, they slow
down the oxidation process of HyS. Reaction of HyS with Og (R6) is the
most important one, but it is a chain-terminating step. As mentioned by
Song et al. [23], their kinetic parameters are currently not well estab-
lished. The most reliable measurement for HoS + O3 is believed to be the
room temperature upper limit by Becker et al. [42]. The kinetic pa-
rameters used here are from the theoretical work by Mousavipour et al.
[43], whose suggestion of R6 as the dominant channel seems to be
inconsistent with the experimental observations. In the case of the re-
actions with S»0 species, R8 and R9, they also slow down the reactivity

500 40 bar
. A=6
g 400 :
= " HS
O 300 ! ---- Colom-Diaz et al. [22]
'§ 1 Colom-Diaz et al. [22]+R4c+R5
€ 4 —— Colom-Diaz et al. [22]+R4c+R5
Q200 . -(R6-R9)
Q Y |- Songetal. [23]
c i
8 ' |~~~ Song et al. [23]+(R6-R9)
»_ 100 - i
N \
I \
0 - el
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1
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Fig. 1. Concentration of H,S vs. temperature at 40 bar and A = 5.9 (set 12 in
Table 1) using different mechanisms.
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of the HyS/05 system. Reaction R(8) converts OH radicals to less active
HO; radicals. Once S0 species are formed via R10, they are mainly
consumed via R11 to form Sg, and, if R9 is present in the model, it forms
back S;0 from S3, slowing down the oxidation process of H,S. Reaction
R(9) is reacting inversely due to its high reverse kinetic constant, which
is 10'* in all the temperature range. According to the simulations, if its
pre-exponential factor is reduced by two orders of magnitude, the re-
action R(9) stops having any influence.

HSO + S; = S,0 + SHRR 10)
S,0 + S0 = S3 + SOL(R 11)

Overall, the mechanism shown in Fig. 1 as Colom-Diaz et al. [22] +
R4c + R5-(R6-R9) presents the best case scenario to simulate the
experimental results. This is, adding new reactions involving HyO9
species and omitting R6-R9 reactions.

4. Results and discussion

The experimental (symbols) and simulated (lines) results of the
concentrations of HyS, SO, and O5 as a function of temperature are
plotted from Figs. 2-5, for each individual manometric pressure
considered, i.e. 0.6, 10, 20 and 40 bar. The experiments carried out at
slightly oxidizing conditions (A = 2) were taken from the previous work
from the authors [22] in order to compare results. SOy is the main
product from the oxidation of HyS. The sulfur balance closes in all cases
within + 5%. As can be observed in the figures, the conversion of HyS is
shifted to lower temperatures, and the oxidation trend is more abrupt, as
the pressure increases and the oxygen concentration rises (higher
lambda value). Thus, the onset temperature for H,S conversion is 725 K
in the case of 10 bar and stoichiometric conditions (A = 1.06, set 4 in
Table 1), while it is 575 K at 40 bar and oxidizing conditions (A = 5.90,
set 12 in Table 1). The consumption of O, follows the same trend as
hydrogen sulfide.

The kinetic model matches fairly well the experimental trends at all
conditions, especially at oxidizing conditions. In Figs. 2 and 3, at 0.6 and
10 bar, the simulations using the mechanism with the addition of re-
actions R4c and R5, and without omitting reactions R6-R9, are shown.
No differences were observed in the simulations if reactions R6-R9 were
omitted. At 20 and 40 bar, (Figs. 4 and 5), the simulation of H,S
oxidation when R6-R9 are omitted (dashed lines) is shown, and slight
improvements in the simulations can be observed. The simulations for
SO, and O, concentration profiles, in each figure, are done using the
same mechanism as for HyS, without omitting reactions R6-R9. As it is
observed, the changes are not significant, but simulations match closer
to the HyS experimental data if reactions R6-R9 are omitted at high
pressures. Song et al. [23] did this in order to increase the reactivity of
the HyS/05 system at high pressures, as explained before in the kinetic
model section, these reactions slow down the H,S oxidation. The sim-
ulations carried out in the following figures at high pressure are done in
the same way. The major differences can be found at stoichiometric
conditions, where the mechanism is able to predict the H,S reaction
onset, but falls too rapidly. The major outcome is related to the previous
differences found at high pressures (40 bar) in the last study [22]. With
the addition of R4c and R5, the gap between experimental data and
model predictions is reduced, and even more if reactions R6-R9 are
omitted.

The reaction pathways have slightly changed from our previous
study at high pressure [22] due to the addition of (R4c) and (R5) in the
model. The first steps governing HyS oxidation remain the same. HyS
starts reacting mainly with HO radicals (R1), which are important at
high pressures [21-25], and forms SH radicals, which react with O; to
form the peroxide HSOO and, in this work, with HO5 species as well, to
give HSO.

At atmospheric pressure, the reaction of SH with O, to form HSOO
radicals is the dominant one, isomerizing to HSO, and then to HOSO,
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Fig. 2. Concentrations of HyS, SO, and O, vs. temperature at 0.6 bar of
manometric pressure (sets 1, 2 and 3 in Table 1).

which are the previous steps to SO as the final product [34]. In order to
evaluate the impact of the modifications made to the mechanism of the
present work on already published results, we have used the presently
modified mechanism to simulate results of the hydrogen sulfide con-
version of our previous work at atmospheric pressure in a flow reactor
[34]. The results, shown in Fig. S1 of the supplementary material, are
compared with predictions using the original mechanism [34] and the
outcome of the simulations is really similar.

In the same manner, the experimental results obtained by Song et al.
[23], about H5S oxidation in a flow reactor at 30 bar and 100 bar (under
stoichiometric and oxidizing conditions A~35), are shown in Figs. 6-8,
along with simulations using the mechanism omitting R6-R9, as the
authors did. A good match between experimental data and model



J.M. Colom-Diaz et al.

800 [ .

700 | 5, =l

600 - \o

500 -

400 |

300 |

200 |

100 |
0 -

Concentration (ppm)

500 600 700 800 900 1000 1100
Temperature (K)

800
S S

700 | “n. /‘
600 | g
500
400
300
200
100

[0,y2| =

Concentration (ppm)

" " " " 1 " 1 "
500 600 700 800 900 1000 1100
Temperature (K)

800 |-
700
600
500 |-m R b
400 -
300 |
200 |

O
100 -

0 —ODIGD-G-(?O

0 B-B8Eg [0.1/6 A=06

Concentration (ppm)

500 600 700 800
Temperature (K)

L 1 L 1 L
900 1000 1100

Fig. 3. Concentrations of H,S, SO, and O, vs. temperature at 10 bar of
manometric pressure (sets 4, 5 and 6 in Table 1).

calculations is obtained at all conditions. Song et al. [23] attributed the
discrepancy between their experimental results and modeling pre-
dictions at high pressures mostly to uncertainties in the Sy chemistry. As
it has been seen here before, following their procedure of omitting some
S20 reactions (R8 and R9) improves the simulations at high pressures.
However, it could also be that other important reactions of SoO species
or other Sy species might not be present in the model yet, like the
interaction of S5O with Os.

If we compare the results obtained under different experimental
conditions, for example, those obtained under stoichiometric conditions
at 20 and 40 bar in the present work, along with the results by Song et al.
[23] at 30 bar, we could expect to find the data ordered by pressure,
what means that the H,S oxidation at 30 bar should be located between
the experiments at 20 and 40 bar. The comparison between them can be
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Fig. 4. Concentrations of HyS, SO, and Oy vs. temperature at 20 bar of
manometric pressure (sets 7, 8 and 9 in Table 1).

seen in the supplementary material (Fig. S2). The experiment at 30 bar
from the literature is shifted to higher temperatures in comparison with
the other two at 20 and 40 bar. This can be due to the different gas
residence time values. The experiment at 20 bar presents a residence
time of 4872/T (K) seconds, while the experiment at 30 bar in the
experimental set-up used by Song et al. has a residence time of 3520/T
(K) seconds, which is 25% less than the residence time in our experiment
at 20 bar.

To evaluate independently the effect of residence time and pressure,
an additional experiment has been performed at 10 bar and oxidizing
conditions using a flow rate approximately of 0.5 L (STP)/min (set 13 in
Table 1) instead of 1 L(STP)/min. Firstly, this set presents the same
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Fig. 5. Concentrations of HyS, SO, and Oy vs. temperature at 40 bar of
manometric pressure (sets 10, 11 and 12 in Table 1).

residence time as in the experiment at 20 bar and oxidizing conditions
(set 9 in Table 1). Thus, we can observe in Fig. 9 how pressure affects the
oxidation of HyS using the same residence time. As it is seen, the
experimental results differ by a maximum of 25 K. Later, in Fig. 10, it can
be observed how the residence time affects H,S oxidation, by comparing
the experiment at 10 bar and 0.5 L (STP)/min (set 13 in Table 1) and the
experiment at 10 bar and 1 L (STP)/min (set 6 in Table 1). As can be
seen, the difference between experiments is around 50 K by doubling the
flow rate, which means the residence time is the half. The larger the
residence time, the earlier starts the oxidation of H,S. The effect of
residence time is, then, stronger than the effect of pressure in the ranges
studied. All in all, the model seems capable of predicting H,S oxidation
fairly well under the different conditions studied.
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Additionally, the current mechanism has been used to simulate the
experiments from the work of Mathieu et al. [21], about the effect of HoS
addition on hydrogen ignition delay times. The results can be seen in
Fig. S3 of the supplementary material. The ignition delay times were
measured experimentally behind reflected shock waves for mixtures of
1% Hy/1% Oy, diluted in Ar and doped with various concentrations of
H,S (100, 400 and 1600 ppm) at different pressures (1.6, 13 and 33
atm). The model predictions are close to the experimental results under
almost all the conditions, except for two experiments, those corre-
sponding to the highest H,S concentration (1600 ppm) and pressures of
13 and 33 atm. These results agree with the work by Mathieu et al. [21],
where they simulate their experiments using different mechanisms from
the literature and found a major dispersion of modeling results for these
two experimental conditions.

Lastly, simulations of some experimental results about the oxidation
of CH4/H,S mixtures at different pressures have been performed [25].
This study presents three experiments under stoichiometric conditions
at 10, 20 and 40 bar of CH4/H5S mixtures oxidation in a flow reactor. For
simulations, we have used the mechanism updated in the present work
with the new two reactions (R4c) and (R5) and omitting the same re-
actions as Song et al. [23]. The results obtained are shown in Fig. S4-S6
of the supplementary material. As was reported by the authors [25], HaS
conversion occurs experimentally similarly in the absence or presence of
CHy4, which can be well captured now with the current mechanism at 10,
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20 and 40 bar, improving the previous simulations of H,S and SO». No
interaction between CH4 and HyS during oxidation is found according to
the model, as they just share radicals such as HO, or OH. Nevertheless,
CHy is still under-predicted at the highest pressure (40 bar) by 100 K,
where a 10% conversion occurs.

Overall, the simulations of different data from the literature have
been improved and constitute an additional step forward in the mech-
anism. The kinetic parameters for reactions (R4c) and (R5), estimated in
the present work, have provided a good performance across for the
different experimental conditions tested, but definitely deserve a proper
determination, since here are presented as rough estimations at high
temperatures. Considering the work by Beckett et al. [41], a possible
pathway for the reactions proposed, R4c and R5, is shown by abstracting
an O radical from the H-O-O-H molecule, as well as an analogy of HNO
with HSO in the reaction with HyO, species. At the same time, we
enlighten the importance of reactions involving the HyOy peroxide in
H,S oxidation at high pressures, as has been demonstrated in other re-
action systems [44,45]. Besides, the results for stoichiometric conditions
are not fully captured by the model in the present study. A sensitivity
analysis has been run for H,S at the highest pressure (40 bar) and A =1,
as can be seen in Fig. S7 of the supplementary material. This plot shows
as the most sensitive reactions those involving the self-combination of
SH (R12 and -R13), despite being a very little reactive radical, and the
isomerization reaction (R14). Reactions R12 and R13 were also shown
as the most sensitive ones in the work by Song et al. [23] and claimed
more work in these reactions together with the S, subset improvement in
the mechanism.

SH + SH (+M) = H,S, (+M)(R 12)
H,S +S = SH + SHR 13)
HSOO = HSO,(R 14)

The mechanisms used in the present work, together with the present
experimental results, may be of interest for analyzing the conventional
combustion of natural sour gas, the Claus process [10], the combustion
of biogas [14] or oxy-combustion of the sour gas [26-28].

5. Conclusions

The present study deals with the oxidation of HyS at high pressures,
presenting new experiments in a flow reactor at different manometric
pressures (0.6, 10, 20 and 40 bar) and under different oxygen atmo-
spheres (A = 1 and A = 6), as well as an updated kinetic mechanism.
Experimentally, SO has been observed to be the main product from the
oxidation of HyS. The oxidation onset of HyS oxidation is shifted to lower
temperatures as the pressure and oxygen concentration rise. The influ-
ence of gas residence time has been found to be stronger than pressure
under the conditions studied. A kinetic mechanism from the authors has
been updated with two new reactions (SH + Hy02 = HSO + H30 and
HSO + H;0, = HSO; + H30), and has been successfully used to
reproduce the experimental data from the present work and data from
the literature. The reaction pathways of H,S oxidation at high pressures
are similar to the ones at atmospheric pressure, with difference found in
the abundance and importance of HyO5 species and HO, radicals at
higher pressures, which act to increase the HjS reactivity. The simula-
tions at atmospheric pressure remain essentially unaltered with the
updated mechanism.
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Figure S1: Experimental results from HzS oxidation at atmospheric pressure taken from Colom-
Diaz et al. [34]. Symbols represent experimental data and lines model predictions (red lines
denote the mechanism from the present work, while black lines represent the model presented
in [34]).
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model predictions.
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Of{idation set-ups, using tubular flow reactors, for different air excess ratios (Agas = 0.3-6). A kinetic model has been
ng pressure updated with recent reactions from the literature. When NO is present, the oxidation of HyS at atmospheric

pressure proceeds at slightly higher temperatures (25 K) with respect to neat HyS oxidation. At high pressure (20
bar), the experiments of the oxidation of H,S in the absence and presence of NO have been performed only at
oxidizing conditions (Ay2s = 2 and Aygas = 6), in order to avoid sulfur formation under reducing conditions. The
outcomes of these experiments show that, in presence of NO, at the lowest temperature considered (475 K), at
least 50% of HyS conversion for Agas = 2 and 90% for Ayos = 6 is obtained. In order to further evaluate the
influence of the presence of NO in HsS oxidation, additional experiments of neat NO oxidation have been per-
formed. As NO, formation is favored at high pressures and high O, concentrations, the NO,-H,S interaction is
thought to be responsible for the consumption of HsS, even at low temperatures (475 K). While the kinetic
mechanism is able to reproduce the experimental results at atmospheric pressure, discrepancies are more rele-
vant at high pressure (20 bar).

Kinetic modeling

1. Introduction

Due to the importance of alternative energy sources, such as sour gas
and biogas [1,2], an efficient utilization of these resources is needed [3].
Hydrogen sulfide (H,S) is present in both sources. Usually, this com-
pound is previously removed from the gas streams in order to avoid
corrosion and emission problems (SOy), using cost-effective equipment
and having to deal only with the residual HyS [4,5].

Another possible alternative of sour gas use is its direct combustion
[6-8], together with the improvement of technologies and combustion
processes [3]. For example, oxy-combustion of sour gas has been
recently investigated as a potential alternative to treat this gas [9-11],
including the development of this process at high pressures to increase
efficiency in power plants [12,13]. Basically, oxy-combustion consists of
fuel combustion in pure O, and, in this way, the formation of thermal
NOy species is not expected [9-11].

Ammonia (NH3) may also be present in sour gas [14] and it might be
seen as an energy vector as well [15], which may increase the interest of
using such gas. However, the presence of NH3 could produce fuel NOy
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emissions in the combustion process. NOx emission (mg/MJ) during
oxy-fuel combustion from fuels containing N can be estimated as 34% of
the NOy emission (mg/MJ) during air firing [16]. Some technologies
have been developed to mitigate these emissions. For example, inte-
grated SO,/NOy removal technology is considered as a promising
approach for flue gas purification by using liquid phase absorbing pro-
cesses [12,17], where is important to know the amount of SO, and NO4
that will be absorbed due to possible reactions forming acids in the
liquid phase. Another aspect to take into account during oxy-combustion
would be the flue gas recirculation (FGR), that is a strategy to reduce
NOy emissions by decreasing the combustion temperature used in
different combustion processes, such as oxy-combustion [18-20]. This
would promote the interaction between HyS/NOy, since impurities in
the flue gas are brought back to the combustion zone.

In sulfur recovery units (based on the Claus process), where HsS is
oxidized to produce sulfur [21], NOy formation from NHj3 (up to 40%
presence in the feed) might take place [22], which promotes the
oxidation of SO to SO3 and causes catalyst sulfation (deactivation) in
the catalytic step [23], as well as other operational problems like the
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interaction of NH3 with SO3 to form ammonium salts [22]. The inter-
action between H,S and NOy might occur as well, since only 1/3 of all
H,S is converted to SO in the previous step to the catalytic one (thermal
step). Reactions involving ammonia that occur in the Claus furnace are
complex and not fully understood, and the destruction of NHj is gov-
erned by kinetics rather than equilibrium [14].

Besides sour gas, biogas is considered to be one important alternative
energy source. Its use diminishes the dependence on fossil fuels and has
the potential to provide power to the grid on demand. For example,
biogas can be combusted in gas turbines [2], which can tolerate a HyS
content up to 10,000 ppm [5]. Biogas also contains H»S and NHs. The
common practice of using biogas containing HjS is to remove it, while
few works have addressed so far the issue of H,S in biogas combustion
[24,25].

Regarding combustion characteristics and kinetics of the sulfur
chemistry, the literature is mainly focused on the study of the influence
of the presence of SO, under combustion conditions [26-30]. Recent
works about HjS oxidation have presented experimental results as well
as kinetic mechanisms to understand the chemical behavior of neat HyS
oxidation and its interaction with CH4 in combustion environments
[25,31-37]. However, even though nitrogen (NOy) may be present in
sour gas and biogas combustion, to our knowledge, no study about HyS/
NOy interactions is available in the literature. Hence, the present work
focuses on the experimental study of HoS/NO oxidation in two tubular
flow reactors, under different operational conditions such as tempera-
tures (475-1400 K), pressures (atmospheric and 20 bar) and air excess
ratios (Agas = 0.3-6). Additionally, it is also intended to develop a ki-
netic mechanism capable of reproducing the oxidation of HyS in the
presence of NOy, which might be useful for industrial purposes, such as
oxy-combustion of sour gas or the Claus process.

2. Experimental methodology

The oxidation of HyS and NO was studied by performing experiments
in two different experimental set-ups. The experimental conditions for
each set of experiments: manometric pressure, concentration of re-
actants, experimental set-up and corresponding air excess ratios used (A,
defined as inlet oxygen divided by stoichiometric oxygen) are specified
in Table 1. In order to calculate A, the oxygen required for the complete
oxidation of HaS or NO (Aygas according to reaction HaS + 3/205 = SO,
+ H30, and Ano according to reaction NO + 1/20, = NO3) has been
used. The experiments corresponding to sets 1 and 2 have been carried
out in duplicated, denoted with the letter “R” in Table 1. In this manner,
two results are obtained for each temperature studied within the tem-
perature range considered. The error has been calculated according to
the standard pooled deviation (the square root of the sum of the squares
of the error), where the error does not depend on the temperature in the
interval considered and it is an estimator of the experimental error
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associated with the oxidation of HyS. The pooled standard deviation has
been calculated as +9 ppm. For each set, results at different tempera-
tures (increasing the temperature by 25-50 K in the corresponding
temperature range) are obtained.

The first experimental set-up (set-up 1 in Table 1) was used in order
to evaluate the oxidation of HyS and NO at atmospheric pressure, at
three different stoichiometries with respect to HyS (reducing, near
stoichiometric and oxidizing conditions) and in the temperature range of
700-1400 K, sets 1-3 in Table 1. A detailed description of this set-up can
be found in a recent work of neat H,S oxidation at atmospheric pressure
[31]. It consists of a tubular flow reactor within an electrically heated
oven, with an isothermal reaction zone of 200 mm and 8.7 mm of in-
ternal diameter. The total gas flow rate in all experiments was 1 L (STP)/
min, resulting in a gas residence time as a function of temperature of
194.6/T(K), in seconds. The results of HsS oxidation obtained in other
work [31] under similar conditions in absence of NO, sets 4-6 in Table 1,
will be used for comparison.

The second set-up (set-up 2 in Table 1), including a high-pressure
reactor, was used in order to evaluate the oxidation of HyS and its
interaction with NO at high pressure, at 20 bar of manometric pressure,
and in the temperature range of 475-1000 K (sets 7 and 8 in Table 1).
Results obtained in experiments of neat HsS oxidation under similar
conditions [32,37] have been used for comparison (sets 9 and 10 in
Table 1). Due to the conversion of NO to NO; at high pressures in the
presence of Oy [17,38-40], experiments under similar conditions as with
HjS but using just NO were also performed, in order to quantify the NO/
NO, interconversion (sets 11-13 in Table 1). A detailed description of
the set-up 2 can be seen in [32] and only a brief description of the main
features is provided here. Reactants: HyS, NO, O and Ny as carrier gas,
were supplied from gas cylinders through mass flow controllers with an
uncertainty in the flow rate measurements of 0.5%. The reactant gases
were premixed before entering the reactor, which consists of a quartz
tube (inner diameter of 6 mm and 1500 mm in length) designed to
approximate plug flow conditions [41]. The reactor is enclosed in a
stainless-steel tube that acts as a pressure shell. The steel tube is placed
horizontally in a tubular oven, with three individually controlled elec-
trical heating elements that ensure an isothermal reaction zone of
approximately 500 mm, with a uniform temperature profile (+5 K). The
total gas flow rate in all experiments has been 1 L (STP)/min. Gas
residence time in the isothermal zone of the reactor depends on pressure
and temperature and it can be expressed as t.(s) = 232*P(bar)/T(K),
where P is absolute pressure.

In both cases, atmospheric and high pressure, previously to the gas
analysis systems, gases pass through a filter and a condenser to ensure
gas cleaning. Products are analyzed by a gas micro-chromatograph
(uGC) equipped with a thermal conductivity detector (TCD) calibrated
to quantify HoS and O,. Continuous UV analyzers were used to quantify
SO; and NO. The uncertainty of the measurements is estimated within

Table 1

Experimental conditions. N as bath gas, p.w. denotes “present work”. The set of experiments repeated are denoted with the letter “R”.
Set Mi2s Ao Manometric pressure (bar) HaS (ppm) O, (ppm) NO (ppm) Exp. set-up Gas residence time (s) Ref.
1 0.3 0.9 0 487 225 500 1 194.6/T (K) p-w.
1R 0.3 0.9 0 493 225 500 1 194.6/T (K) p-w.
2 1.3 3.6 0 474 900 500 1 194.6/T (K) p-w.
2R 1.2 3.6 0 488 900 500 1 194.6/T (K) p-w.
3 2.1 6 0 470 1500 500 1 194.6/T (K) p-w.
4 0.3 - 0 476 225 - 1 194.6/T (K) [31]
5 1.2 - 0 485 900 - 1 194.6/T (K) [31]
6 2.1 - 0 482 1500 - 1 194.6/T (K) [31]
7 2.0 6.7 20 493 1644 489 2 4872/T (K) p-w.
8 6.0 18.5 20 484 4542 490 2 4872/T (K) p-w.
9 2.0 - 20 497 1520 - 2 4872/T (K) [32]
10 6.0 - 20 500 4485 - 2 4872/T (K) [371
11 - 6 20 - 1500 500 2 4872/T (K) p-w.
12 - 18 20 - 4500 500 2 4872/T (K) p-w.
13 - 11.8 20 - 3000 508 2 4872/T (K) [38]
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5%. In the case of atmospheric pressure, the experimental set-up counts
with external air-cooling at the end of the reactor, which freezes the
reaction. In the high-pressure reactor, air-cooling does not exist, and
temperature profiles of the experimental set-up were used for the
simulations.

3. Kinetic model

A kinetic model has been compiled in the present work to simulate
the oxidation of HjS in the presence of NO. The updates of the different
parts of the mechanism are detailed below. In the case of HoS chemistry,
the reactions used in this work have been taken from a recent work by
the authors about H,S oxidation at high pressures [37]. These reactions
are based on previous works about H,S oxidation at different pressures
[25,31,32] and other works from the group about SO5 under combustion
conditions [26,27,42]. Specifically, the modifications that were evalu-
ated in [37] include two reactions involving H205, which allowed to
improve model predictions at high pressures, while maintaining a good
prediction at atmospheric pressure.

For the chemistry involving NOy species, the reaction subsets used in
the present study have been taken from the work by Colom-Diaz et al.
[38], where the oxidation of Hy and its interaction with NO was studied
at high-pressures (10, 20 and 40 bar), in a tubular flow reactor. These
subsets are mainly based on the work by Giménez-Lépez et al. [43], who
performed experiments of the oxidation of CoHy/NO mixtures at high
pressure (60 bar) and different stoichiometries. Some of the reactions
have been updated with the kinetic parameters published in the work by
Abian et al. [44], about the formation of NO in No/O, mixtures in a flow
reactor.

Besides, in the work by Colom-Diaz et al. [38], the reaction kinetic
parameters of NO with O, to form NO;, (R1) were revised, due to the
importance of this reaction at high pressures. The apparent activation
energy was varied between the uncertainty limits (—1.05 + 0.79 kcal/
mol [45], and a good agreement between experimental results and
model predictions was observed over a wide range of conditions, using a
final activation energy value of —1.84 kcal/mol.

NO + NO + Oy = NO, + NO, (R1)

Due to the high pressure conditions and the presence of oxygen, there
is a mixture of NO/NOs, at the reactor inlet. This was observed while the
oven was still cool (290 K) [38] and has already been reported in pre-
vious works experimenting with NO at high pressures (e.g.
[17,38-41,43]). For this reason, in the present work, the model was run
with temperature profiles in the high-pressure set-up, in order to know
at each position of the reactor the concentration of NO and NO; due to
the oxidation of NO at high pressures occurring at low temperatures.

Regarding S/N species interactions, their kinetics seem to be a field
of great uncertainty [46,47]. Selected reactions have been added to the
mechanism, which can be seen in Table 2. Such reactions have been
taken from the work of Glarborg [46], where he stablished a preliminary
subset of reactions for S/N interactions. As the author mentioned, the
rate constants of the S/N subset are no more than rough guesses. He
stated in his work [46] that determinations were qualitative at best.
Nevertheless, the simulations carried out in the present work with these
reactions seem to be in accordance with the experimental results, as seen
in the next section.

4. Results and discussion

The results of HyS, SO5 and NO concentrations obtained as a function
of temperature corresponding to sets 1-3 in Table 1 are presented in
Figs. 1-3. The experiments have been performed at atmospheric pres-
sure using the set-up 1, from reducing to oxidizing conditions with
respect to HsS. The results of the oxidation of neat H»S corresponding to
sets 4-6 in Table 1 are also shown. The experimental results for the neat
H,S oxidation have been taken from a previous work by the authors
[31], where the same experimental set-up and similar lambda values
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Table 2

Arrhenius parameters for the reactions proposed in this work taken from the
study by Glarborg [46]. Arrhenius expression: k = AT" exp[-E,/(RT)]. Units are
mol, cm, s and cal.

Reaction A n Ea
R2 NO, + SO = SO, + NO 8.43E12 0.00 0
R3 NO; + SOz = SO3 + NO 6.31E12 0.00 27,000
R4 NO, + SH = HSO + NO 1.75E13 0.00 —477
R5 NH + SO = NO + SH 3.3E13 0.00 0
R6 SH + NH = SN + Hy 1.0E13 0.00 0
R7 SN + OH = SH + NO 1.0E13 0.00 0
R8 SO+ N=S+NO 7.0E12 0.00 0
R9 SO, + N = SO + NO 6.4E9 1.00 6280
R10 SO, + NH = SO + HNO 5.0E12 0.00 20,000
R11 S + NO(+M) = SNO(+M) 3.4E13 0.24 0
LOW
TROE/0.22 7445 1E30 —1E30/ 2.2E15 0.00 —1870
R12 SH + NO(+M) = HSNO(+M) 1.6E13 0.00 0
LOW
TROE/0.5 1E30 —1E30/ 1.4E23 —2.50 0
R13 SN+ 0 =S+ NO 3.0E12 0.00 0
R14 SNO + H = SH + NO 1.0E13 0.00 0
R15 S + HNO = SH + NO 1.0E13 0.00 0
500
~ 400
IS
Q.
3
- 300
Ke]
E=]
S
T 200
©
b O H,S without NO . . e © ©
o] RS °
O 100 | L e

n 1 L 1 1 1 n 1 L 1
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Fig. 1. Results from H,S oxidation in conditions of set 1 in Table 1 (Ayag = 0.3).
Symbols represent experimental data and lines model predictions. The results of
H,S oxidation without NO (Ayas = 0.3) have been taken from [31] (set 4
in Table 1).
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Fig. 2. Results from H,S oxidation in conditions of set 2 in Table 1 (Aygas = 1.3).
Symbols represent experimental data and lines model predictions. The results of
H,S oxidation without NO (Ayos = 1.2) have been taken from [31] (set 5
in Table 1).
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Fig. 3. Results from H,S oxidation in conditions of set 3 in Table 1 (Ayag = 2.1).
Symbols represent experimental data and lines model predictions. The results of
H,S oxidation without NO (Agzs = 2.1) have been taken from [31] (set 6
in Table 1).

were used.

H,S oxidation onset occurs similarly for all lambda values (Ayas =
0.3-2.1), in the absence and presence of NO. HyS conversion in the
presence of NO is shifted 25 K to higher temperatures under oxidizing
and near stoichiometric conditions. Under reducing conditions, Fig. 1,
HoS conversion starts at the same temperature, but it is oxidized in a
greater extent above 1200 K in the presence of NO. The concentration of
NO remains unaltered for all experimental conditions at the initial value
of 500 ppm. The main oxidation product is SO, and the sulfur balance is
maintained within 100 + 5% under oxidizing and near stoichiometric
conditions. Under reducing conditions, the sulfur balance goes down to
67% for the highest temperature considered (1375 K), in the presence of
NO, and 80% in the case of neat HsS oxidation [28]. It is worthwhile to
mention that, in the experiment carried out under reducing conditions
(set 1 in Table 1, Agos = 0.3), a yellow deposit was seen at the outlet of
the reactor, as it was also observed in the case of neat HyS oxidation
[31], and this can be the explanation for the poor balance closure.

Overall, simulations match well the experimental data under all
conditions at atmospheric pressure, including the differences observed
in the experimental HsS oxidation data, in the absence and presence of
NO. The shift to higher temperatures in HyS oxidation, when NO is
present, is due to reactions involving NO, despite the constant concen-
tration of NO observed. According to the model, the following cycle is
responsible for NO consumption and recycle to NO:

NO + HO; = NO; + OH (R16)

NO; + SH = HSO + NO (R4)

The following overall reaction (R17) would be the result of
combining both R16 and R4:

SH + HO, = HSO + OH (R17)

which converts the unreactive HO, radicals into more reactive OH
radicals. The HSO species would react in reaction (R18) to form SO and
HSOH.

HSO + HSO = SO + HSOH (R18)

HSOH further reacts with the radical pool, but mainly through (R19)
to give back HjS:

HSOH + SH = H,S + HSO (R19)

In a lesser extent, NO, species react with SO to form SO, and NO
(R2), while SO radicals form SO- as well in reaction (R20).

NO3 + SO = SO + NO (R2)

SO + Oz = SO3 + O (R20)

All in all, the NO presence in H,S oxidation at atmospheric pressure
shifts to higher temperatures the process by consuming and competing
for HO, radicals under oxidizing and near stoichiometric conditions.
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The conversion of HO, to more active radicals, like OH, enhances the
process via (R16), as it is seen in other works using CO or CHy4 in the
presence of NO (e.g. [48-50]). However, when SH radicals react with
NO; (R4), forming HSO, it leads to a slower reaction pathway to produce
the final product SO, (R4, R18, R20). This can also be observed in the
sensitivity analysis presented in Fig. 4, where reaction (R16, NO + HO,
= NO; + OH) is shown as the most sensitive one at A = 2.1 and 923 K
(set 3 in Table 1). The positive coefficient indicates that an increase of
the pre-exponential factor of (R16) would result in a slower consump-
tion of H,S. The main reaction pathway for HS oxidation would be the
one by which SH radicals react mainly with O to form HSOO, which
previously isomerizes to HSO3 to form SOy [31]. Under reducing con-
ditions, where HO; radicals are not so important and other important
species such as HySy, HS2 and Sy might be formed, the simulations
remain equal as for the neat HsS oxidation. The model is not capable of
predicting the major HaS consumption at high temperatures when NO is
present (1375 K), probably due to possible interactions between NO and
disulfur species (more important at reducing conditions) that are not
present in the model.

As mentioned, the HyS oxidation in the presence of NO at atmo-
spheric pressure has been studied for different air excess ratios (Agas =
0.3-2.1). Under reducing conditions, a yellow deposit was seen outside
the reaction zone, due to the condensation of the sulfur formed, as
previously observed during the neat HyS oxidation [31]. In the high-
pressure reactor (set-up 2), only oxidizing conditions are used for the
experiments, to avoid the possible formation of sulfur in the experi-
mental set-up, in case of using reducing conditions. However, during the
experiments at high pressure, the sulfur balance did not close at 100% in
any case, probably due to the formation of sulfur, as will be discussed
later.

The results for the experiments of HyS oxidation at 20 bar in the
presence of NO are shown in Figs. 5 and 6, for Agas = 2 and Ayag = 6,
respectively (sets 7 and 8 in Table 1). The results for neat HyS oxidation
are also plotted in the figures and are taken from previous works by the
authors in the same experimental set-up, for Aygag = 2.0 [32] and for Ayag
= 6.0 [37] (sets 9 and 10 in Table 1).

As it can be observed, in the presence of NO, significant HyS con-
version is obtained over the entire temperature range studied. For
example, at the lowest temperature considered (475 K), the conversion
of HyS reaches, at least, 50% for Agas = 2 and 90% for Agas = 6. At the
same time, all the H,S reacted is not quantified as SO5. For Agas = 2, the
sulfur balance is maintained around 86 + 5%, while for Aygas = 6 the
sulfur balance observed is maintained around 67 + 10%. These char-
acteristics are not observed in the absence of NO. A possible explanation
would be that NO and/or NOj, are reacting with HjS prior to the reactor
inlet or at lower temperatures than 475 K in the reaction zone. The
complete oxidation of HsS at Ayag = 2 is shifted to higher temperatures
respect to neat HyS oxidation (by 50 K).

In order to evaluate the influence of NO in relation to the high HS
conversion shown at relatively low temperatures, experiments of neat

NO+HO,=NO,+OH
H,0,+M=OH+OH+M

HSOO0=HSO,
SH+H,0,=H,S+HO,

SO+0,=S0,+0
H+SO,(+M)=HSO,(+M)
HOSO(+M)=HSO,(+M)
NO,+S0=S0,+NO
H,S,+H=SH+H,

SH+S0,=HSO+SO

03 02 -01 00 01 02 03 04

Fig. 4. Normalized sensitivity analysis for H,S. Set 3 in Table 1, A = 2.1, 923 K.
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Fig. 5. Results from H,S oxidation in conditions of set 7 in Table 1 (Ayas = 2.0).
Symbols represent experimental data and lines model predictions. The results of
H,S oxidation without NO (Agzs = 2.0) have been taken from [32] (set 9
in Table 1).
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Fig. 6. Results from H,S oxidation in conditions of set 8 in Table 1 (Ayas = 6.0).
Symbols represent experimental data and lines model predictions. The results of
H,S oxidation without NO (Ayos = 6.0) have been taken from [37] (set 10
in Table 1).

NO oxidation under similar conditions (20 bar and O, concentration)
were carried out. The evolution of NO concentration, with and without
H,S, versus temperature is plotted in Fig. 7. Two different lambda values
have been used (Anyo6 and 18) (sets 7, 8, 11 and 12 in Table 1). Results of
neat NO oxidation [38] with a different stoichiometry (Ayo = 11.8) have
also been plotted in order to compare results (set 13 in Table 1). The
experimental results of the experiment for Ayo = 11.8 [38] are placed
between the ones done in the present work, following a trend according
to the lambda value. When H,S is present in the experiments, the NO
concentration at the exit is much higher than just using NO. The kinetic
model is capable of reproducing accurately the experimental results just
using NO as in [38], but is far from reproducing the experimental data
when HjS is present.

The major conversion of NO in the absence of H,S, higher when Oy
increases, implies a major concentration of NO2 molecules, as seen in
[38]. This is mainly due to reaction (R1, NO + NO + Oz = NO3 + NOy),
which enhances the formation of NO; at high pressures and low tem-
peratures. Since the concentration of NO is so high when HjS is present,
differing from the study of neat NO oxidation, this could mean that the
NO; formed under high pressure conditions, prior to entering the
reactor, is reacting with HaS to form some elemental sulfur and NO.

In the literature, the reaction between H,S and NO, has been
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B NO (with H,S) (Ao=6.7) O NO (without H,S) (Ayo=6)

A NO (with H,S) (A o=18.5) A NO (without H,S) (Ay,=18)
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Fig. 7. Experimental results from NO oxidation in the presence (sets 7 and 8 in
Table 1) and absence (sets 11 and 12 in Table 1) of H,S at 20 bar. Symbols
represent experimental data and lines model predictions. The results for NO
oxidation without H,S at Ayo = 11.8 have been taken from [38] (set 13
in Table 1).

previously studied, more qualitatively than quantitatively [51-55]. The
study of the interaction between these species has been mainly focused
on its implication for atmospheric chemistry. The measurements indi-
cated that some mechanisms other than ozonation must be responsible
for the atmospheric breakdown of reduced sulfur compounds in the at-
mosphere [53]. Cadle and Ledford [55] observed the formation of free
sulfur upon exposing mixtures of nitrogen dioxide and hydrogen sulfide
to light. However, Hales et al. [53] indicate that this reaction may
proceed to a limited extent even in a totally dark reactor. Blackwood
[54] studied the reaction of NO3 + H5S in air and reported S and SO, as
products; however, no mechanism was postulated. Frost and Thomas
[51] also studied this reaction over the 448-528 K temperature range in
a Pyrex reaction vessel, saying that, when HyS was in excess, sulfur was
one of the reaction products. Thus, they performed the investigation
using Pno2 > 3Pyas. In the present work, the experiments are performed
under HyS excess, which could explain the formation of sulfur. More
recently, Kim [56] studied the atmospheric corrosion process of silver in
environments containing 0.1 ppm HyS and 1.2 ppm NO,. He found
sulfur formed in the silver, supposedly through (R21):

HsS + 2NOy = S + 2HNO3 (R21)

It has also been mentioned, in studies dealing with fireworks, how
H,S and NOs, which come from the sulfur and the KNO3 present in the
black powder used, may react, and are supposed to produce and
consume sulfur as follows [57] (R22 and R23):

HsS + NO2 = S + NO + H,0 (R22)

2NO; + 2S = 2503 + N3 (R23)

Despite the literature observations of sulfur formation from H,S and
NO; at atmospheric pressure, no detailed kinetic models are available in
the literature yet dealing with this issue. In the present work, we point to
the necessity for a better characterization of this process, since both
species are important not only at atmospheric pressure but at high
pressures as well.

An attempt to simulate such behavior has been done in this work by
proposing the kinetic parameters of reaction (R22), using 10% (mol, s,
cm®) as the kinetic constant value for the temperature range studied
(475-1000 K), which provides good results. The simulation results
corresponding to the high-pressure experiments, sets 7-13 in Table 1,
are shown in Figs. S1-S3 of the supplementary material. Reaction (R22)
has a high impact on the concentration trends of all the species (H,S,
SO2, NO and Oy), in comparison with the simulation results shown in
Figs. 5 and 6. The reaction (R22) is important at room temperature, in
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the experimental set-up zones prior and posterior to the reactor, ac-
cording to Chemkin rate of production. With reaction (R22) in the
mechanism, the formation of sulfur is predicted, with the sulfur balance
(SO2 + H3S) closing around 95 + 4% in the experimental simulations.
This is due to the oxidation of the sulfur formed in (R22) to SO, via (R24)
and (R19), according to the model.

S + Oz = SO + O (R24)

In simulations, H,S is totally consumed at lower temperatures in the
case of more oxidizing conditions, as observed in the experiments, due to
the major formation of NO, (R1), which reacts with HjS. In the case of
Ah2s = 2, the oxidation of HjS is also well predicted by the model. The
model predictions of SOz, NO and O are close to the experimental data,
although some differences are still noticeable. For example, NO5 is
supposed to react with HyS to give back NO, but the amount of NO
formed in the simulations is still low by 20%, in comparison with the
experimental data. The important interaction between HyS and NOy at
high pressure, presumably dominated by the NO, presence, has been
pointed out both in the experiments and the simulations of the present
work. The authors recommend a better characterization of this reaction
and other possible reactions involved in such interaction.

Another possible explanation for not matching the sulfur balance at
high pressures, which is found even working at oxidizing conditions,
could be related to the SOy/NOy interaction. Since the conversion rates
of SO to SO3 and of NO to NO,, are strong at elevated pressures and low
temperatures [12], reaction (R25) could be partly responsible for the
unbalance of sulfur, producing SOs, which is not measured in the present
work and might form HySO4 in contact with H0O, which may
condensate:

SOz + NO3 = SO3 + NO (R25)

However, in a study of the reaction of SO, with NO; in the absence
and presence of water vapour [58] in a stainless steel vessel, it was found
that, under dry conditions, oxidation of SO5 by NO» does not take place
significantly at conditions similar to the ones here studied (5-15 bar and
375-675 K). In other works, the impact of nitrogen oxides on SO,
oxidation during cooling is believed to be small in the burnout region of
stationary combustion systems [29,46]. The inclusion of reaction (R25),
which kinetic parameters have been taken from the work by Glarborg
[46], does not imply any influence on the model simulations under the
conditions of the present work.

5. Conclusions

The study carried out in the present work shows experimental and
kinetic modeling results of HyS oxidation in the presence of NO. The
results have been obtained in two different experimental set-ups, for
different air excess ratios, pressures and temperatures. The results ob-
tained in the first experimental set-up, an atmospheric tubular flow
reactor operating from 700 to 1400 K, have shown a slight shift to higher
temperatures (25 K) of H,S oxidation respect to neat HoS when NO is
present, for oxidizing (Agas = 2.1) and near stoichiometric conditions
(Am2s = 1.2). A kinetic model updated with S/N reactions has been able
to reproduce well such experimental data. Under reducing conditions
(Am2s = 0.3), the H,S oxidation in the presence of NO presents a major
reactivity above 1200 K, which can not be predicted by the model. While
the concentration of NO does not vary in all the temperature range for all
the stoichiometries, an interconversion cycle between NO/NO;
consuming HO, radicals is responsible for the oxidation shift, which is
found both in the experimental data and model predictions.

The oxidation of H,S at 20 bar, in the absence and presence of NO,
has been performed only for oxidizing conditions (Agas = 2 and Aygas = 6)
in the second experimental set-up that corresponds to a high pressure
flow reactor, operating from 475 to 1000 K. The results have shown that,
at the lowest temperature considered (475 K), it exists at least 50% of
H3S conversion for Aygps = 2 and 90% for Agas = 6. The sulfur balance
closes at 86 + 5% for Ayos = 2, while for Agos = 6 the sulfur balance is
maintained around 67 + 10%. In order to evaluate the influence of NO,
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neat oxidation experiments of NO have been performed using similar O,
concentrations to those used in the HsS oxidation in the presence of NO.
The conversion of NO to NO; is favored at high pressures and low
temperatures, and is higher as O concentration increases. A reaction
between NO, and H,S may be the responsible for the early conversion of
H,S and the decay in the sulfur balance. An attempt to simulate such
behavior has been done by proposing reaction HyS + NO2 = S + NO +
H»0, which forms sulfur and allows to reproduce well the experimental
data. We point for a better understanding and characterization of the
reactions involved in the S/N chemistry, which might be of importance
for industrial processes.
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ARTICLE INFO ABSTRACT

Keywords: This contribution reports experimental measurements of the oxidation of HyS and CH3SH, under atmospheric
HoS pressure in a jet-stirred reactor (JSR), in the temperature range of 600-1100 K and for stoichiometric and
CH?SH, oxidizing conditions. We update a recent kinetic model, originally developed based on the measurements of
j)sxl;datlon oxidation of HpS and CH3SH in a tubular flow-reactor and apply it to simulate the experimental data. The CH3SH

Kinetic modeling

subset of the kinetic model features new reactions based on a recent theoretical work and the rate parameters

proposed in the present investigation. The oxidation of CH3SH proceeds mainly through an intersystem crossing
process that leads to the formation of sulfine (CH2SO). The unimolecular decomposition of CH3SO in two
competing reactions produces CO + HyS and COS + Hs. The results from the model concur well with the
experimental measurements, both from the present work and from the literature. We demonstrate that, both HyS
and CH3S exhibit a similar ignition temperature, due to the initiation step that involves the abstraction of H
initially bonded to sulfur. It is expected that, the results from the present investigation find application in
processing of sour gas, including shale gas, especially in the direct combustion of the gas (i.e., without purifi-

cation) for energy production.

1. Introduction

The exploitation of reserves of shale gas is changing the global gas
market, engendering new opportunities and risks for gas use in the
transition to cleaner energy systems, according to the International
Energy Agency [1]. The reserves of shale gas are rich in natural gas
liquids (CoHg, CsHg, C4H1o, Cs) that display potential as feedstocks to
petrochemical plants, making shale gas more affordable to extract [2,3].
Streams from unconventional fuel sources, such as sour shale gas, may
comprise significant amounts of HyS and COg, up to 30 vol% content of
each of the two contaminants [4], requiring pre-treatment to separate
H,S and CO,. The separation technologies include the energy intensive
desulfurization, also known as the Claus process, to remove HyS and
convert it to sulfur powder, a valuable precursor for several chemicals
[5,6]. Different process modifications have been proposed to overcome
severe operating problems due to the variable content of HS in natural
gas and the presence of contaminants, such as aromatics and mercaptans

(CH3SH), which reduce the efficiency of sulfur recovery and increase the
operating costs. For example, the application of oxygen enrichment in
the Claus process [7,8] raises the flame temperature by eliminating the
diluent effect of nitrogen in air, favoring contaminant destruction and
reducing costs [9].

Combustion represents an alternative to deal with the sour gas.
Recently, the direct combustion of this fuel without the use of expensive
cleaning treatments has received a significant interest [10-12], with
published studies involving the economic and performance analyses of
power generation systems operating on untreated sour gas [13,14]. In
the same manner, literature reports other oxidation options, different to
combustion, of gases containing H,S. For example, Meusinger et al. [15]
presented a novel air cleaning technology based on ozone to remove
reduced sulfur compounds, such as HyS and CH3SH, emitted from farms.

Biogas contains mainly CH4 and CO- and traces of HS (in a range of
0.01-2 %) and CH3SH (20-100 ppm) [16], requiring the removal of
these contaminants to upgrade biogas to a standard of renewable natural
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gas [16-19]. This is because, biogas serves as a replacement for natural
gas derived from fossil sources, in the transportation and electric-power
sectors. However, gas turbines that provide power to the grid can
tolerate a HyS content of up to 1% [20-22] allowing direct combustion
of biogas without desulfurization.

In addition, the reduced sulfur species, such as HyS and CSy, exhibit
extremely low ignition temperature and flash point making them most
hazardous materials that arise in the processing of hydrocarbon fuels.
For example, the autoignition temperature of CS, (365 K) and H,S (505
K) falls significantly below that of hydrogen (775 K). The reason is that,
the key oxidation steps of the reduced sulfur species involve the
intersystem-crossing (ISC) reactions that lead to considerable decrease
in the activation energies for the crucial mechanistic steps [23-26].
Even as minor impurities in natural gas, H,S and CSy depress the ignition
point of methane, elevating fire hazards of fuel processing [27-29].

In the case of mercaptans, the research efforts have focused on
gaining insights into the atmospheric sulfur cycle [30], with little
attention paid to the behavior of these species under the combustion
conditions. Alzueta et al. [31] published what appears to be the only
study that investigated the oxidation of CH3SH in a tubular-flow reactor
under atmospheric pressure. In the case of HyS and CS,, the recent works
dealt with the oxidation of these gases in flow reactors under different
pressures [27,32-35], improving the understanding of the intersystem
crossing reaction that decreases the activation energy by switching the
combustion pathways from triplet to singlet corridors [25,26,36], and
producing improved reaction mechanisms for modeling studies
[10-12,37]. Literature presents no reports on the application of
continuous stirred-tank reactors (CSTR, also known as perfectly-stirred
reactor, PSR, in combustion literature) to study the oxidation of HaS
and CH3SH, although CSTR minimize surface effects, are simple to
model and straightforward to implement in practice, as jet-stirred re-
actors (JSR).

Hence, in the present work, we investigate the oxidation of HyS and
CH3SH in a jet-stirred reactor in the temperature range of 600-1100 K,
under stoichiometric and fuel-lean conditions and at the residence time
of 1 s. The kinetic modeling affords the interpretation of the experi-
mental results. This work is thus valuable for the novelty of the reactor
employed and the contribution to the chemistry of oxidation of reduced
sulfur species, greatly expanding the available set of experimental
measurements. The results will find practical use in designing combustor
systems that operate on untreated natural gas as fuel.

2. Experimental methodology

The experimental set-up used to perform the experiments on the
oxidation of HpS and CH3SH has been previously described in detail
elsewhere [28], with an illustrative diagram presented in Fig. 1. The set-
up consisted of two mass flow controllers (MFC) that adjusted the flow
rate of HyS (2000 + 40 ppm) or CH3SH (2000 + 40 ppm) in N5 and zero
grade synthetic air, with the composition of 20.5% oxygen in nitrogen,
to maintain a fixed reaction residence time of 1 s in the jet-stirred reactor
(JSR). BOC Australia supplied all gases deployed in the investigation
(HiQ Certificate). Previous studies on the oxidation of reduced sulfur
species employed the JSR to determine the details of the oxidation ki-
netics of CSy and CHy [26,28,36], yielding new and valuable measure-
ments for germane sulfur systems. The JSR, with its design developed
and extensively tested in previous works [38,39], rested along the
centerline of an electrically-heated single-zone furnace (7). The furnace
functioned from 600 to 1100 K with an error of &+ 5 K. A thermocouple
monitored the reaction temperature T, in the center of the JSR sphere.
The turbulent mixing induced by the four nozzles at the inlet of the JSR
maintained a uniform temperature profile in the reactor as indicated by
the equal temperature reading of Tj (single zone furnace) and T, (central
position in the JSR sphere).

The oxidation products are measured online at the reactor outlet
with a Fourier transform infrared (FTIR) spectrometer that monitors the
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Fig. 1. Schematic diagram of the experimental set-up.

SO, concentration exiting the JSR. The Perkin Elmer Frontier 100 FTIR
spectrometer, equipped with a gas cell that exhibits an optical path of
0.1 m (Pike Scientific, USA), facilitated online monitoring and quanti-
tating of SO,. We maintained the gas cell at 110 °C to avoid potential
condensation of species, acquired spectra at a resolution of 1.0 cm ™~ and
accumulated four spectra for each condition. The QASoft software
(Infrared Analysis Inc., USA) served to quantitate the species concen-
tration with the limit of detection (LOD) at 5 ppm for SO, (based on
background noise for the baseline). The FTIR spectrometer recorded a
lower peak of CO than for SO, making the quantitation of CO less ac-
curate. For this reason, we employed an Agilent micro-GC 490 fitted
with a 10 m Porapak Q (PPQ) column, a 20 m molecular sieve 5A
(MS5A) column, a 5 CB column and thermal conductivity detectors
(TCD), to quantitate COy (PPQ), CO and CH4 (MS5A), and H,S, CH3SH
and SO, (5CB). For the three columns, the injections to micro-GC lasted
80 ms, using He a carrier gas, with the injection ports heated to 110 °C.
The Porapak Q column operated at 80 °C, molecular sieve at 110 °C and
5 CB at 50 °C, with the static pressures set to 150 kPa, 200 kPa and 150
kPa, respectively. Run times varied from 120 s for the Porapak Q and 5
CB columns to 150 s for the molecular sieve 5A column.

For calibrating the micro-GC we used the reaction gases for H,S and
CH3SH (2000 + 40 ppm; BOC, HiQ certificate) and 500 + 10 ppm
calibration gas for CH4 (BOC, HiQ Certificate). The remaining gases
were calibrated with a calibration mixture, purchased from BOC
Australia (HiQ certificate), based on the integral peak area. The cali-
bration curves involved at least two calibration points, and the instru-
ment achieved the limit of detection of 1 ppm for each species.
Unfortunately, our experiment set-up prevented us from quantitating
nitrogen and oxygen; the former because of a large peak that saturated
the TCD detector (as N, was the make-up gas for HoS and CH3SH) and
the latter because of a leak that occurred between the reactor and the
micro-GC. We did not observe the formation of Hs, but one should bear
in mind low sensitivity of TCD detectors to Hy when using He as the
carrier gas. It is possible that, at the temperatures of the present study,
hydrogen was consumed as soon as it was produced. The two diagnostic
instruments, FTIR and micro-GC, provided consistent measurements of
the concentration of SOy; see Fig. S1. Table 1 lists the conditions of the
experimental program. The pre-set air excess ratio (4, defined as inlet
oxygen divided by stoichiometric amount of oxygen) allowed computing
of the desired oxygen flow for each experiment. The stoichiometric
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Table 1

Experimental conditions. N, as bath gas.
Set H,S (ppm) CH5SH p)
1 1975 - 1.01
2 1953 - 2.05
3 1885 - 4.98
4 - 1898 1.01
5 - 1782 3.55

amount of oxygen followed from the complete oxidation reactions: HaS
+ 3/202 = SO3 + H20 and CH3SH + 303 = CO3 + 2H0 + SO,. The
experiments were reproducible to within 5% based on three repeated
measurements.

3. Kinetic model

The kinetic model deployed in this work to describe the oxidation of
HoS and CH3SH is based on the previous investigations of the present
authors and the literature. In the case of the oxidation of HsS, we use the
model of Colom-Diaz et al. [33] developed to describe the combustion
behavior of H,S under atmospheric pressure in a tubular-flow reactor,
modeled as a plug-flow reactor (PFR). The tubular-flow reactor operated
in the temperature window of 700-1400 K and for a range of oxygen
concentration corresponding to 4 = 0.3-20 [33]. The kinetic model
proposed by Colom-Diaz et al. [33] displayed a good match between its
predictions and the experimental results. The mechanism itself was
based on the works of Zhou et al. [34] and Song et al. [35] on the
oxidation of HjS, included the isomerization reaction (R1) HSOO =
HSO,, and was supported by recent theoretical studies that had pro-
posed the isomerization as a fast reaction pathway for the oxidation of
SH [40,41]. Colom-Diaz et al. [33] suggested new kinetic parameters for
reaction (R2) SH + Hy02 = HsS + HO9, which governs the oxidation of
HjS, according to the authors. This H,S model has been recently tested
in a high-pressure set-up, to evaluate the oxidation of HyS under
manometric pressures ranging from 0.65 to 40 bar [32]. The model
yielded predictions matching well the experimental results for near at-
mospheric pressure, leaving room for improvement at higher pressure.

In the case of the oxidation kinetics of CH3SH, the mechanism
comprises a subset of mercaptan reactions. The CH3SH reactions and
related thermochemistry follow the work of Alzueta et al. [31], which
was based on the published mechanisms of Zheng et al. [42] and Van de
Vijver et al. [43], who studied, respectively, the oxidation of diethyl
sulfide and the pyrolysis of alkyl sulfides. Colom-Diaz et al. [44] and
Gersen et al. [27] have recently applied the subset of mercaptan re-
actions to model the oxidation of mixtures of CH4 and HyS under
different pressures in their research on the effect of doping CH,4 flames
with HsS on the high-pressure ignition and oxidation.

In a recent theoretical work, Bian et al. [45] investigated the reaction
mechanism of CH3SH with O using quantum chemical methods at the
CCSD(T)//MO06-2x level of theory and discovered new reaction path-
ways, both on the ground-state triplet and excited state singlet surfaces
to produce CH,SO, H,0, CH30H, SO, CH4 and SO,. Accordingly, we
have included these reactions, and their corresponding kinetic param-
eters that were missing in our previous mechanism, i.e., the formation of
CH3SO and CH3OH, and the consumption of CH3SO, as indicated by
reactions (R3) to (R9). In the present work, we estimate the rate con-
stants for these reactions and summarize the findings in Table 2. Bian
et al. [45] studied the reaction of CH3SH + O5 both on the triplet and
singlet surfaces. An examination of the Bian et al. reaction pathways and
an apparent low activation barrier that we observed in the experiments
has prompted us to suggest the appearance of the intersystem-crossing
(ISC) process in our system, similarly to the oxidation of other
reduced sulfur species (H2S and CS5) [23-26]. With respect to the results
of Bian et al., the ISC comes to pass between the triplet (44.9 kcal/mol)
and singlet (31.3 kcal/mol) transition states. Accordingly, we estimate

Fuel 283 (2021) 119258

Table 2

Arrhenius parameters for the reactions proposed in this work according to the
study by Bian et al. [45]. Arrhenius expression: k = AT" exp[-E,/(RT)]. Units are
mol, cm, s and cal.

Reaction A n E,
(R3) 'CH3SH + %0, = 1CH,S0 + 'H,0 1014 1.4 42 000
(R4) 'CH3SH + %0, = 'CH30H + SO 10 0.0 40 000
(R5) 'CH,S0 = 'CO + 'H,S 10! 0.0 0
(R6) 'CH,S0 + 2H = 'CH5S0 10! 0.0 0
(R7) 1CH,S0 = 1COS + 'H, 10! 0.0 0
(R8) 'CH,S0 = 'CS + 'H,0 10! 0.0 0
(R9) 'CH5S0 = %CH; + 'sO 10" 0.0 0

the activation energy of reaction (R3) as 42 kcal/mol. We have pro-
ceeded in the same fashion by allowing the ISC to arise in the generation
of CH3OH from the incomplete oxidation of CH3SH (R4), assigning the
activation energy of 40.0 kcal/mol to this process; see Bian et al. [45] for
the modeling of the separate triplet and singlet pathways.

Finally, the Chemkin software [46], executed with the input files that
comprised the thermo-kinetic data for the two mechanisms, served to
model the ideal PSR and PFR, which approximated the jet-stirred and
tubular-flow reactors, respectively.

4. Results

Fig. 2 plots the results of the experiments involving the oxidation of
H,S in the JSR, in terms of concentration of HyS and SO, for three air
excess ratios of A = 1, 2 and 5, in the temperature range of 600-1100 K
and for 1 s residence time. The lines signify the predictions from the
model and points denote the experimental measurements. As depicted in
the figure, H,S converts totally to SO, for all stoichiometries and at high
temperatures, with the sulfur balance maintained within the range of
100 + 5%. The diagnostics for SO5 provided consistent data between
FTIR and micro-GC measurements, as seen in Fig. S1 of the supple-
mentary material. The onset of oxidation occurs at 725 K in the case of 1
=1, shifting to lower temperatures at elevated concentration of oxygen;
i.e., 675 K for 4 = 5. The kinetic model validated for the atmospheric
pressure, within the context of a plug-flow reactor simulated under the
atmospheric pressure [33], matches well the experimental results ob-
tained from the tubular-flow reactor. This agreement between mea-
surements and the models, arising both for the tubular-flow reactor
(modeled as PFR) and JSR (modeled as CSTR/PSR), indicates the reli-
ability of the mechanism to simulate the oxidation of H,S under atmo-
spheric pressure.

Note that, the surface/volume ratio of the tubular-flow reactor [33]
exceeds that of the JSR by a factor of 4.5. Thus, despite the difference in
the surface/volume ratio, the model reproduces accurately the experi-
mental results for both reactors. This indicates a negligible catalytic
effect of the ultra-pure quartz surface on the oxidation of CH3SH and H,S
[31, 33, present work].

Figs. 3 and 4 illustrate the oxidation of CH3SH for the air excess ratio
of 2 =1 and 3.55, respectively, in terms of the consumption of CH3SH
and the formation of reaction products of CO, CO2, CHy4, H2S and SOo, as
function of temperature. In comparison to the stoichiometric oxidation,
fuel-lean conditions (4 = 3.55) engender the onset of the reaction and
the appearance of the oxidation products at lower temperatures. All
sulfur initially present in CH3SH is converted to SO, at high tempera-
tures, while a maximum in the concentration of Hj,S arises at interme-
diate temperatures. In the case of carbon species, under the
stoichiometric condition, there is negligible formation of CO,, with the
main carbon species corresponding to those of CO and CHj.

Under the fuel-lean conditions, as illustrated in Fig. 4, CH4 and CO
commence to disappear at high temperatures, forming CO3. The model
predictions, plotted as lines, represent the mechanisms of Alzueta et al.
[31] (dashed lines) and the present work (solid lines); the latter com-
prises the new reactions listed in Table 2. The updated mechanism
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features an improved agreement between the results from the experi-
ments and from the modeling, especially for distribution of the reaction
products. In the present study, the oxidation of CH3SH prompts the
formation of sulfine (CH2SO) through the intersystem crossing process
between the triplet and singlet surfaces; i.e., with the CH3SH + 30, re-
actants residing on the former, and the reaction products of }CH,SO and
H20 on the latter; see reaction (R3). Bian et al. [45] studied the singlet
and triplet pathways for the oxidation of CH3SH, but without connecting
them by an intersystem-crossing process that decreases the kinetic
barrier. Sulfine decomposes mainly to CO and H,S (R5), and partly to
COS and Hs (R7).

CH3SH + O, = CH,SO + H,O (R3)
CH,SO = CO + H,S (R5)
CH,SO = COS + H; R7)

Literature provides no rate constants for the reactions of CHSO
consumption. Therefore, in the present work, we estimate these rate
constants based on an analogy with the decomposition of singlet form-
aldehyde oxide (CH200, aka Criegee intermediate). It is now well
known that, the ground states of CH2SO and CH200 are, respectively,
thioformaldehyde oxide (aka, sulfine or thiocarbonyl S-oxide) and
formaldehyde oxide (aka, carbonyl oxide or Criegee intermediate). Both
species have higher energy isomers, such as, for the case of the Criegee
intermediate, dioxirane, formic acid and methylenebis(oxy), but these
isomers do not appear in combustion. The dominant ground-state elec-
tronic configurations of both species are singlet zwitterions of formal-
dehyde oxide (CH,=0""0") and thioformaldehyde oxide (CHo=S"-O").
While the C-S and S-O bonds in CH5SO are slightly longer than those of

C-0 and 0-O in CH00, i.e., 1.610 A and 1.469 A vs 1.272 A and 1.345
A, respectively, the CSO and COO angles are similar, that is 114.8° vs
118.0°, in that order [47-49]. Thus, CH20O represent a good analogue
to CH,SO.

Maricq et al. [50], in their study on the reaction of chlorine atoms
with methylperoxy and ethylperoxy radicals, proposed that, the
decomposition of CH;00 proceeds via three channels, with 61 + 7% of
the reactant converting to CO and H,O (which would be in accordance
with the presently suggested CO + HaS pathway), with the remainder
forming CO5 + Hy and CO; + 2H. Based on Maricq’s et al. [50] reactions
for the decomposition of the Criegee intermediate, as an analogy to the
unimolecular decomposition of CH,SO, we propose the kinetic param-
eters for reactions (R5, R7-R9) listed in Table 2, assuming a value of 10!
(s™) for the pre-exponential factor.

Another possible product is the methylthio radical (CH3S) illustrated
in reaction (R10), which arises from the contact of CH3SH with CH3 to
produce CHy, in addition to CH3S (R10). The methylthio radical reacts
with O, to form SO, and CH3 (R11), which results in the overall reaction
of CH3SH + O3 = SO5 + CHg.

CH3SH + CH3 = CH3S + CHy (R10)

CH3S + O, = SO, + CH3 (R11)

Alzueta et al. [31] have recognized the methylthio radical (CH3S) as
the most important intermediate in the oxidation of CH3SH, together
with CH,SH. They mentioned that, the conversion to SO, proceeds
through CSy as the stoichiometry becomes fuel rich. The lack of
appearance of CS; could probably be the result of relatively high reac-
tion temperature of at 800 K — 1100 K, for which CS; oxidizes to COS,
CO and SO,. While CH,SH forms in the present work, it is rather less



J.M. Colom-Diaz et al.

abundant than CH,SO or CH3S, transforming to CoH4. Carbon dioxide
appears mainly via reactions (R12) and (R13) due to the interaction
between CO and OH. We remark that, Zeng et al. reported no formation
of CO; in the absence of hydrogen-bearing radicals [26].

COS+0=CO,+ S (R12)

CO+OH=CO, +H (R13)

Figure S2, in the supplementary material, explicates the reactions
pathways for the oxidation of CH3SH. While the mechanistic description
of the oxidation behavior of CH3SH has changed from that introduced in
the previous study [31], the consumption of neat H,S remains equal to
that observed in the tubular-flow reactor [33]. Figure S3 depicts a
sensitivity analysis for the oxidation of HyS (at 4 = 2.05 and 800 K),
showing the same important reactions as in reference [34]. Figure S2
also illustrates the main consumption path of neat H,S, demonstrating
the conversion of SH through HSOO to the final product SO. In the
oxidation of CH3SH, the preferred channel for SH radicals constitutes the
reaction with CH3SH to yield CH3S and H,S (R14), instead of producing
HSOO.

CH3SH + SH = CH3S + HpS (R14)

If we compare the oxidation of HyS with the oxidation of CH3SH
under the stoichiometric condition, both species commence to react at
similar temperature; i.e., 750 K for HyS and 800 K for CH3SH. In both
cases, the starting reaction involves the abstraction of hydrogen from the
sulfur. In the case of HsS, equation (R15) represents the initiation pro-
cess, while the decomposition of CH3SH proceeds via the reaction
pathways proposed by Bian et al. [45]; i.e., through reaction (R3) that
entails the initial formation of CH2SO. However, despite the decompo-
sition of HyS beginning at lower temperatures than that of CH3SH, its full
conversion is reached at the temperature that exceeds that for CH3SH by
100 K. This probably occurs due to the formation of less reactive HO,
radicals in the oxidation of HyS [33].

H,S + O, = HO, + SH (R15)

Additionally, as part of the supplementary material, we simulated
selected experiments (A = 1 and 1 = 5) from the previous work of Alzueta
et al. [31] on the oxidation of CH3SH in a tubular-flow reactor.
Figures S4 and S5 compare the model predictions for the oxidation of
CH3SH and formation of the products from our present and prior reac-
tion mechanisms. The updated mechanism can improve the prediction
in the formation of the reaction products, such as CO and H,S, due
mainly to the inclusion of reactions R(3), R5 and R7 in this work, while
the mechanism underpredicts the generation of CHy. Specifically, the
sensitivity analysis recognizes the profound effect of the rate constants
of reaction R(3) on the oxidation of CH3SH (Fig. S6 of the supplementary
material). Thus, we have studied the influence of the activation energy
and the pre-exponential factor of reaction (R3) on the simulated con-
version of CH3SH in the JSR, modeled as a CSTR/PSR and plotted the
results in Figs. S7-S10 in the supplementary material; with the experi-
ments summarized in sets 4 and 5 in Table 1. Varying the Arrhenius
parameters impacts the conversion of CH3SH and the formation of the
oxidation products. Overall, the results paint an overwhelming case for
the inclusion of the reactions mapped by Bian et al. [45], with the triplet
and singlet pathways joined by the intersystem crossings as proposed in
the present work, for describing the conversion of CH3SH in the oxida-
tion processes.

5. Conclusions

This study dealt with the oxidation of both HoS and CH3SH, in a jet-
stirred reactor in the temperature range of 600-1100 K and the resi-
dence time of 1 s. The oxidation experiments, which involved the stoi-
chiometric and fuel-lean conditions, demonstrated the conversion of
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both sulfur compounds shifting to lower temperatures as the oxygen
concentration increases. The updated kinetic model, including recent
progress on the conversion of CH3SH reported in the literature, re-
produces well the measurements collected under all conditions in this
study and in the prior investigations available in literature. The oxida-
tion of CH3SH involves the formation of the transitional species of
CH,SO that decomposes mainly to CO and H,S, improving the pre-
dictions with respect to the mechanisms described in the literature.
Nevertheless, future studies should embark on better characterization of
the consumption reactions of CHSO. The species of HyS and CH3SH
commence to react at a comparable temperature due to the initiation
reactions that involve the abstraction of hydrogen from the sulfur. The
oxidation of HyS completes at a higher temperature than that of CH3SH,
due to the appearance of unreactive HO, radicals.
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1) Comparison of SO, concentrations using FTIR and micro-GC equipments
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Figure S1. Concentrations of H,S and SO, (using FTIR and micro-GC) vs. temperature at the
experimental conditions of set 3 in Table 1. Symbols represent experimental concentrations,

while lines denote model predictions.



2) Reaction pathways
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Figure S2. Reaction pathways for CH3SH oxidation.



3) Sensitivity analysis for H,S
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Figure S3. Normalized sensitivity analyses for the H.,S oxidation. Set 2 in Table 1, A = 2.05, 800
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1 of the work by Alzueta et al. [31].
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5) Sensitivity analysis for CH3SH
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Figure S6. Normalized sensitivity analyses for the CH3SH oxidation experiments. Top figure: set
4inTable 1, A =1.01, 775 K. Bottom figure: set 5 in Table 1, A = 3.55, 750 K.



6) Simulations of CH3SH experiments modifying the activation energy of reaction (R3)
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Figure S7. Concentrations of CH3SH, CH4, CO, H.S,

experimental conditions of set 4 in Table 1 (A = 1.01).
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Symbols represent experimental

concentrations, while lines denote model predictions, varying the activation energy of R3. The

acronym “pw” in the legend denotes present work and the activation energy of reaction (R3)

corresponds to 42 kcal/mol.
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7) Simulations of CH3SH experiments modifying the pre-exponential factor of reaction
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FINAL MECHANISM

“This annex contains the final mechanism compiled in the present work”
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0.39737520E+01 0.16097502E-02-0.10785119E-06-0.86399922E-10 0.14301196E-13 2
0.45608973E+05 0.75549729E-01 0.36872995E+01 0.15066403E-02 0.69679857E-07 3
0.23537297E-09-0.19397147E-12 0.45863672E+05 0.20267601E+01 4

CH3 121286C 1H 3 G 0300.00 5000.00 1000.00 1

0.02844051E+02 0.06137974E-01-0.02230345E-04 0.03785161E-08-0.02452159E-12 2
0.16437809E+05 0.05452697E+02 0.02430442E+02 0.11124099E-01-0.01680220E-03 3
0.16218288E-07-0.05864952E-10 0.16423781E+05 0.06789794E+02 4

0] 1201860 1 G 0300.00 5000.00 1000.00 1
0.02542059E+02-0.02755061E-03-0.03102803E-07 0.04551067E-10-0.04368051E-14 2
0.02923080E+06 0.04920308E+02 0.02946428E+02-0.16381665E-02 0.02421031E-04 3
-0.16028431E-08 0.03890696E-11 0.02914764E+06 0.02963995E+02 4

CH4 121286C 1H 4 G 0300.00 5000.00 1000.00 1

0.01683478E+02 0.10237236E-01-0.03875128E-04 0.06785585E-08-0.04503423E-12 2
-0.10080787E+05 0.09623395E+02 0.07787415E+01 0.01747668E+00-0.02783409E-03 3
0.03049708E-06-0.12239307E-10-0.09825229E+05 0.13722195E+02 4

OH 1212860 1H 1 G 0300.00 5000.00 1000.00 1

0.02882730E+02 0.10139743E-02-0.02276877E-05 0.02174683E-09-0.05126305E-14 2
0.03886888E+05 0.05595712E+02 0.03637266E+02 0.01850910E-02-0.16761646E-05 3
0.02387202E-07-0.08431442E-11 0.03606781E+05 0.13588605E+01 4

H20 20387H 20 1 G 0300.00 5000.00 1000.00 1

0.02672145E+02 0.03056293E-01-0.08730260E-05 0.12009964E-09-0.06391618E-13 2
-0.02989921E+06 0.06862817E+02 0.03386842E+02 0.03474982E-01-0.06354696E-04 3



0.06968581E-07-0.02506588E-10-0.03020811E+06 0.02590232E+02 4

3

3

C2 121286C 2 G 0300.00 5000.00 1000.00 1
0.04135978E+02 0.06531618E-03 0.01837099E-05-0.05295085E-09 0.04712137E-13 2
0.09967272E+06 0.07472923E+01 0.06996045E+02-0.07400601E-01 0.03234703E-04
0.04802535E-07-0.03295917E-10 0.09897487E+06-0.13862268E+02 4
C2H 83194H 1C 2 0 0G 300.000 4000.000 1400.00 01
0.52086663E+01 0.12875765E-02-0.10398387E-06-0.67526325E-10 0.11751871E-13
0.64697773E+05-0.53721781E+01 0.39396334E+01 0.32114412E-02-0.39412765E-06
-0.74782530E-09 0.27493521E-12 0.65224684E+05 0.17814000E+01 4
C2H2 121386C 2H 2 G 0300.00 5000.00 1000.00 1
0.04436770E+02 0.05376039E-01-0.01912816E-04 0.03286379E-08-0.02156709E-12
0.02566766E+06-0.02800338E+02 0.02013562E+02 0.15190446E-01-0.16163189E-04
0.09078992E-07-0.01912746E-10 0.02612444E+06 0.08805378E+02 4
C2H3 83194H 3C 2 0 0G 300.000 4000.000 1400.00 01
0.71861677E+01 0.34552682E-02-0.29435373E-06-0.20681942E-09 0.36797774E-13
0.32229627E+05-0.15977573E+02 0.24955740E+01 0.10269993E-01-0.10226917E-05
-0.27594382E-08 0.96919825E-12 0.34232813E+05 0.10614626E+02 4
co 121286C 10 1 G 0300.00 5000.00 1000.00 1
0.03025078E+02 0.14426885E-02-0.05630827E-05 0.10185813E-09-0.06910951E-13
-0.14268350E+05 0.06108217E+02 0.03262451E+02 0.15119409E-02-0.03881755E-04
0.05581944E-07-0.02474951E-10-0.14310539E+05 0.04848897E+02 4
C2H4 121286C 2H 4 G 0300.00 5000.00 1000.00 1
0.03528418E+02 0.11485185E-01-0.04418385E-04 0.07844600E-08-0.05266848E-12
0.04428288E+05 0.02230389E+02-0.08614880E+01 0.02796162E+00-0.03388677E-03
0.02785152E-06-0.09737879E-10 0.05573046E+05 0.02421148E+03 4
HCO 121286H 1C 10 1 G 0300.00 5000.00 1000.00 1
0.03557271E+02 0.03345572E-01-0.13350060E-05 0.02470572E-08-0.01713850E-12
0.03916324E+05 0.05552299E+02 0.02898329E+02 0.06199146E-01-0.09623084E-04
0.10898249E-07-0.04574885E-10 0.04159922E+05 0.08983614E+02 4
N2 121286N 2 G 0300.00 5000.00 1000.00 1
0.02926640E+02 0.14879768E-02-0.05684760E-05 0.10097038E-09-0.06753351E-13
-0.09227977E+04 0.05980528E+02 0.03298677E+02 0.14082404E-02-0.03963222E-04
0.05641515E-07-0.02444854E-10-0.10208999E+04 0.03950372E+02 4
C2H5 83194H 5C 2 0 0G 300.000 4000.0001400.00 01
0.87349157E+01 0.54537677E-02-0.37647177E-06-0.31297920E-09 0.52844000E-13
0.10265269E+05-0.23104086E+02 0.24398923E+01 0.13747212E-01-0.85500653E-06
-0.31469924E-08 0.93754355E-12 0.13158588E+05 0.13099146E+02 4
CH20 121286C 1H 20 1 G 0300.00 5000.00 1000.00 1
0.02995606E+02 0.06681321E-01-0.02628954E-04 0.04737153E-08-0.03212517E-12
-0.15320369E+05 0.06912572E+02 0.16527311E+01 0.12631439E-01-0.01888168E-03
0.02050031E-06-0.08413237E-10-0.14865404E+05 0.13784820E+02 4
C2H6 121686C 2H 6 G 0300.00 4000.00 1000.00 1
0.04825938E+02 0.13840429E-01-0.04557258E-04 0.06724967E-08-0.03598161E-12
-0.12717793E+05-0.05239506E+02 0.14625388E+01 0.15494667E-01 0.05780507E-04
-0.12578319E-07 0.04586267E-10-0.11239176E+05 0.14432295E+02 4
CH20H 120186H 3C 10 1 G 0250.00 4000.00 1000.00 1
0.06327520E+02 0.03608270E-01-0.03201547E-05-0.01938750E-08 0.03509704E-12
-0.04474509E+05-0.08329365E+02 0.02862628E+02 0.10015273E-01-0.05285435E-05
-0.05138539E-07 0.02246041E-10-0.03349678E+05 0.10397938E+02 4
CH30 121686C 1H 30 1 G 0300.00 3000.00 1000.00 1

0.03770799E+02 0.07871497E-01-0.02656384E-04 0.03944431E-08-0.02112616E-12
0.12783252E+03 0.02929575E+02 0.02106204E+02 0.07216595E-01 0.05338472E-04
-0.07377636E-07 0.02075610E-10 0.09786011E+04 0.13152177E+02 4



02 1213860 2 G 0300.00 5000.00 1000.00 1

0.03697578E+02 0.06135197E-02-0.12588420E-06 0.01775281E-09-0.11364354E-14 2
-0.12339301E+04 0.03189165E+02 0.03212936E+02 0.11274864E-02-0.05756150E-05 3
0.13138773E-08-0.08768554E-11-0.10052490E+04 0.06034737E+02 4

CH30H 121686C 1H 40 1 G 0300.00 5000.00 1000.00 1
0.04029061E+02 0.09376593E-01-0.03050254E-04 0.04358793E-08-0.02224723E-12 2
-0.02615791E+06 0.02378195E+02 0.02660115E+02 0.07341508E-01 0.07170050E-04 3
-0.08793194E-07 0.02390570E-10-0.02535348E+06 0.11232631E+02 4

HO2 20387H 10 2 G 0300.00 5000.00 1000.00 1

0.04072191E+02 0.02131296E-01-0.05308145E-05 0.06112269E-09-0.02841164E-13 2
-0.15797270E+03 0.03476029E+02 0.02979963E+02 0.04996697E-01-0.03790997E-04 3
0.02354192E-07-0.08089024E-11 0.01762273E+04 0.09222724E+02 4

H202 120186H 20 2 G 0300.00 5000.00 1000.00 1

0.04573167E+02 0.04336136E-01-0.14746888E-05 0.02348903E-08-0.14316536E-13 2
-0.01800696E+06 0.05011369E+01 0.03388753E+02 0.06569226E-01-0.14850125E-06 3
-0.04625805E-07 0.02471514E-10-0.01766314E+06 0.06785363E+02 4

C3H2 102193H 2C 3 G 0150.00 4000.00 1000.00 1

0.07670981E+02 0.02748749E-01-0.04370942E-05-0.06455599E-09 0.16638874E-13 2
0.06259722E+06-0.12368903E+02 0.03166713E+02 0.02482571E+00-0.04591637E-03 3
0.04268019E-06-0.14821524E-10 0.06350421E+06 0.08869446E+02 4

H2CCCH 032599C 3H 3 G 0300.00 4000.00 1000.00 1

0.08831047E+02 0.04357194E-01-0.04109066E-05-0.02368723E-08 0.04376520E-12 2
0.39983875E+05-0.22559194E+02 0.04754199E+02 0.11080277E-01 0.02793323E-05 3
-0.05479212E-07 0.01949629E-10 0.41398515E+05-1.94548824E-01 4

AR 120186AR 1 G 0300.00 5000.00 1000.00 1

0.02500000E+02 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 2
-0.07453750E+04 0.04366000E+02 0.02500000E+02 0.00000000E+00 0.00000000E+00 3
0.00000000E+00 0.00000000E+00-0.07453750E+04 0.04366000E+02 4

C20 121286C 20 1 G 0300.00 5000.00 1000.00 1

0.04849809E+02 0.02947585E-01-0.10907286E-05 0.01792562E-08-0.11157585E-13 2
0.03282055E+06-0.06453225E+01 0.03368850E+02 0.08241803E-01-0.08765145E-04 3
0.05569262E-07-0.15400086E-11 0.03317081E+06 0.06713314E+02 4

C3H4 101993H 4C 3 G 0300.00 4000.00 1400.00 1

0.09776256E+02 0.05302137E-01-0.03701117E-05-0.03026385E-08 0.05089581E-12 2
0.01954972E+06-0.03077061E+03 0.02539830E+02 0.16334371E-01-0.01764950E-04 3
-0.04647365E-07 0.01729130E-10 0.02251242E+06 0.09935702E+02 4

C3H4P 101993H 4C 3 G 0300.00 4000.00 1400.00 1

0.09768102E+02 0.05219151E-01-0.03753140E-05-0.02992191E-08 0.05107878E-12 2
0.01860277E+06-0.03020678E+03 0.03029730E+02 0.14989613E-01-0.13985000E-05 3
-0.03969619E-07 0.13882165E-11 0.02148408E+06 0.08004594E+02 4

HCCO 32387H 1C 20 1 G 0300.00 4000.00 1000.00 1

0.06758073E+02 0.02000400E-01-0.02027607E-05-0.10411318E-09 0.01965164E-12 2
0.01901513E+06-0.09071262E+02 0.05047965E+02 0.04453478E-01 0.02268282E-05 3
-0.14820945E-08 0.02250741E-11 0.01965891E+06 0.04818439E+01 4
CH2CHCH2 82489C 3H 5 G 0300.00 4000.00 1000.00 1
0.09651539E+02 0.08075596E-01-0.07965424E-05-0.04650696E-08 0.08603281E-12 2
0.15300955E+05-0.02686773E+03 0.02276486E+02 0.01985564E+00 0.11238421E-05 3
-0.10145757E-07 0.03441342E-10 0.01789496E+06 0.13725151E+02 4
CH3CCH2 82489C 3H 5 G 0300.00 4000.00 1000.00 1

0.09101018E+02 0.07964167E-01-0.07884945E-05-0.04562036E-08 0.08529212E-12 2
0.02670680E+06-0.02150559E+03 0.03385811E+02 0.14045337E-01 0.03204127E-04 3
-0.03824120E-07-0.09053742E-11 0.02909066E+06 0.11266487E+02 4
CH3CHCH 82489C 3H 5 G 0300.00 4000.00 1000.00 1



0.09209764E+02 0.07871412E-01-0.07724522E-05-0.04497357E-08 0.08377272E-12 2
0.02853967E+06-0.02232369E+03 0.03161863E+02 0.15180997E-01 0.02722659E-04 3
-0.05177112E-07 0.05435286E-12 0.03095547E+06 0.11979733E+02 4

CH2CO 121686C 2H 20 1 G 0300.00 5000.00 1000.00 1
0.06038817E+02 0.05804840E-01-0.01920953E-04 0.02794484E-08-0.14588676E-13 2
-0.08583402E+05-0.07657581E+02 0.02974970E+02 0.12118712E-01-0.02345045E-04 3
-0.06466685E-07 0.03905649E-10-0.07632636E+05 0.08673553E+02 4

HCCOH 32387H 2C 20 1 G 0300.00 4000.00 1000.00 1

0.07328324E+02 0.03336416E-01-0.03024705E-05-0.01781106E-08 0.03245168E-12 2
0.07598258E+05-0.14012140E+02 0.03899465E+02 0.09701075E-01-0.03119309E-05 3
-0.05537732E-07 0.02465732E-10 0.08701190E+05 0.04491874E+02 4

C3H6 120186C 3H 6 G 0300.00 5000.00 1000.00 1

0.06732257E+02 0.14908336E-01-0.04949899E-04 0.07212022E-08-0.03766204E-12 2
-0.09235703E+04-0.13313348E+02 0.14933071E+01 0.02092517E+00 0.04486794E-04 3
-0.16689121E-07 0.07158146E-10 0.10748264E+04 0.16145340E+02 4

C2H20H HCCO TRAN 121196H 3C 20 1 0G 300.000 3000.000 1000.00 01
0.57206843E+01 0.10704185E-01-0.50358494E-05 0.11324499E-08-0.10086621E-12 2
0.12849424E+05-0.47081776E+01 0.81498282E-01 0.31640644E-01-0.34085361E-04 3
0.18978838E-07-0.41950165E-11 0.14060783E+05 0.22908977E+02 4

CH2HCO 1103930 1H 3C 2 G 0300.00 5000.00 1000.00 1
0.05975670E+02 0.08130591E-01-0.02743624E-04 0.04070304E-08-0.02176017E-12 2
0.04903218E+04-0.05045251E+02 0.03409062E+02 0.10738574E-01 0.01891492E-04 3
-0.07158583E-07 0.02867385E-10 0.15214766E+04 0.09558290E+02 4

CH3CO 120186C 2H 30 1 G 0300.00 5000.00 1000.00 1

0.05612279E+02 0.08449886E-01-0.02854147E-04 0.04238376E-08-0.02268403E-12 2
-0.05187863E+05-0.03274949E+02 0.03125278E+02 0.09778220E-01 0.04521448E-04 3
-0.09009462E-07 0.03193717E-10-0.04108507E+05 0.11228854E+02 4

Co2 121286C 10 2 G 0300.00 5000.00 1000.00 1

0.04453623E+02 0.03140168E-01-0.12784105E-05 0.02393996E-08-0.16690333E-13 2
-0.04896696E+06-0.09553959E+01 0.02275724E+02 0.09922072E-01-0.10409113E-04 3
0.06866686E-07-0.02117280E-10-0.04837314E+06 0.10188488E+02 4

CH3HCO 120186C 20 1H 4 G 0300.00 5000.00 1000.00 1
0.05868650E+02 0.10794241E-01-0.03645530E-04 0.05412912E-08-0.02896844E-12 2
-0.02264568E+06-0.06012946E+02 0.02505695E+02 0.13369907E-01 0.04671953E-04 3
-0.11281401E-07 0.04263566E-10-0.02124588E+06 0.13350887E+02 4

CH302 BUR95H 3C 10 2 0G 200.000 6000.000 1000.000 01

0.66812963E 01 0.80057271E-02-0.27188507E-05 0.40631365E-09-0.21927725E-13 2
0.52621851E 03-0.99423847E 01 0.20986490E 01 0.15786357E-01 0.75683261E-07 3
-0.11274587E-07 0.56665133E-11 0.20695879E 04 0.15007068E 02 0.33715510E+04 4
CH300H BURSS5H 4C 10 2 00G 200.000 6000.000 1000.000 1
0.61600316E+01 0.10239957E-01-0.36101507E-05 0.57550301E-09-0.34178147E-13 2
-0.17654526E+05-0.61911544E+01 0.49652507E+01 0.92343510E-03 0.34455956E-04 3
-0.44469600E-07 0.17456120E-10-0.16726970E+05 0.29880275E+01-0.14980760E+05 4
C4H 121686C 4H 1 G 0300.00 5000.00 1000.00 1

0.06242882E+02 0.06193682E-01-0.02085931E-04 0.03082203E-08-0.16364826E-13 2
0.07568019E+06-0.07210806E+02 0.05023247E+02 0.07092375E-01-0.06073762E-07 3
-0.02275752E-07 0.08086994E-11 0.07623812E+06-0.06942594E+00 4

CAH2 121686C 4H 2 G 0300.00 5000.00 1000.00 1

0.09031407E+02 0.06047252E-01-0.01948788E-04 0.02754863E-08-0.13856080E-13 2
0.05294735E+06-0.02385067E+03 0.04005191E+02 0.01981000E+00-0.09865877E-04 3
-0.06635158E-07 0.06077413E-10 0.05424065E+06 0.01845736E+02 4
H2CCCCH 82489C 4H 3 G 0300.00 4000.00 1000.00 1

0.11314095E+02 0.05014414E-01-0.05350444E-05-0.02825309E-08 0.05403279E-12 2



0.05181211E+06-0.03062434E+03 0.06545799E+02 0.12424768E-01 0.05603226E-05 3
-0.05631141E-07 0.16652183E-11 0.05352502E+06-0.04264082E+02 4
HCCHCCH 82489C 4H 3 G 0300.00 4000.00 1000.00 1

0.10752738E+02 0.05381153E-01-0.05549637E-05-0.03052266E-08 0.05761740E-12 2
0.06121419E+06-0.02973025E+03 0.04153881E+02 0.01726287E+00-0.02389374E-05 3
-0.10187000E-07 0.04340504E-10 0.06338070E+06 0.06036506E+02 4
CH2CHCCH 82489C 4H 4 G 0300.00 4000.00 1000.00 1

0.10697773E+02 0.06982014E-01-0.06567747E-05-0.03884517E-08 0.07200946E-12 2
0.03034803E+06-0.03128430E+03 0.03233893E+02 0.01865634E+00 0.12703205E-05 3
-0.09410096E-07 0.02956110E-10 0.03301097E+06 0.09922676E+02 4
CH2CHCCH2 82489C 4H 5 G 0300.00 4000.00 1000.00 1
0.11997762E+02 0.07990580E-01-0.08098172E-05-0.04568733E-08 0.08636911E-12 2
0.03228493E+06-0.03528494E+03 0.03879443E+02 0.01997663E+00 0.01872777E-04 3
-0.09306953E-07 0.02386116E-10 0.03526859E+06 0.09842152E+02 4
CH2CHCHCH 82489C 4H 5 G 0300.00 4000.00 1000.00 1
0.12865971E+02 0.07943369E-01-0.08626466E-05-0.04655635E-08 0.08951131E-12 2
0.03783552E+06-0.04182502E+03 0.02995240E+02 0.02288456E+00 0.01975471E-04 3
-0.11482454E-07 0.03197823E-10 0.04142218E+06 0.12894539E+02 4
CH2CHCHCH2 120189C 4H 6 G 0300.00 4000.00 1000.00 1
0.12544366E+02 0.09596525E-01-0.09187012E-05-0.05429640E-08 0.10053636E-12 2
0.08597330E+05-0.04217450E+03 0.01931624E+02 0.02479030E+00 0.03018071E-04 3
-0.11546856E-07 0.02586623E-10 0.12554682E+05 0.01701999E+03 4
OCHCHO 120596H 2C 20 2 0G 300.000 3000.0001000.00 01
0.49087462E+01 0.13182673E-01-0.71416730E-05 0.18461316E-08-0.18525858E-12 2
-0.27116386E+05 0.59148768E+00 0.25068862E+01 0.18899139E-01-0.10302623E-04 3
0.62607508E-09 0.88114253E-12-0.26427374E+05 0.13187043E+02 4

C5H2 20587C 5H 2 G 0300.00 5000.00 1000.00 1

0.11329175E+02 0.07424056E-01-0.02628188E-04 0.04082541E-08-0.02301332E-12 2
0.07878706E+06-0.03617117E+03 0.03062321E+02 0.02709998E+00-0.10091697E-04 3
-0.12727451E-07 0.09167219E-10 0.08114969E+06 0.07071078E+02 4
H2CCCCCH 101993H 3C 5 G 0300.00 4000.00 1400.00 1

0.14407361E+02 0.04424058E-01-0.03618244E-05-0.02456408E-08 0.04327859E-12 2
0.05896103E+06-0.04775144E+03 0.07441420E+02 0.15851654E-01-0.02219895E-04 3
-0.04928037E-07 0.01984559E-10 0.06162266E+06-0.09047891E+02 4
HCCCHCCH 101993H 3C 5 G 0300.00 4000.00 1400.00 1
0.14122474E+02 0.04593411E-01-0.03738175E-05-0.02574328E-08 0.04539160E-12 2
0.06249257E+06-0.04722335E+03 0.06854796E+02 0.01699404E+00-0.02582284E-04 3
-0.05488764E-07 0.02281480E-10 0.06515364E+06-0.07133854E+02 4

C5H5 101993H 5C 5 G 0300.00 4000.00 1400.00 1

0.15310937E+02 0.07473806E-01-0.05837457E-05-0.04386651E-08 0.07696839E-12 2
0.02525889E+06-0.05951593E+03 0.10073161E+01 0.03189880E+00-0.04748189E-04 3
-0.11023903E-07 0.04584680E-10 0.03047390E+06 0.01934167E+03 4

H2C40 120189H 2C 40 1 G 0300.00 4000.00 1000.00 1

0.10268878E+02 0.04896164E-01-0.04885080E-05-0.02708566E-08 0.05107013E-12 2
0.02346902E+06-0.02815985E+03 0.04810971E+02 0.13139988E-01 0.09865073E-05 3
-0.06120720E-07 0.16400028E-11 0.02545803E+06 0.02113424E+02 4

C6H2 121686C 6H 2 G 0300.00 5000.00 1000.00 1

0.12756519E+02 0.08034381E-01-0.02618215E-04 0.03725060E-08-0.01878850E-12 2
0.08075469E+06-0.04041262E+03 0.05751085E+02 0.02636719E+00-0.11667596E-04 3
-0.10714498E-07 0.08790297E-10 0.08262012E+06-0.04335532E+02 4

C6H4 111293H 4C 6 G 0300.00 4000.00 1000.00 1

0.14016253E+02 0.08242769E-01-0.08099663E-05-0.04654132E-08 0.08748122E-12 2
0.04410395E+06-0.05139376E+03 0.15200236E+01 0.02876611E+00 0.14177245E-05 3



-0.16505889E-07 0.05873156E-10 0.04844894E+06 0.01719033E+03 4

C6H5 82489C 6H 5 G 0300.00 4000.00 1000.00 1

0.15775887E+02 0.09651109E-01-0.09429416E-05-0.05469111E-08 0.10265216E-12 2
0.03302698E+06-0.06176280E+03 0.11435567E+00 0.03627324E+00 0.11582856E-05 3
-0.02196964E-06 0.08463556E-10 0.03836054E+06 0.02380117E+03 4

C6H6 20387C 6H 6 G 0300.00 5000.00 1000.00 1

0.12910740E+02 0.01723296E+00-0.05024210E-04 0.05893497E-08-0.01947521E-12 2
0.03664511E+05-0.05002699E+03-0.03138012E+02 0.04723103E+00-0.02962207E-04 3
-0.03262819E-06 0.01718691E-09 0.08890031E+05 0.03657573E+03 4

CH3CN 111596H 3C 2N 1 0G 300.000 3000.0001000.00 01
0.23924046E+01 0.15618873E-01-0.79120497E-05 0.19372333E-08-0.18611956E-12 2
0.84999377E+04 0.11145236E+02 0.25197531E+01 0.13567523E-01-0.25764077E-05 3
-0.30893967E-08 0.14288692E-11 0.85533762E+04 0.10920868E+02 4

CH2CN 111596H 2C 2N 1 0G 300.000 3000.0001000.00 01
0.46058146E+01 0.94485160E-02-0.47116329E-05 0.11389957E-08-0.10828942E-12 2
0.29171486E+05 0.10084415E+01 0.25296724E+01 0.18114138E-01-0.18960575E-04 3
0.11944583E-07-0.32544142E-11 0.29592293E+05 0.10993441E+02 4

HNO pg9601H 1IN 10 1 G 0300.00 5000.00 1000.00 1

0.03615144E+02 0.03212486E-01-0.01260337E-04 0.02267298E-08-0.01536236E-12 2
0.11769108E+05 0.04810264E+02 0.02784403E+02 0.06609646E-01-0.09300223E-04 3
0.09437980E-07-0.03753146E-10 0.12025976E+05 0.09035629E+02 4

HCN 110193H 1C 1N 1 G 0300.00 4000.00 1000.00 1

0.03426457E+02 0.03924190E-01-0.01601138E-04 0.03161966E-08-0.02432850E-12 2
0.01485552E+06 0.03607795E+02 0.02417787E+02 0.09031856E-01-0.01107727E-03 3
0.07980141E-07-0.02311141E-10 0.01501044E+06 0.08222891E+02 4

HNCO 110193H 1C 1IN 10 1G 0300.00 4000.00 1400.00 1
0.06545307E+02 0.01965760E-01-0.01562664E-05-0.01074318E-08 0.01874680E-12 2
-0.01664773E+06-0.01003880E+03 0.03858467E+02 0.06390342E-01-0.09016628E-05 3
-0.01898224E-07 0.07651380E-11-0.01562343E+06 0.04882493E+02 4

HOCN 110193H 1C 1IN 10 1G 0300.00 4000.00 1400.00 1
0.06022112E+02 0.01929530E-01-0.01455029E-05-0.01045811E-08 0.01794814E-12 2
-0.04040321E+05-0.05866433E+02 0.03789424E+02 0.05387981E-01-0.06518270E-05 3
-0.01420164E-07 0.05367969E-11-0.03135335E+05 0.06667052E+02 4

NCO 110193C 1IN 10 1 G 0300.00 4000.00 1400.00 1

0.06072346E+02 0.09227829E-02-0.09845574E-06-0.04764123E-09 0.09090445E-13 2
0.01359820E+06-0.08507293E+02 0.03359593E+02 0.05393239E-01-0.08144585E-05 3
-0.01912868E-07 0.07836794E-11 0.01462809E+06 0.06549694E+02 4

NO* dummyO 1IN 1 O G 0300.00 4000.00 1400.00 1

0.06072346E+02 0.09227829E-02-0.09845574E-06-0.04764123E-09 0.09090445E-13 2
0.01359820E+06-0.08507293E+02 0.03359593E+02 0.05393239E-01-0.08144585E-05 3
-0.01912868E-07 0.07836794E-11 0.01462809E+06 0.06549694E+02 4

C2H50H BUR 8/88C 2H 60 1 G 200.000 6000.000 1000.00 1
0.65624365E+01 0.15204222E-01-0.53896795E-05 0.86225011E-09-0.51289787E-13 2
-0.31525621E+05-0.94730202E+01 0.48586957E+01-0.37401726E-02 0.69555378E-04 3
-0.88654796E-07 0.35168835E-10-0.29996132E+05 0.48018545E+01-0.28257829E+05 4
C2H40H MARI9OC 2H 50 1 0G 200.000 4000.0001000.00 1
0.74564000E+00 0.02930200E-00-2.18510000E-05 8.85746000E-09-1.38170000E-12 2
-0.54736000E+04 0.22235000E+02 0.74564000E+00 0.02930200E-00-2.18510000E-05 3
8.85746000E-09-1.38170000E-12-0.54736000E+04 0.22235000E+02 4
C2H5CHO BURC92C 3H 60 1 0G 273.150 5000.000 1000.00 1
0.33137982E+01 0.26619606E-01-0.10475596E-04 0.18815334E-08-0.12761310E-12 2
-0.25459603E+05 0.96608447E+01 0.76044596E+01-0.86403564E-02 0.73930097E-04 3
-0.79687398E-07 0.28004927E-10-0.25489789E+05-0.67643691E+01-0.23097645E+05 4



C2H5CO BURC92C 3H 50 1 0G 298.150 5000.000 1000.00 1
0.30445698E+01 0.23236429E-01-0.86317936E-05 0.14799550E-08-0.96860829E-13
-0.61787211E+04 0.13122302E+02 0.67368294E+01-0.26945299E-02 0.49927017E-04
-0.50025808E-07 0.15011503E-10-0.65703366E+04-0.23398732E+01-0.43321855E+04
HCOO BOZELLIC 1H 10 2 0G 300.000 5000.000 1453.000 01
6.40920688E+00 3.28189026E-03-1.18710674E-06 1.91323635E-10-1.13932748E-14
-2.20542060E+04-1.04575060E+01 1.52482282E+00 1.26249843E-02-6.61406757E-06
7.72750880E-10 2.09088864E-13-2.02040511E+04 1.64205770E+01 4
CH2SH BUR 8/88C 1H 3S 1 G 300.000 5000.000 1000.00 1
0.02560000E+02 0.19780000E-01-0.26780000E-04 2.17600000E-08-0.73490000E-13
0.17539000E+05 1.17400000E+01 0.02560000E+02 0.19780000E-01-0.26780000E-04
2.17600000E-08-0.73490000E-13 0.17539000E+05 1.17400000E+01 4

S0O2 tpis89S 1.0 2. 0. 0.G 200.000 6000.000 1000. 1

5.38423482E+00 1.67930560E-03-6.32062944E-07 1.08465348E-10-6.66890336E-15
-3.76067022E+04-1.83130517E+00 3.67480752E+00 2.28302107E-03 8.46893049E-06
-1.36562039E-08 5.76271873E-12-3.69455073E+04 7.96866430E+00-3.56978343E+04
SO2* pgd0 S 10 2 G 0300.00 5000.00 1000.00 1

0.05254498E+02 0.01978545E-01-0.08204226E-05 0.01576383E-08-0.01120451E-12
-0.08300578E+04-0.01146056E+02 0.02911439E+02 0.08103022E-01-0.06906710E-04
0.03329016E-07-0.08777121E-11-0.01400178E+04 0.01111740E+03 4

SO3 tpis89S 1.0 3. 0. 0.G 200.000 6000.000 1000. 1

7.29677572E+00 2.73576437E-03-1.06377755E-06 1.80776031E-10-1.12077527E-14
-5.03096739E+04-1.24246659E+01 2.37461122E+00 1.59543297E-02-1.26322543E-05
2.81827264E-09 6.23371547E-13-4.89269231E+04 1.31043046E+01-4.76155540E+04
SO tpis89S 1.0 1. 0. 0.G 200.000 6000.000 1000. 1

3.96894225E+00 3.77296831E-04 7.67102696E-09-1.37544433E-11 1.37139416E-15
-7.28571725E+02 3.73493087E+00 3.61859514E+00-2.32173768E-03 1.16462669E-05
-1.42092510E-08 5.60765370E-12-4.80621641E+02 6.36504115E+00 5.72529951E+02
SO(S) est09S 10 1 G 0300.00 5000.00 1000.00 1
0.04309940E+02-0.12150870E-02 2.75383045E-06-2.07106108E-09 5.55106589E-13
1.07760928E+04 0.01311757E+02 0.04309940E+02-0.12150870E-02 2.75383045E-06
-2.07106108E-09 5.55106589E-13 1.07760928E+04 0.01311757E+02 4

HSO T04/07H 1.5 1.0 1. 0.G 200.000 6000.000 1000. 1
4.34724125E+00 2.53372236E-03-9.51430950E-07 1.58095446E-10-9.65294637E-15
-4.20893834E+03 3.15887502E+00 4.13565093E+00-3.69243127E-03 2.05169784E-05
-2.40530656E-08 9.17084270E-12-3.82371653E+03 5.88770120E+00-2.61672666E+03
HOS T04/07S 1.0 1.H 1. 0.G 200.000 6000.000 1000. 1
4.37246017E+00 2.01398865E-03-6.50854476E-07 9.74413078E-11-5.52225169E-15
-2.28578181E+03 3.13657231E+00 3.69440567E+00 3.94327613E-04 1.10155102E-05
-1.63102588E-08 7.03352877E-12-1.99257018E+03 7.31635620E+00-8.05146665E+02
HOSO DAGGLAO3 GOUMARS9 H 10 2S5 1 0G 300.000 1500.000 1500.00 01
0.16184697E+01 0.21164061E-01-0.26690482E-04 0.16272216E-07-0.37779005E-11
-0.30255641E+05 0.19477260E+02 0.16184697E+01 0.21164061E-01-0.26690482E-04

0.16272216E-07-0.37779005E-11-0.30255641E+05 0.19477260E+02 4
DAG/GLA03 GOU/MAR99
HSO2 H 10 25 1 0G 300.00 2000.001000.00 1

0.15627374E+01 0.20691389E-01-0.23112073E-04 0.12670203E-07-0.27274176E-11
-0.18214824E+05 0.17556820E+02 0.15627374E+01 0.20691389E-01-0.23112073E-04
0.12670203E-07-0.27274176E-11-0.18214824E+05 0.17556820E+02 4
ALZ/GLAO1 GOU/MAR99

HOSO2 BOZ/RH 10 3S 1 0G 300.000 1500.000 1500.00 01
0.24358474E+01 0.29991941E-01-0.40650871E-04 0.26047603E-07-0.62778546E-11
-0.48803251E+05 0.14364072E+02 0.24358474E+01 0.29991941E-01-0.40650871E-04

2

3

2
3

4

4



0.26047603E-07-0.62778546E-11-0.48803251E+05 0.14364072E+02 4

HOSOH BOZ/RH 20 2S 1 0G 300.000 1500.000 1500.00 01
0.17225311E+01 0.25308046E-01-0.30864965E-04 0.18614741E-07-0.42872813E-11 2
-0.39295778E+05 0.16536892E+02 0.17225311E+01 0.25308046E-01-0.30864965E-04 3
0.18614741E-07-0.42872813E-11-0.39295778E+05 0.16536892E+02 4

HOSHO BOZ/RH 20 2S 1 0G 300.000 1500.000 1500.00 01
0.11903822E+01 0.25644735E-01-0.26622842E-04 0.13479665E-07-0.26474629E-11 2
-0.33744886E+05 0.19095494E+02 0.11903822E+01 0.25644735E-01-0.26622842E-04 3
0.13479665E-07-0.26474629E-11-0.33744886E+05 0.19095494E+02 4

H2S0 BOZ/RH 20 1S 1 0G 300.000 1500.000 1500.00 01
0.19580519E+01 0.97265201E-02 0.68413170E-06-0.62343720E-08 0.24166577E-11 2
-0.66770889E+04 0.14783451E+02 0.19580519E+01 0.97265201E-02 0.68413170E-06 3
-0.62343720E-08 0.24166577E-11-0.66770889E+04 0.14783451E+02 4

HSOH H 20 1S 1 0G 300.00 5000.001388.00 1

0.25676441E+01 0.11380521E-01-0.58667324E-05-0.59470041E-09 0.87438329E-12 2
-0.15571256E+05 0.11766399E+02 0.25676441E+01 0.11380521E-01-0.58667324E-05 3
-0.59470041E-09 0.87438329E-12-0.15571256E+05 0.11766399E+02 4

S 19/825 1. 0. 0. 0.G 200.000 6000.000 1000. 1
2.87936498E+00-5.11050388E-04 2.53806719E-07-4.45455458E-11 2.66717362E-15 2
3.25013791E+04 3.98140647E+00 2.31725616E+00 4.78018342E-03-1.42082674E-05 3
1.56569538E-08-5.96588299E-12 3.25068976E+04 6.06242434E+00 3.33128471E+04 4
SH H 1S 1 0 0G 300.00 5000.001000.00 1

3.05381000E+00 1.25888400E-03-4.24916900E-07 6.92959100E-11-4.28169100E-15 2
1.63513273E+04 5.97355100E+00 4.13332700E+00-3.78789300E-04-2.77785400E-06 3
5.37011200E-09-2.39400600E-12 1.60276973E+04 1.61153500E-01 4

H2S g4/01H 2.5 1. 0. 0.G 200.000 6000.000 1000. 1

2.97879430E+00 3.59760372E-03-1.22803151E-06 1.96833209E-10-1.16716162E-14 2
-3.51607638E+03 6.77921228E+00 4.12024455E+00-1.87907426E-03 8.21426650E-06 3
-7.06425730E-09 2.14234860E-12-3.68215173E+03 1.53174068E+00-2.47759639E+03 4
HSOO H 10 25 1 0G 300.00 5000.001000.00 1

5.87948232E+00 4.58580173E-03-2.93621833E-06 1.10178148E-09-1.86219122E-13 2
1.41706015E+04-1.04622817E+00 3.04640372E+00 1.52114268E-02-1.84762707E-05 3
1.13862234E-08-2.72421836E-12 1.48073744E+04 1.28748017E+01 4

S2 tpis89S 2 0 0 0G 200.000 6000.000 1

3.83249656E+00 8.88970881E-04-2.59080844E-07 3.63847115E-11-1.72606371E-15 2
1.42836134E+04 5.33000845E+00 2.87736627E+00 5.00301430E-03-6.04370732E-06 3
3.04738962E-09-3.87017618E-13 1.44342379E+04 9.79873919E+00 1.54669367E+04 4
HS2 H 1S 2 0G 300.00 2000.001000.00 1

3.59075969E+00 4.98506901E-03-3.43045513E-06 1.19341826E-09-1.67403033E-13 2
1.17649789E+04 8.92475572E+00 2.81672268E+00 1.03969679E-02-1.55535096E-05 3
1.24197562E-08-3.90834999E-12 1.18156870E+04 1.21143632E+01 4

H2S2 H 25 2 0G 300.00 2000.001000.00 1

4.69311463E+00 6.01993785E-03-3.01832133E-06 7.52297526E-10-7.91533129E-14 2
1.72179592E+02 2.47728860E+00 2.07852476E+00 1.94742814E-02-2.93966240E-05 3
2.37295586E-08-7.52058161E-12 5.96292301E+02 1.44741864E+01 4

H25202 H 20 25 2 G 300.00 5000.001000.00 1

1.16213004E+01 3.43806006E-03-5.74448284E-07-3.13293096E-10 1.00662179E-13 2
-3.91048380E+04-2.90177401E+01 8.28112013E-01 4.74477762E-02-6.95648159E-05 3
4.87812487E-08-1.32222441E-11-3.69287907E+04 2.29903159E+01 4

H2S30 H 20 1S 3 G 300.00 5000.001000.00 1

1.18514105E+01 3.33850673E-03-6.86562800E-07-2.02600304E-10 7.47780445E-14 2
-1.28853402E+04-2.85026663E+01 3.67805059E+00 4.07191390E-02-6.67990246E-05 3
5.28547092E-08-1.60811288E-11-1.13979874E+04 9.98571106E+00 4



HSSSOH H 20 1S 3 G 300.00 5000.001000.00 1
1.10809208E+01 3.73387762E-03-2.44411342E-07-6.13453741E-10 1.64649581E-13 2

-1.78355780E+04-2.35331548E+01 2.93988478E+00 4.05695638E-02-6.59918573E-05
5.33283075E-08-1.67311298E-11-1.63029028E+04 1.49845285E+01 4
HSSO2 H 10 2S5 2 0G 300.00 2000.001000.00 1

7.76282262E+00 7.02637234E-03-4.08428794E-06 1.12459784E-09-1.18489230E-13 2

-2.33271862E+04-9.48284274E+00 3.49856646E+00 2.50749289E-02-3.40614452E-05
2.40531480E-08-6.85626593E-12-2.24794312E+04 1.09552126E+01 4
S4 tpis89S 4. 0. 0. 0.G 200.000 6000.000 1

9.12781762E+00 9.13784446E-04-3.62719239E-07 6.24637076E-11-3.90794764E-15 2

3

1.33309374E+04-1.74976107E+01 1.62124479E+00 3.69694158E-02-6.92243749E-05 3
6.03240791E-08-1.99529262E-11 1.46879795E+04 1.76312033E+01 1.63127271E+04 4

S5 tpis89S 5. 0. 0. 0.G 200.000 6000.000 1
1.33325960E+01 2.09782536E-04-3.36431685E-07 8.53311588E-11-6.48294924E-15 2
1.13787913E+04-3.48611560E+01 3.27621083E+00 4.32967838E-02-8.47662885E-05

8.12574426E-08-2.97793536E-11 1.36965078E+04 1.41196663E+01 1.59953327E+04 4

S6 tpis89S 6. 0. 0. 0.G 200.000 2500.000 1

1.34043558E+01 3.42127317E-03-1.12816145E-06 1.46420087E-10-6.61286087E-15 2

8.10860569E+03-3.42545590E+01 2.69715935E+00 6.86818730E-02-1.43788282E-04

1.35427080E-07-4.71805554E-11 9.35349932E+03 1.24775267E+01 1.21853457E+04 4

S7 tpis89S 7. 0. 0. 0.G 200.000 6000.000 1

1.78534018E+01 1.21114205E-03-4.83082305E-07 8.34576672E-11-5.23294619E-15 2

7.80776842E+03-5.40618730E+01 2.91732736E+00 8.29649517E-02-1.73743030E-04

1.63959287E-07-5.74388498E-11 1.01380200E+04 1.37221660E+01 1.34572415E+04 4

S8 tpis89S 8. 0. 0. 0.G 200.000 6000.000 1

2.04307658E+01 5.18092908E-03-2.91895357E-06 5.97574588E-10-4.13758389E-14 2

5.11843364E+03-6.74373075E+01 4.13158109E+00 9.43298552E-02-2.05775943E-04

2.05747851E-07-7.51844045E-11 8.20318834E+03 7.83537207E+00 1.21807686E+04 4

HS20 H 10 1S 2 0G 300.00 2000.001000.00 1

6.11859237E+00 5.59523243E-03-3.70626629E-06 1.22524738E-09-1.62789560E-13 2

-6.05886590E+03-1.97720682E+00 2.70484711E+00 2.32126968E-02-3.77894894E-05
3.04178811E-08-9.47692405E-12-5.52811032E+03 1.36259179E+01 4
$S02 O 25 2 0G 300.00 2000.001000.00 1

6.34280650E+00 6.05027505E-03-4.24571996E-06 1.40852829E-09-1.81318004E-13 2

-2.27684952E+04-3.78737520E+00 2.80168627E+00 1.99919280E-02-2.56401242E-05
1.65559742E-08-4.33620009E-12-2.20225598E+04 1.34189370E+01 4
VDW1 H 20 35 1 G 300.00 5000.001000.00 1

1.01262222E+01 3.57132793E-03-7.13009073E-09-5.82222901E-10 1.37375969E-13 2

-6.93881691E+04-1.74036743E+01 8.13179120E+00 8.32444914E-03-2.04192137E-06
-2.95153810E-09 1.78217150E-12-6.88287103E+04-6.98378761E+00 4
0SSO 0 25 2 0G 300.00 2000.001000.00 1

3

8.06932897E+00 2.78600929E-03-1.65788135E-06 4.55717434E-10-4.76687943E-14 2

-1.68597542E+04-1.12637659E+01 4.27684328E+00 1.71764292E-02-2.30032367E-05
1.50850596E-08-3.93335889E-12-1.60275576E+04 7.31095245E+00 4
HSSO2 H 10 2S 2 0G 300.00 2000.001000.00 1

7.76282262E+00 7.02637234E-03-4.08428794E-06 1.12459784E-09-1.18489230E-13 2

-2.33271862E+04-9.48284274E+00 3.49856646E+00 2.50749289E-02-3.40614452E-05
2.40531480E-08-6.85626593E-12-2.24794312E+04 1.09552126E+01 4
CH3NO BUR0302 T12/92C 1H 3N 10 1G 200.00 6000.00 1000. 1

3

0.50677397E+01 0.93871079E-02-0.33958317E-05 0.55076729E-09-0.33095301E-13 2

0.71852464E+04-0.10709779E+01 0.52463494E+01-0.68175691E-02 0.46713959E-04
-0.53482743E-07 0.19916692E-10 0.79241319E+04 0.18687355E+01 0.95017371E+04
Cos g5/01C 10 1S 1 0G 200.000 6000.000 1000. 1



5.37456093E+00 2.10411234E-03-7.76417533E-07 1.29745227E-10-7.92407725E-15 2

-1.89178351E+04-3.78473799E+00 1.77198991E+00 1.71486966E-02-2.73082140E-05
2.25553393E-08-7.34373482E-12-1.81328604E+04 1.36810097E+01-1.70424956E+04
CS2 g6/95C 1S 2 0 0G 200.000 6000.000 1000. 1

5.94905043E+00 1.69288150E-03-6.74333823E-07 1.16460519E-10-6.37363519E-15
1.20171256E+04-6.17036834E+00 2.17230835E+00 1.81263444E-02-3.08080090E-05
2.65150564E-08-8.92801520E-12 1.28063739E+04 1.19826948E+01 1.40357038E+04
CS gl1/01C 1S 1 0 0G 200.000 6000.000 1000. 1

3.76959667E+00 7.30980640E-04-2.42920716E-07 2.88070971E-11-5.21956199E-17
3.22498707E+04 3.42022942E+00 3.73124786E+00-3.09803648E-03 1.24828276E-05
-1.41633372E-08 5.33370965E-12 3.24420956E+04 4.54855088E+00 3.35016830E+04
CS20H dummy C 1H 1S 20 1G 200.000 6000.000 1000. 1
5.94905043E+00 1.69288150E-03-6.74333823E-07 1.16460519E-10-6.37363519E-15
1.20171256E+04-6.17036834E+00 2.17230835E+00 1.81263444E-02-3.08080090E-05
2.65150564E-08-8.92801520E-12 1.28063739E+04 1.19826948E+01 1.40357038E+04
CH3S IU3/03H 3C 1S 1 0G 200.000 6000.000 1000. 1
4.62809340E+00 7.50242892E-03-2.70631691E-06 4.37671177E-10-2.61526827E-14
1.30328459E+04 4.15868210E-02 2.56437070E+00 1.15796385E-02-4.50119584E-06
-5.02342418E-10 6.95252997E-13 1.37469790E+04 1.12504946E+01 1.49857923E+04
CH3SH T12/08C 1H 4S 1 0G 200.000 6000.000 1000. 1
4.50369870E+00 9.49866516E-03-3.34303841E-06 5.31967412E-10-3.15164389E-14
-4.46153406E+03 1.51156041E+00 3.78634471E+00 3.77026048E-03 1.96468694E-05
-2.65727342E-08 1.05290360E-11-3.87921543E+03 7.09507940E+00-2.45670376E+03
CH2S T11/08C 1H 2S 1 0G 200.000 6000.000 1000. 1
4.19801901E+00 5.14114256E-03-1.90400104E-06 3.33562196E-10-2.14380834E-14
1.21202116E+04 1.89538934E+00 3.98890625E+00-4.48093468E-03 3.23152583E-05
-3.98564197E-08 1.57804745E-11 1.26210562E+04 5.29851918E+00 1.38253747E+04
CH3CHO C 2H 40 1 0G 200.000 6000.000 1000. 1
0.54041108E+01 0.11723059E-01-0.42263137E-05 0.68372451E-09-0.40984863E-13
-0.22593122E+05-0.34807917E+01 0.47294595E+01-0.31932858E-02 0.47534921E-04
-0.57458611E-07 0.21931112E-10-0.21572878E+05 0.41030159E+01-0.19987949E+05
CH3SO2 (ZHU2006) C 1H 3S 10 2G 200.00 6000.00 1000. 1
0.28260000E+01 0.25630000E-01-0.21440000E-04 9.25300000E-09-0.15790000E-13
-0.28809000E+05 1.32900000E+01 0.28260000E+01 0.25630000E-01-0.21440000E-04
9.25300000E-09-0.15790000E-13-0.28809000E+05 1.32900000E+01 0.28260000E+01
CH30S0 C 1H 35S 10 2G 200.000 6000.000 1000. 1
0.22960000E+01 0.25080000E-01-0.19940000E-04 8.14500000E-09-0.13260000E-13
-0.29221000E+05 1.92800000E+01 0.22960000E+01 0.25080000E-01-0.19940000E-04
8.14500000E-09-0.13260000E-13-0.29221000E+05 1.92800000E+01 0.22960000E+01
S20 tpis89S 20 1 0 0G 200.000 6000.000 1000. 1

6.02401811E+00 1.00035579E-03-3.91923038E-07 6.69240060E-11-4.16275707E-15
-8.76531218E+03-2.93690271E+00 3.01869800E+00 1.08575811E-02-1.25419070E-05
6.57657832E-09-1.21573834E-12-8.02370855E+03 1.21738889E+01-6.73948254E+03
S3 S 3 G 200.000 6000.000 1000. 1

6.53302278E+00 4.89117086E-04-1.94120477E-07 3.34257105E-11-2.09106833E-15
1.53186530E+04-4.42378063E+00 2.67426151E+00 1.85725510E-02-3.39241252E-05
2.89518256E-08-9.41515882E-12 1.60320458E+04 1.37269667E+01 1.74079204E+04
CH3SCH3 C 2H 65 1 0G 200.000 6000.000 1000. 1
6.46633952E+00 1.55897399E-02-5.49135107E-06 8.74455165E-10-5.18380108E-14
-7.34925770E+03-8.01940674E+00 5.28055093E+00 2.44703498E-03 4.47525603E-05
-5.76668384E-08 2.25740377E-11-6.22993885E+03 2.04977549E+00-4.25469691E+03
CH3CH2S C 2H 55 1 0G 200.000 6000.000 1000. 1

3
4

3
4

w

6.06146203E+00 1.35096776E-02-4.79809612E-06 7.68421362E-10-4.57369490E-14 2



8.87147183E+03-5.21760983E+00 4.12080784E+00 6.77995700E-03 2.82399071E-05
-3.90230535E-08 1.53781094E-11 1.00274180E+04 7.80653672E+00 1.17370255E+04
CH2CH2SH C 2H 55 1 0G 200.000 6000.000 1000. 1
6.32502214E+00 1.54070231E-02-5.45709466E-06 8.72281676E-10-5.18467041E-14
-8.26561807E+03-5.41769249E+00 5.40529602E+00 2.42610602E-03 4.12377755E-05
-5.18768956E-08 1.99031036E-11-7.22408589E+03 3.16335395E+00-5.23345332E+03
H2504 T8/03H 2S 10 4 0G 200.000 6000.000 1000. 1
1.13355392E+01 5.60829109E-03-1.94574192E-06 3.07136054E-10-1.81109544E-14
-9.21087435E+04-2.96094003E+01 4.53388173E+00 3.10347679E-02-4.10421795E-05
2.95752341E-08-8.81459071E-12-9.05459072E+04 3.93961412E+00-8.81230524E+04
CH3SO C 1H 35S 10 1G 200.00 6000.00 1000. 1

2.49700000E+00 1.79300000E-02-1.24500000E-05 4.60900000E-09-7.05600000E-13
-1.09760000E+04 1.51000000E+01 2.49700000E+00 1.79300000E-02-1.24500000E-05
4.60900000E-09-7.05600000E-13-1.09760000E+04 1.51000000E+01 2.49700000E+00
HCS C 1H 1S 1 0G 200.000 6000.000 1000. 1

4.24664932E+00 2.35823084E-03-8.25468697E-07 1.30882236E-10-7.73500263E-15
3.24994581E+04 3.27483332E+00 3.79164958E+00-4.94798913E-04 1.27553978E-05
-1.73549729E-08 7.20528315E-12 3.27828773E+04 6.50582055E+00 3.39731635E+04
HNO4 HOONO?2 Perox T 2/16H 1.N 1.0 4. 0.G 200.000 6000.000 1000. 1
9.75692716E+00 5.63667100E-03-2.05043239E-06 3.34256715E-10-2.01600097E-14
-1.05073977E+04-2.26938087E+01 2.44847749E+00 2.85012019E-02-2.93784944E-05
1.50460407E-08-2.95996331E-12-8.61184484E+03 1.44216960E+01-6.84626274E+03
H2NO H 2N 10 1 G 298.150 3000.000 1000.00 1

3.36485636E+00 6.13307432E-03-2.48863886E-06 4.83818467E-10-3.63995936E-14
6.62654717E+03 6.75312730E+00 3.93370869E+00 2.21175605E-03 5.86220201E-06
-6.72931776E-09 2.17836171E-12 6.59507215E+03 4.42022091E+00 4

HCN H 1C 1IN 1 G 298.150 3000.0001000.00 1

2.92308097E+00 4.44713874E-03-2.18020741E-06 5.19245486E-10-4.87687163E-14
1.47106866E+04 6.27783116E+00 2.22381158E+00 8.91348548E-03-1.13836313E-05
8.32413060E-09-2.41730729E-12 1.47670770E+04 9.23408445E+00 4
HCNN H 1C 1IN 2 G 298.150 3000.0001000.00 1

4.28964676E+00 7.03402383E-03-3.73267471E-06 1.00945822E-09-1.08552184E-13
5.41566507E+04 2.95663204E+00 2.60254129E+00 1.30917550E-02-1.17832354E-05
5.68580799E-09-1.10496695E-12 5.45286063E+04 1.12686134E+01 4
HCNO H 1C 1IN 10 1G 298.150 3000.0001000.00 1
4.55025354E+00 7.57617778E-03-4.21171419E-06 1.11675152E-09-1.14509217E-13
1.86270490E+04 4.52782794E-01 3.86648136E+00 1.08161968E-02-9.82913817E-06
5.36663113E-09-1.30321169E-12 1.87385569E+04 3.62535575E+00 4
HNCO H 1C 1IN 10 1G 298.150 3000.000 1000.00 1
4.16893487E+00 6.17767838E-03-2.35286422E-06 3.24605288E-10-8.03245562E-15
-1.59903892E+04 3.07758328E+00 1.86224719E+00 1.72234752E-02-2.16501287E-05
1.50084945E-08-4.13376628E-12-1.56200040E+04 1.37512564E+01 4

HNC H 1C 1IN 1 G 298.150 3000.0001000.00 1

2.93269187E+00 3.80007742E-03-1.71416245E-06 3.79713171E-10-3.33567957E-14
2.19789829E+04 6.19552896E+00 2.31995135E+00 6.47577653E-03-6.06481667E-06
3.50488635E-09-8.70834349E-13 2.20902942E+04 9.09546350E+00 4

HNO H 1IN 10 1 G 298.150 3000.000 1000.00 1

2.58819802E+00 4.87708822E-03-2.29243315E-06 5.82214028E-10-5.94811743E-14
1.20213574E+04 1.04315796E+01 4.51988078E+00-5.42507623E-03 1.70239636E-05
-1.48708172E-08 4.44763498E-12 1.17637925E+04 1.75618526E+00 4
HNO2 H 1IN 10 2 G 298.150 3000.000 1000.00 1

2.71886798E+00 9.23249468E-03-5.00922160E-06 1.30155189E-09-1.30503734E-13
-6.61949139E+03 1.03430537E+01 2.86816457E+00 4.08036347E-03 9.55139253E-06



-1.29604691E-08 4.57373772E-12-6.42160346E+03 1.07615202E+01 4
HOCN H 1C 1IN 10 1G 298.150 3000.000 1000.00 1
4.26758218E+00 6.14779617E-03-2.91885336E-06 6.92686313E-10-6.47954836E-14
-3.34027063E+03 2.82895438E+00 2.77692030E+00 1.20359260E-02-1.16392715E-05
6.43178073E-09-1.48093966E-12-3.03841237E+03 1.00391657E+01 4
HONO2 H 1IN 10 3 G 298.150 3000.000 1000.00 1
5.28851491E+00 1.02507554E-02-6.01108580E-06 1.65260052E-09-1.73502753E-13
-1.85463799E+04-1.38461402E+00 1.03437078E+00 2.44807579E-02-2.31762285E-05
1.03094550E-08-1.64107287E-12-1.75562224E+04 1.98358158E+01 4
HONOc H IN 10 2 G 298.150 3000.0001000.00 1
4.51775109E+00 4.89769814E-03-1.68483435E-06 2.10450542E-10-5.17134670E-15
-1.06257968E+04 3.37616097E+00 3.39543853E+00 6.38325409E-03 5.92373117E-07
-4.31138204E-09 1.87621036E-12-1.02511495E+04 9.54159386E+00 4
HONOt H IN 10 2 G 298.150 3000.000 1000.00 1
4.19966671E+00 5.94217338E-03-2.95404834E-06 7.19846187E-10-6.74909061E-14
-1.08122769E+04 5.08809833E+00 3.49106617E+00 6.81116875E-03-1.30943120E-06
-2.34197204E-09 1.18931535E-12-1.05722865E+04 8.99803804E+00 4
N2H3 H 3N 2 G 298.150 3000.000 1000.00 1

3.20302281E+00 7.99162955E-03-3.10892955E-06 5.91433018E-10-4.34549709E-14
2.58689598E+04 8.45902214E+00 3.80271862E+00 5.52764141E-03 6.84860021E-07
-2.00296493E-09 6.21445742E-13 2.57522809E+04 5.58213774E+00 4
N2H4 H 4N 2 G 298.150 3000.0001000.00 1

3.21893892E+00 1.23204128E-02-5.44372150E-06 1.22223350E-09-1.10736520E-13
1.05061274E+04 6.57037382E+00 9.42542945E-01 2.13488271E-02-1.88705886E-05
1.00963087E-08-2.30996292E-12 1.09652651E+04 1.75719609E+01 4

N20 N 20 1 G 298.150 3000.000 1000.00 1

3.61316907E+00 5.15970465E-03-2.97227625E-06 8.00505298E-10-8.26331952E-14
8.60075126E+03 4.26880857E+00 2.49126356E+00 9.16224976E-03-8.24847853E-06
3.83289657E-09-7.19461784E-13 8.84938621E+03 9.80262335E+00 4
N203 N 20 3 G 298.150 3000.000 1000.00 1

7.89162265E+00 7.26770322E-03-4.51928602E-06 1.31071704E-09-1.42420748E-13
7.54353970E+03-1.13753920E+01 4.44942395E+00 1.69956247E-02-1.30498583E-05
2.95689187E-09 4.56253878E-13 8.43402311E+03 6.24144529E+00 4
N204 N 20 4 G 298.150 3000.000 1000.00 1

8.07873654E+00 1.21148668E-02-7.75596278E-06 2.25245174E-09-2.44865233E-13
-2.24598670E+03-1.36767979E+01 4.01747657E+00 2.19402007E-02-1.28644048E-05
-7.61626136E-10 2.11358071E-12-1.11274941E+03 7.52136027E+00 4
NCCN C 2N 2 G 298.150 3000.000 1000.00 1

4.84080631E+00 6.38810486E-03-3.64903618E-06 9.79067071E-10-1.01200069E-13
3.53620921E+04-7.30725902E-01 3.64573201E+00 1.27413947E-02-1.55384598E-05
1.04783421E-08-2.86926697E-12 3.55224573E+04 4.64156863E+00 4

NCN C IN 2 G 298.150 3000.000 1000.00 1

4.47903710E+00 4.18411508E-03-2.63288979E-06 7.49201653E-10-8.04623880E-14
5.30622825E+04 1.83947963E-01 3.15727170E+00 7.25557223E-03-3.91666888E-06
-6.10550047E-10 8.13376644E-13 5.34374158E+04 7.11460304E+00 4

NCO C IN 10 1 G 298.150 3000.0001000.00 1

3.77930605E+00 5.23935486E-03-3.11170901E-06 8.62141939E-10-9.12475403E-14
1.34827126E+04 4.10147682E+00 2.80872271E+00 7.96075832E-03-5.45241934E-06
1.26168560E-09 9.90990185E-14 1.37348757E+04 9.07421285E+00 4

NH2 H 2N 1 G 298.150 3000.000 1000.00 1

2.62839610E+00 3.44379888E-03-1.08606365E-06 1.50714038E-10-4.59423280E-15
2.15909586E+04 7.65372613E+00 3.97883538E+00-5.13888088E-04 2.68436156E-06
-9.18832600E-10-9.82251152E-14 2.12486673E+04 7.77619668E-01 4

2
3



NH3 H 3N 1 G 298.150 3000.000 1000.00 1

1.07096958E+00 8.75466951E-03-3.33525419E-06 4.72015791E-10-1.13562571E-14 2

-5.77168689E+03 1.49517392E+01 3.26650510E+00 3.05892867E-03 5.78755223E-07
9.49077412E-10-9.02221969E-13-6.36511405E+03 3.58794921E+00 4

NH H IN 1 G 298.150 3000.000 1000.00 1

2.95100955E+00 9.09994439E-04-8.35582439E-08-5.17312027E-11 1.13981436E-14
4.19707045E+04 4.83056694E+00 3.44697209E+00 5.57847818E-04-2.00289360E-06
2.85952922E-09-1.12434284E-12 4.17899268E+04 2.02990852E+00 4

NNH H IN 2 G 298.150 3000.000 1000.00 1

2.90981142E+00 4.44718211E-03-1.82919152E-06 3.64004342E-10-3.13273352E-14
2.92696472E+04 9.11653812E+00 4.09254871E+00-2.37173287E-03 1.15311297E-05
-1.06308423E-08 3.23937580E-12 2.91374980E+04 3.93250587E+00 4

NO N 10 1 G 298.150 3000.000 1000.00 1

2.79462839E+00 2.12260586E-03-1.11936971E-06 2.79521018E-10-2.68625363E-14
1.00019069E+04 8.88322674E+00 4.15036687E+00-4.08890008E-03 9.38071726E-06
-7.50908901E-09 2.11742798E-12 9.77018679E+03 2.53971032E+00 4

NO2 N 10 2 G 298.150 3000.000 1000.00 1

3.65239279E+00 4.71632310E-03-2.74591748E-06 7.45382834E-10-7.63891108E-14
2.57216137E+03 6.52683440E+00 3.39100918E+00 2.62448348E-03 5.09790306E-06
-7.62120493E-09 2.79960135E-12 2.78130679E+03 8.57220275E+00 4

NO3 N 10 3 G 298.150 3000.000 1000.00 1

6.38293838E+00 5.42422503E-03-3.34397780E-06 9.48445417E-10-1.01961714E-13
6.35473962E+03-6.30266486E+00 3.09446759E+00 1.51014573E-02-1.26448498E-05
3.67237581E-09 8.62184172E-14 7.18626632E+03 1.04314685E+01 4

SN T5/12S 1.N 1. 0. 0.G 200.000 6000.000 1000. 1

3.88274409E+00 6.69209785E-04-2.54355349E-07 4.37689407E-11-2.47821716E-15
3.23072140E+04 4.24200506E+00 4.61308333E+00-6.97041575E-03 2.01423472E-05
-2.12369858E-08 7.79086026E-12 3.23593076E+04 1.78352487E+00 3.35645516E+04
SNO S IN 10 1 G 200.000 6000.000 1000. 1

3.03600000E+00 8.79300000E-03-8.95500000E-06 4.53700000E-09-9.16600000E-13
9.74600000E+03 7.82200000E+00 3.03600000E+00 8.79300000E-03-8.95500000E-06
4.53700000E-09-9.16600000E-13 9.74600000E+03 7.82200000E+00 4
HSNO dummy H 1S 1IN 10 1G 200.000 6000.000 1000. 1
3.71700000E+00 1.26400000E-02-1.39600000E-05 8.30100000E-09-1.97300000E-12
9.74600000E+03 7.82200000E+00 3.71700000E+00 1.26400000E-02-1.39600000E-05
8.30100000E-09-1.97300000E-12 9.74600000E+03 7.82200000E+00 4
02(S) ATcT060 2. 0. 0. 0.G 200.000 6000.000 1000. 1
3.45852381E+00 1.04045351E-03-2.79664041E-07 3.11439672E-11-8.55656058E-16
1.02229063E+04 4.15264119E+00 3.78535371E+00-3.21928540E-03 1.12323443E-05
-1.17254068E-08 4.17659585E-12 1.02922572E+04 3.27320239E+00 1.13558105E+04
HO3 Equil/trans T1/14H 1.0 3. 0. 0.G 200.000 6000.000 1000. 1
6.36926947E+00 3.02970087E-03-1.04545381E-06 1.64431465E-10-9.67182653E-15
1.11737099E+03-5.67251572E+00 3.58948457E+00 1.08560963E-02-8.05640196E-06
1.50289080E-09 6.16206428E-13 1.86115040E+03 8.60601405E+00 3.34595785E+03
CH300 C 1H 30 2 G 300.000 3000.0001000.00 1
2.88425280E+00 1.40067710E-02-6.88363514E-06 1.63789865E-09-1.53129010E-13
-2.00432571E+01 1.18152986E+01 2.93065328E+00 8.68504133E-03 8.80315108E-06
-1.39560866E-08 5.02939926E-12 2.27483038E+02 1.28754751E+01 4
CH200H C 1H 30 2 0G 200.00 2500.00 1000.00 1
6.98746029E+00 9.00484259E-03-3.24366912E-06 5.24324826E-10-3.13587080E-14
5.01257769E+03-1.02619220E+01 5.83126679E+00-3.51771199E-03 4.54550577E-05
-5.66903320E-08 2.21633070E-11 6.06187060E+03-5.79143222E-01 4

CHS2 S2C1H1 G 3E+02 2E+03 6E+02 1

3



1.78227402E+00 1.84266329E-02-2.01226669E-05 1.05813349E-08-2.03753253E-12 2
2.58434267E+04 1.76510876E+01 1.78227402E+00 1.84266329E-02-2.01226669E-05 3
CHS S1C1H1 G 3E+02 2E+03 6E+02 1

2.96088242E+00 5.92410544E-03-3.72132997E-06 1.85807328E-10 5.69493618E-13 2
3.31074004E+04 9.20333175E+00 2.96088242E+00 5.92410544E-03-3.72132997E-06 3
1.85807328E-10 5.69493618E-13 3.31074004E+04 9.20333175E+00 4

CH4S S1C1H4 G 3E+02 2E+03 6E+02 1

4.51293142E+00 5.53073374E-04 2.28501494E-05-2.62285095E-08 9.43823134E-12 2
-4.14338015E+03 4.47095787E+00 4.51293142E+00 5.53073374E-04 2.28501494E-05 3
-2.62285095E-08 9.43823134E-12-4.14338015E+03 4.47095787E+00 4

CH2SO H 2C 10 1S 1g 300.00 5000.001000.00 1

6.32725630E+00 6.12318131E-03-2.34688321E-06 4.14471061E-10-2.76277591E-14 2
-1.06117303E+02-5.96519200E+00 6.63093834E-01 2.57025464E-02-2.85724811E-05 3
1.63564574E-08-3.67095210E-12 1.24973488E+03 2.22873373E+01 4

CH3SO H 3C 10 1S 1g 300.00 5000.001000.00 1

6.25414196E+00 8.98670280E-03-3.45282520E-06 6.10523587E-10-4.07199592E-14 2
-1.09851534E+04-4.44902766E+00 2.47840898E+00 1.82043780E-02-9.52596218E-06 3
-4.71970539E-10 1.65663633E-12-9.86798339E+03 1.53819174E+01 4

REACTIONS
|
!
| 3ok o ok ok ok ok ok ok ok ok ok ok o K ok ok ok o K ok ok ok ok ok ok ok Kok ok o ok ok ok Kok o

1 * H2/02 Subset *

! 3k 3k 3k 3k 3k sk sk ok 3k sk sk ok sk 3k sk sk sk sk sk sk sk ok 3k sk sk sk 3k sk sk sk ok ok sk sk ok sk >k sk skook ok k sk k

!

H+02=0+0H 1.04E14 0.00 15286'!
O+H2=H+OH 3.82E12 0.00 7948
DUP

O+H2=H+OH 8.79E14 0.00 19170!
DUP

H2+OH=H20+H 2.16E08 1.51 3430!
OH+OH=0+H20 1.35E07 1.69 -1166!
DUP

OH+OH=0+H20 -2.67E10 0.57 0!
DUP

H2+M=H+H+M 4.58E19 -1.40 104380!
H2/2.5/ H20/12/ CO/1.9/ C0O2/3.8/

0+0+M=02+M 6.17E15 -0.50 0!
H2/2.5/ H20/12/ CO/1.9/ C0O2/3.8/

O+H+M=0H+M 4,71E18 -1.00 0!
H2/2.5/ H20/12/ CO/1.9/ CO2/3.8/ AR/0.75/ |HE/0.75/
H20+M=H+OH+M 6.06E27 -3.32 120790!

N2/2.0/ 02/1.5/ C02/3.8/ 'HE/1.1/
H20+H20=H+OH+H20 1.01E26 -2.44 120180!
H+02(+M)=HO2(+M) 4.65E12 044 0!

LOW /6.37E20-1.72 525/



TROE/ 0.5 1E-30 1E30/
H2/2.0/ H20/14/ CO/1.9/ CO2/3.8/ AR/0.67/ 02/0.78/ HE/0.8/

HO2+H=H2+02 2.75E06 2.09 -1451!
HO2+H=0OH+OH 7.08E13 0.00 295!
HO2+0=02+0H 2.85E10 1.00 -723!
HO2+OH=H20+02 1.93€20 -2.49 584!
DUP
HO2+OH=H20+02 1.21E09 1.24 -1310!
DUP
HO2+HO2=H202+02 1.1809 0.77 -1825!
DUP
HO2+H02=H202+02 1.25€12 0.30 7397!
DUP
H202 (+M)=OH+OH (+M) 2.00E12 0.90 48749

LOW /2.49E24 -2.3 48749/
TROE/ 0.43 1E-30 1E30/
H2/3.7/ H20/7.5/ CO/2.8/ 02/1.2/ CO2/1.6/ N2/1.5/H202/7.7/ 'HE/0.65/

H202+H=H20+0OH 2.41E13 0.00 3970!

H202+H=HO2+H2 1.70E12 0.00 3760!

H202+0=0H+HO2 9.55E06 2.00 3970!

H202+OH=HO2+H20 1.74E12 0.00 318!
DuUP

H202+OH=HO2+H20 7.59E13 0.00 7270!
DuUP

H+HO2=0+H20 1.19E13 0.00 671!

O+OH+M=HO2+M 1.00E15 0.00 0!

H2/2.00/ H20/12.00/ AR/ .70/ HE/0.7/ CO/1.75/ CO2/3.6/

|*****03*****

0+02+M=03+M 1.88E21 -2.80 0!
0+03=02+02 4.80E12 0.00 4090'!
H+03=0H+02 8.43E13 0.00 950!
OH+03=H02+02 1.14E12 0.00 2000 !
HO2+03=0H+02+02 8.43E09 0.00 1200'!

I
!
|3k 3k ok sk ok ok ok ok sk ok ok sk ok ok ok sk ok ok ok ok sk ok sk ok ok sk ok sk ok ok ok ok sk ok sk ok ok sk ok sk ok ok ok 3k ok ok ok ok ok ok ok ok k ok k%
|3k 3k ok sk ok ok ok ok sk ok ok ok ok ok ok sk ok ok ok ok sk ok sk ok ok sk ok sk ok ok ok ok sk ok sk ok ok sk ok sk ok ok ok 3k ok ok ok ok ok ok k ok k ok k ok
|3k %k ok ok 5k 3k ok 5k 3k ok ok 5k ok ok 5k 3k ok %k 5k 3k ok 5k 3k sk 5k 3k ok 5k 5k ok %k 5k 3k ok %k %k ok 3k 5k ok ok 5k %k >k %k ok %k >k %k k >k k kokok ok
|3k %k ok 3k 5k 3k ok 5k 3k ok %k 5k ok ok 5k 3k ok %k 5k ok ok 5k ok 3k 5k 3k ok 5k 5k ok %k 5k 3k ok 5k %k ok 3k 5k ok ok 5k %k >k %k %k >k %k >k *k kk ok kokk
I
I
|3k 3k ok sk sk ok ok ok sk ok ok sk ok ok ok sk ok ok ok ok sk ok sk ok ok sk ok sk ok ok ok ok sk ok sk ok ok sk ok sk ok ok ok 3k ok ok ok ok ok ok k ok k ok k ok

I NO subset *

! 3k 3k 3k 3k 3k sk 3k sk >k 5k sk 5k sk 3k sk %k %k >k 3k >k 3k sk >k 3k >k 3k sk >k sk >k 5k sk 5k sk 3k sk >k 5k %k >k 5k sk %k sk >k 5k %k %k %k %k %k %k %k kok k
!

NO+H(+M)=HNO(+M) 1.52E15 -0.410 0!

LOW /2.357E+14 0.206 -1550/ !

TROE /0.82 1E-30 1E+30 1E+30/ !

N2/1.6/ !
NO+O(+M)=NO2(+M) 1.30E15 -0.750 0!
LOW /4.72E+24 -2.87 1550/ ! (Fc=0.95-1E-04*T)

! TROE /0.780 1E-30 1E+30 1E+30/ ! (100bar)



! TROE /0.800 1E-30 1E+30 1E+30/ I ( 80bar)

! TROE /0.820 1E-30 1E+30 1E+30/ I ( 50bar)
TROE /0.850 1E-30 1E+30 1E+30/ 1 ( 20bar)
! TROE /0.870 1E-30 1E+30 1E+30/ I'( 10bar)
| TROE /0.880 1E+03 1E+04 1E+30/ ! ( 1bar)

AR/0/ !
NO+O(+AR)=NO2(+AR) 1.30E15 -0.75 0!

LOW /7.56E+19-1.41 0/ ! (Fc=0.95-1E-04*T)
I TROE /0.790 1E-30 1E+30 1E+30/ 1 (100bar)
! TROE /0.810 1E-30 1E+30 1E+30/ 1 ( 80bar)
! TROE /0.830 1E-30 1E+30 1E+30/ I ( 50bar)
TROE /0.860 1E-30 1E+30 1E+30/ I ( 20bar)
! TROE /0.955 1E-30 1E+04 1E+30/ I ( 10bar)
I TROE /0.750 1E+03 1E+05 1E+30/ ! ( 1bar)
NO+OH(+M)=HONO(+M) 1.10E14 -0.300 0!

LOW /3.392E+23-2.50/ !

TROE /0.75 1E-30 1E+30 1E+30/ ! [M=He, T=400K]
NO+HO2=N02+OH 2.32E10 0.58 1433
I
!
!********************************************************
I NO2 subset *
!********************************************************
!

NO2+H=NO+OH 8.85E13 0.0 0!
NO2+H2=HONO+H 400 2.76 29770
NO2+H2=HNO2+H 2.39E02 3.15 31100!
NO2+0=NO+02 1.05E14 -0.52 0!
NO2+0(+M)=NO3(+M) 3.52E12 0.24 0!

LOW /2.450E+20 -1.50 0/ !

TROE /0.71 1E-30 1700 1E+30/ | Fc=0.71*exp(-T/1700)
NO2+OH(+M)=HONO2(+M) 3.00E13 00 0!

LOW /2.938E+25 -3.0 0/ !

TROE /0.4 1E-30 1E+30 1E+30/ | Fc=0.4
NO2+HO2=HONO+02 1.91E00 3.32 3044!
NO2+HO2=HNO2+02 1.85E01 3.26 4983!
NO+NO+02=N0O2+NO2 1.20E09 0.00 -1850'!
NO2+NO2=NO3+NO 9.64E09 0.73 20900!
NO2+NO(+M)=N203(+M) 1.62609 1.40 0!

LOW /1.33E+33-7.7 0/

TROE /0.6 1E-30 1E+30 1E+30/
NO2+NO2(+M)=N204(+M) 6.020E11 0.00 0!

LOW /1.314E+24 -3.8 0/

TROE /0.4 1E-30 1E+30 1E+30/

NO2+OH+M=HNO3+M 5.81E32 -5.40 2186!
N204+H20=HONO+HNO3 2.52E14 0.00 11600 !
!

!
!********************************************************
I NO3 subset *

3k ok o sk ok ok ok ok ok ok o ok ok ok o ok ok ok ok ok ok ok ok o ok ok ok o ok ok ok ok ok ok ok ok ok ok o ok ok ok K ok ok R K K
!
NO3+H=NO2+0OH 6.0E13 0.0 0!



NO3+0=N02+02 1.0E13 0.0 0!

NO3+OH=NO2+HO2 1.4E13 0.0 0!
NO3+HO2=N0O2+02+0OH 1.5E12 0.0 0!
NO3+NO2=NO+N0O2+02 5.0E10 0.0 2940!

|
!
|3k 3k 3k 3k 3k 3k 3k sk 3k ok 3k 3k ok ok 3k 3k 3k 3k 3k ok 3k 3k ok 3k 3k ok >k 3k 3k >k %k 3k 3k 3k 3k ok ok 3k 3k ok 3k 3k 3k 3k 3k %k ok 3k 3k %k %k k *k kk ok

I HNO subset *

|k %k ok ok 5k ok ok 5k 3k ok sk ok ok ok ok 3k ok %k 5k ok %k ok ok ok ok ok ok sk ok ok %k ok ok ok ok 3k ok sk ok ok ok ok ok sk k ok ok skok k sk ok ok sk k ok

HNO+H=NO+H2 4.40E11 0.72 650!
HNO+0O=NO+OH 2.30E13 0.00 0!
HNO+OH=NO+H20 1.30E07 1.88 -956!
HNO+02=HO2+NO 2.00E13 0.00 16000 !
HNO+NO2=HONO+NO 4.42E04 2.64 4040!
HNO+HNO=N20+H20 9.00E08 0.00 3100'!
HNO+NH2=NH3+NO 3.63E06 1.63 -1252!

|
!
|3k 3k 3k 3k 3k 3k 3k sk 3k ok 3k 3k ok %k 3k 3k 3k 3k 3k ok 3k 3k %k 3k 3k %k >k 3k 3k >k 3k 3k 3k 3k 3k ok >k 3k 3k >k %k 3k 3k 3k 3k %k >k 3k 3k %k %k 3k *k k k ok

I HONO subset *

[ sk ke ok ko sk ok ok oo sk ok ko sk ko sk ok ook sk ok ok ok sk ok ko e ok o ok e sk ok ook sk
!
HONO+0=NO2+0OH 1.20E13 0.00 5960'!

HONO+OH=NO2+H20 1.70E12 0.00 -520!
HONO+NO2=HONO2+NO 2.00E11 0.00 32700'!

HONO+HONO=NO+NO2+H20 3.49E-01 3.64 12140!

!

!

[ s e e e ke ke ke koo s s e ke ke ke ok ok koo o s s sk ke ke ko koo s o s sk ok ok koo s o e ke

I HNO2 subset *

!********************************************************
!
HNO2(+M)=HONO(+M) 2.5E14 0.0 32300!

LOW /3.1E+18 0.0 31500/

TROE /1.149 1E-30 3125 1E+30/
HNO2+0=N0O2+OH 1.7E08 1.5 2000!
HNO2+OH=NO2+H20 4.0E13 0.0 0!
I
I
!********************************************************

I HONO2 subset *

[ ok koo oo ok ok koo o K KK R oo ok KK oo K KK K
!
HONO2+H=H2+NO3 5.56E08 1.5 16400!

HONO2+H=H20+NO2 6.08E01 3.3 6285!
HONO2+H=0OH+HONO 3.82E05 2.3 6976!
HONO2+OH=H20+NO3 1.03E10 0.0 -1240!

|
!
| %k %k ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok sk ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok sk sk ok sk skock ki sk k ok sk k ok

I H2NO subset *

|3k 3k ok 3k 5k 3k ok 5k 3k ok 3k 5k ok ok 5k 3k ok 3k 3k ok ok 5k ok 3k 3k 3k >k 5k 5k ok %k 3k 3k ok 5k %k ok 3k 3k ok ok 5k %k >k %k %k ok k 5k %k %k >k *k kk ok



H2NO+M=HNO+H+M 2.5E15 0.0 50000'!
H20/5/ N2/2/

H2NO+H=HNO+H2 3.0e07 2.0 2000!
H2NO+H=NH2+OH 5.0e13 0.0 0!
H2NO+0O=HNO+OH 3.0E07 2.0 2000!

H2NO+0 = NH2+02 2.0E14 0.0 0!
H2NO+OH=HNO+H20 2.0E07 2.0 1000'!
H2NO+NO=HNO+HNO 2.0E04 2.0 13000'!
H2NO+NO2=HNO+HONO 6.0E11 0.0 2000!

1

!
!********************************************************
I NH3 subset *
!********************************************************
!

NH3+M = NH2+H+M 2.2E16 0.00 93470!
NH3+H=NH2+H2 6.4E05 2.39 10171!
NH3+0=NH2+0OH 9.4E06 1.94 6460!
NH3+OH=NH2+H20 2.0E06 2.04 566!
NH3+HO2=NH2+H202 3.0E11 0.00 22000'!

|

!
!********************************************************
I NH2 subset *
!********************************************************
!

NH2+H=NH+H2 4.0E13 0.00 3650!

NH2+O=HNO+H 6.6E14 -0.50 0!

NH2+0=NH+OH 6.8E12 0.00 0!

NH2+OH=NH+H20 4.0E06 2.00 1000!
NH2+HO2=H2NO+OH 5.0E13 0.00 0!
NH2+HO2=NH3+02 1.0e13 0.00 0!
NH2+NO=NNH+OH 8.9E12 -0.35 0!
NH2+NO=N2+H20 1.3E16 -1.25 0!

DUP

NH2+NO=N2+H20 -8.9E12 -0.35 0!

DUP

NH2+N0O2=N20+H20 3.2E18 -2.20 0!
NH2+NO2=H2NO+NO 3.5E12 0.00 0!
NH2+H2NO=NH3+HNO 3.0E12 0.00 1000!

|

I
!********************************************************
I NH subset *
!********************************************************
!

NH+H=N+H2 3.0E13 0.00 0!

NH+0=NO+H 9.2E13 0.00 0!

NH+OH=HNO+H 2.0E13 0.00 0!

NH+OH=N+H20 5.0E11 0.50 2000'!

NH+02=HNO+O 4.6E05 2.00 6500!

NH+02=NO+OH 1.3E06 1.50 100!



NH+NO=N20+H 2.9E14 -0.40 0!

DuUP
NH+NO=N20+H -2.2E13 -0.23 0!

DUP
NH+NO=N2+0OH 2.2E13 -0.23 0!
NH+NO2=N20+0OH 1.0E13 0.00 0!
NH+NH=N2+H+H 2.5E13 0.00 0!
NH+N=N2+H 3.0E13 0.00 0!
HNO+H2=NH+H20 7.0E08 0.00 0!

|

!

|3k 3k 3k 3k 3k 3k 3k 5k 3k ok 3k 3k ok ok 3k 3k 3k 3k 3k ok 3k 3k ok 3k 3k ok >k 3k 3k ok 3k 3k 3k 3k 3k %k ok 3k 3k ok 3k 3k %k 3k 3k %k ok 3k 5k %k >k 3k *k Kk k
I N subset *

|3k 3k ok 3k 3k 3k 3k sk 3k ok 3k 3k ok ok 3k ok 3k 3k 3k ok 3k 3k ok 3k 3k ok >k 3k 3k ok 3k 3k 3k 3k 3k %k ok 3k 3k ok 3k 3k %k 3k 3k %k ok 3k 5k %k %k 3k *k kk ok

N+OH=NO+H 3.8E13 0.0 0!
N+02=NO+0 6.4E09 1.0 6280!
N+NO=N2+0 3.3E12 0.3 0!

I

!

|3k 3k 3k 3k 3k 3k 3k sk 3k ok 3k 3k ok 3k 3k 3k 3k 3k 3k 3k 3k 3k >k 3k 3k ok >k 3k 3k >k 3k 3k 3k 3k 3k ok >k 3k 3k >k %k 3k 3k 3k 3k %k %k 3k 3k %k >k 3k *k k 3k k
I N2H2 subset *
|********************************************************

!
N2H2+M=NNH+H+M 5.0E16 0.0 50000 !

H20/15/ 02/2/ N2/2/ H2/2/

N2H2+H=NNH+H2 5.0E13 0.0 1000!
N2H2+0=NH2+NO 1.0E13 0.0 0!
N2H2+O=NNH+OH 2.0E13 0.0 1000!
N2H2+OH=NNH+H20 1.0E13 0.0 1000 !
N2H2+NO=N20+NH2 3.0E12 0.0 0!
N2H2+NH2=NH3+NNH 1.0e13 0.0 1000!
N2H2+NH=NNH+NH2 1.0E13 0.0 1000 !

|
!
|3k 3k ok sk ok ok ok ok sk ok ok sk ok ok ok sk ok ok ok ok sk ok sk ok ok sk ok sk ok ok ok ok sk ok sk ok ok sk ok sk ok ok ok 3k ok ok ok ok ok ok ok ok k ok k%

I NNH subset *

|3k 3k ok 3k 5k 3k ok 5k 3k ok 5k 5k ok ok 5k 3k ok %k 5k ok ok 5k ok 3k 5k 3k ok 5k 5k ok %k 5k 3k ok 5k %k ok 3k 5k ok ok 5k %k >k %k %k ok %k 5k *k ok k ok kokk

NNH=N2+H 1.0e07 0.0 0!
NNH+H=N2+H2 1.0E14 0.0 0!
NNH+O=N2+OH 8.0E13 0.0 0!
NNH+0O=N20+H 1.0E14 0.0 0!
NNH+O=NH+NO 5.0E13 0.0 0!
NNH+OH=N2+H20 5.0E13 0.0 0!
NNH+02=N2+HO2 2.0E14 0.0 0!
NNH+02=N2+02+H 5.0E13 0.0 0!
NNH+NO=N2+HNO 5.0E13 0.0 0!
NNH+NH2=N2+NH3 5.0E13 0.0 0!
NNH+NH=N2+NH2 5.0E13 0.0 0!

|
!
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I N20O subset *

[ s e e ek koo e sk sk ke ko koo s sk koo s s kK K oo
!
N20+M=N2+0+M 4.0E14 0.00 56100'!

N2/1.7/ 02/1.4/H20/12/CO/1.5/ CO2/3/
N20+H=N2+OH 3.3E10 0.00 4729!
DuUP
N20+H=N2+OH 4.4E14 0.00 19254!
DuUP
N20+0=NO+NO 6.6E13 0.00 26630!
N20+0=N2+02 1.0E14 0.00 28000 !
N20+OH=N2+HO2 1.3E-2 4.72 36561!
N20+OH=HNO+NO 1.2E-4 4.33 25081!
N20+NO=NO2+N2 5.3E05 2.23 46281

|

!
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I ANTIGUAS *
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!
NO2+50=502+NO 8.43E12 0.00 0!

NO2+502=S03+NO 6.31E12 0.00 2.7E4!
NO2+SH=HSO+NO 1.75E13 0.00 -477!
NH+SO=NO+SH 3.00E13 0.00 O!
SH+NH=SN+H2 1.00E13 0.00 O!
SN+OH=SH+NO 1.00E13 0.00 0!
SO+N=S+NO 7.00E12 0.00 0!
S02+N=SO+NO 6.40E09 1.00 6280 !
SO2+NH=SO+HNO 5.00E12 0.00 20000 !
S+NO(+M)=SNO(+M) 3.40E13 0.24 0!

LOW/2.2E15  0.00  -1870/

TROE/0.22 7445 1E+30 1E+30/
SH+NO(+M)=HSNO(+M) 1.60E13 0.00 0!

LOW/1.4E23  -2.50 0/

TROE/0.5 1E30 1E-30/

SN+0=$+NO 3.00E12 0.00 0!
SNO+H=SH+NO 1.00E13 0.00 0!
S+HNO=SH+NO 1.00E13 0.00 0!
H2S+NO2=S+NO+H20 1.00E08 0.00 0!

|

!
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1* H2S subset *

|3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok sk ok ok ok sk ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ks ok ok sk ok ok k
!
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I * H2S reactions *
|3k 3k ok 3k 5k 3k ok 5k 3k ok 3k 5k ok ok 5k 3k >k %k 5k 3k 3k 3k 3k >k 5k 3k ok 3k 3k ok ok 5k 3k ok %k 5k 3k 3k 5k %k ok 3k 3k ok >k 5k %k >k %k %k *k %k k k k

!
H25+M = S+H2+M 1.6E24 -2.61 89100!

N2/1.5/502/10/ H20/10/
H2S5+S = SH+SH 7.4E06 2.30 9007!

DUP



H2S+S=SH+SH

DUP
H2S+H = SH+H2
H2S+0 = SH+OH
H2S+OH = SH+H20
DUP

H2S+OH = SH+H20
DUP
SH+H202=H2S+HO02
H2S+HO2=HSO+H20
SH+HO2=H25+02
H25+02=HSO+0OH
H25+03=S02+H20
DUP
H25+03=S02+H20
DUP
H2S+03=S02+H20
DUP
H25+03=HOSO+0OH
H2S+S0(S)=HSO+SH
H25+5S0=SH+HOS
H2S5+S02=S20+H20
H2S+S(+M)=H2S2(+M)

LOW /2.4E21-1.612 1670/

TROE /0.5 726 726/
H25+502=H25202
H2S+HSO=SH+HSOH
H2S5+HOS=SH+HSOH
H25+520=H2S30
H25+520=53+H20

H25+520=HSSSOH
!
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I * HS2/H2S2 reactions

|3k 3k 3k sk ok ok ok ok sk ok ok ok ok ok ok ok ok sk ok ok ok ok sk sk ok ok ok sk ok ok sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok sk ok

|

!

HS2+H=H2S+S
DUP
HS2+H=H2S+S
DUP
HS2+H=H2+S2
DUP
HS2+H=H2+S2
DUP

HS2+H+M = H2S2+M
HS2+H=SH+SH
DUP
HS2+H=SH+SH
DUP

HS2+0 = S2+0H
HS2+0OH = S2+H20
HS2+02=S2+H02

1.2E18 -1.69 5970!
3.5E07 1.94 904!
7.5E07 1.75 2900'!
8.7E13 -0.70 0!
4.1E07 1.77 0!
5.0E12 0.00 0!
1.0E00 3.29 6224!
3.8E04 2.78 -1529!
1.0E11 0.00 49100 !
1.7E03 2.67 11390!
1.3E04 2.19 11607!
5.3E08 1.66 11655!
1.1E03 2.77 11369!
1.0E13 0.00 11000 !
1.0E13 0.00 36500 !
1.7E06 1.86 37740!
6.4E07 1.28 -478!
3.5E18 -2.12 33530!
1.0E13 0.00 17300!
1.0E13 0.00 12500 !
2.4E19 -2.30 30450'!
8.0E07 1.51 34010!
2.9E00 3.64 22681!
*
1.5e08 1.55 2259
4.2E18 -1.56 472!
1.0e08 1.75 -877!
2.9E16 -0.89 -56!
1.0E16 0.00 0!
9.7E07 1.62 -1030!
1.6E18 -0.98 261!
1.0E14 0.00 0!
1.0E14 0.00 0!
8.4E01 295 7071!



-1105 !
-600 !
-1408 !
2900'!
0!
1204 !
2.98
7071!
477!
0!
0!
0.00
0.00
0.00
2000'!
2000'!
0!
0.00
14900 !
10000 !
0.00
0.00
0.00
3.37
0.00

-1027 !
0!

3583 !

0!
7400!
-2071!
-2169 !
12619 !
20008 !
36913 !
16384 !
11020'!

298!

556!
9829 !
-1432 !

-1480 !

26000 !
15000 !
19000 !

7000 !
0!
0!
-1672 |
26000 !

HS2+SH=S2+H2S 6.3E03 3.05
HS2+S = S2+SH 4.2E06 2.20
H2S2+H=HS2+H2 5.0E07 1.93
H2S2+0 = HS2+0OH 7.5E07 1.75
H2S2+0OH = HS2+H20 1.0E13 0.00
H2S2+S=HS2+SH 29E06 2.30
H2S2+SH=HS2+H2S 6.4E03
HS2+02=HSO+SO 6.6E03 1.90
H2S2+H=H2S+SH 3.7E08 1.72
H2S2+0=HSO+SH 1.0eE14 0.00
H2S2+HO2=HS2+H202 1.0E13 0.00
H2S2+02=HS2+HO2 1.0E13
H252+S0=HS2+HSO 1.0E13
H252+S0=HS2+HOS 1.0E13
H2S2+HSO=HS2+HSOH 1.0E13 0.00
H2S2+HOS=HS2+HSOH 1.0e13 0.00
HS2+0=SH+SO 1.0e14 0.00
HS2+HO2=S2+H202 1.0E13
HS2+S0O=S3+0OH 1.0E13 0.00
HS2+S0O3=HS20+S02 1.0E13 0.00
HS2+HSO=HS20+SH 1.0E13
HS2+HSO=S2+HSOH 1.0E13
HS2+HOS=S2+HSOH 1.0E13
HS2+HS2=H2S2+S2 9.6E00
HS2+02=HS20+0 1.0E13
I
!
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I * SH reactions *
! 3k 3k 3k 3k sk sk ok 3k sk sk sk ok 3k sk sk sk ok 3k sk sk ok ok 3k sk sk sk 3k sk sk sk ok sk sk sk sk 3k 3k sk sk ok >k sk sk ok ok sk sk sk sk k ki k sk ok ok
!
SH+0 = H+SO 4,25E11 0.72
SH+0=S+0OH 1.80E12 0.00
DUP
SH+0=S+0OH 4.3E06 2.10
DUP
SH+OH=S+H20 1.0E14 0.00
SH+OH=HOS+H 1.0e13 0.00
SH+H02=S0+H20 3.2E02 2.58
SH+HO2=HSO+0OH 2.5E08 1.48
S+H202=SH+HO2 4.1E06 2.20
SH+02=HSO+0 2.3E06 1.82
SH+02=S+HO2 4706 2.02
SH+02=S0O+0OH 7.5E04 2.05
SH+02=S02+H 1.5E05 2.12
SH+02(+M)=HSOO(+M) 8.7E14 -0.26

LOW /3.1E19 -0.201 20/
SH+03=HS0+02 5.7E12 0.00
SH+H202=HSOH+OH 9.5E03 2.80
SH+SH(+M)=H2S2(+M) 9.0E11 0.16

LOW /2.3E31 -4.94 1998/

TROE/ 1.0 254 2373/
SH+S=S2+H 3.3E12 0.54

-291



SH+SO=HSO+S
SH+SO=HOS+S
SH+HSO=S+HSOH
SH+HSO=S20+H2
SH+S0=S20+H
SH+S02=HSO+SO
SH+S02=HOS+SO
SH+S02=0H+S20
SH+502=HSS02
SH+H202=H20+HSO
HSO+H202=HSO2+H20
|

|

|

1.0E13 0.00 25000 !
1.0E13 0.00 30000 !

11000 !

32000 !

0!
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1 * S/S2/S3... reactions

|3k 3k ok ok 5k 5k ok %k 3k ok ok 5k ok ok 5k 5k ok %k 5k 3k ok %k 3k ok %k 3k ok %k 5k ok ok 5k 5k ok %k 5k 3k ok 5k %k ok %k 5k ok ok 5k %k ok %k k K kok Kk k

]

S+H+M=SH+M
S+H2 =SH+H
S+0OH = H+SO
S+HO2=SO0+0OH
S$+02 =S0+0
S+HO2=HOS+0
$+03=S0+02
S+H202=HOS+0OH
S+5(+M)=S2(+M)

LOW /7.2E14 0.0 -408 /

S2+H+M=HS2+M
H2S /1.1/ AR /0.88/
$2+0=S0+S
$2+0+M=S20+M
$2+02=S20+0
$2+02=S0+S0O
S$2+S+M=S3+M
S2+S2+M=S4+M
S$3+H20=HSSSOH
S3+S2+M=S5+M
S3+S3+M=S6+M
S$3+520=54+S0
S3+S4+M=S7+M
S4+54+M=S8+M
|
!

1.0E11 0.00
1.0E14 0.00 14250!
1.0e12 0.00 5000'!
1.0E14 0.00 32000 !
1.0E14 0.00 36000 !
1.0E14 0.00
1.0E13 0.00 33000 !
1.0E12 0.00
1.0E12 0.00 0!
*
6.2E16 -0.60 0!
1.4E14 0.00 19300!
1.5E13 0.20 -1361!
5.7E13 0.00 0!
5.4E05 2.10 -1450!
1.0E13 0.00 0!
7.2E12 0.00 0!
1.0E12 0.00
1.4E10 0.00 -825!
1.2E25 -2.84 1665!
1.4E11 0.70 -231!
1.9E21 -2.80 0!
1.7E04 2.54 34376
2.3E00 2.45 30440!
1.9E15 0.00 -1788!
1.9E15 0.00 -1788!
1.0e14 0.00 25000 !
1.9E15 0.00 -1788!
1.9E15 0.00 -1788!
1.0eE14 0.00 16000 !
1.9E15 0.00 -1788!
1.9E15 0.00 -1788!
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I * S20 reactions

*
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|

S20+H2=SH+HOS
S20+H+M=HS20+M
S20+H=0H+S2
$20+0=S0+S0
S20+0H=S2+HO2

1.0E13 0.00 46000!

6.4E22 -2.59 287!
1.0E13 0.00 0!
9.3E11 0.00 0!
1.0E13 0.00 40000 !



S20+5=50+S52 1.0E13 0.00 0!

S20+SH=HSO+S2 1.0E12 0.00 5000 !

S20+SH=HS2+S0 1.0E13 0.00 8000 !

S$20+SH=S3+0H 1.0E13 0.00 21450!

$20+502=52+S03 1.0E13 0.00 20000'!

S20+HS02=HS20+S02 1.0E13 0.00 32000!

S$20+52=S53+S0 1.0E14 0.00 18000 !

$20+520=S53+502 1.0E12 0.00 2600!

1

!

!*******************************************************

I * SOx reactions *

!*******************************************************

!

SO+0+M=S02+M 4.1E22 -2.17 0!

N2/1.5/S02/10/ H20/10/

SO+M = S+0+M 4.0E14 0.00 107000!

S0+02=502+0 7.6E03 2.37 2970!

SO+HO2=S02+0OH 1.0E12 0.00 0!

SO+H+M=HSO+M 1.9E20 -1.31 662!
N2/1.5/S02/10/ H20/10/

SO+03=502+02 2.7E12 0.00 2325!

SO+S+M=S20+M 4.1E22 -2.170 0!
N2/1.5/S02/10/ H20/10/

SO+SH=S2+0OH 1.0E12 0.00 4320!

SO(S)+M=S0O+M 1.0E13 0.00 0!

SO(S)+02=S02+0 1.0E13 0.00 0!

S0O2+H=SO+0OH 6.7E21 -2.22 30736!

H+SO+M=HOS+M 3.6E20 -1.92 -29!

N2 /0/

H+SO+N2=HOS+N2 2.0e21 -2.09 -72!

SO2*+M = SO2+M 1.3E14 0.00 3600!

S02*+S02 = SO3+S0O 2.6E12 0.00 2430!

S02+0(+M) = SO3(+M) 3.7E11 0.00 1689!

LOW/2.9E27 -3.58 5206/ !
TROE/0.43 371 7442/
S02/10/ H20/10/ N2/1/ 'C02/10/
SO2+OH(+M)=HOS02(+M) 5.7E12 -027 0!
LOW/1.7E27 -4.09 0/ !
TROE/0.10 1E-30 1E+30/
N2/1.0/ SO2/5/ H20/5/ 1C02/2.5/

S02+03=503+02 1.8E12 0.00 14000 !
S02+5=50+S0O 6.0E-16 8.21 -9600 !

SO3+H = HOSO+0O 2.5E05 2.92 50300'!

SO3+H = SO2+0OH 8.4E09 1.22 3319!

SO03+0 =S02+02 2.8E04 2.57 29212!
SO3+0H = S02+H02 4.8E04 2.46 27225
SO3+50=502+502 7.6E03 2.37 2980!
S03+5=50+502 1.0E13 0.00 0!

|
!
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I * HSO/HOS reactions *



[ s e e e e e e e ek ok koo sk kK ok koo kK K K oo K K K K
!
HSO+02=SO+H02 6.4E05 2.63 19013!

DUP
HSO+02=50+HO02 2.9E01 3.20 14529 !
DUP
HSO+02=HS02+0 8.4E-7 5.0 11312!
HSO+02=502+0H 3.7E01 2.76 6575
HSO+03=SH+02+02 1.512 0.00 2230!
HSO+03=HS02+02 1.3E12 0.00 2230!
HSO+03=50+0H+02 5.0E00 3.60 7191!
HSO+H = HSOH 2.5€20 -3.14 920!
HSO+H = SH+OH 4.9E19 -1.86 1560 !
HSO+H = S+H20 1.6E09 1.37 -340!
HSO+H = H2S0 1.8617 -2.47 50!
H2S+0=HSO+H 1.4E09 1.10 5099 !
HSO+H = SO+H2 1.0E13 000 0!
HSO+0+M = HS02+M 1.1E19 -1.73 -50!
HSO+0 = SO2+H 45E14 -040 0!
HSO+0+M = HOSO+M 6.9E19 -1.61 1590!
HSO+0 = O+HOS 4.8E08 1.02 5340!
HSO+0 = OH+SO 1.4E13 0.15 300!
HSO+OH = HOSHO 5.2E28 -5.44 3170
HSO+OH = HOSO+H 5.3E07 1.57 3750!
HSO+OH = SO+H20 1.7E09 1.03 470!
HSOO(+M)=HS0+0O(+M) 2.0E19 -1.07 28374

LOW /9.3E34 -5.87 30957/
HSO+H=HOS+H 1.0E14 0.00 4000 !
HSO+OH=H2+502 1.0E11 0.00 O!
HSO+H02=S0+H202 1.0E13 0.00 0!
HSO+HSO=SO+HSOH 1.0E13 0.00 0!
HSO+S2=HS2+SO 1.0E12 0.00 3000!
HOS+M=HSO+M 5.8611 0.00 32722!

N2 /o/
HOS+N2=HSO+N2 2.9E11 0.00 24601 !
HOS+H=H2+50 1.0E13 000 0!
HOS+0=0H+S0 1.0E144 000 0!
HOS+0=H+S02 1.0E14 000 0!
HOS+OH=50+H20 1.0E13 0.00 0!
HOS+OH=H2+502 1.0E11 0.00 0!
HOS+02=H02+S0 6.4E05 2.63 19013 !
HOS+02=502+0H 3.7E01 2.76 6575 !
HOS+H02=S0+H202 1.0E13 0.00 0!
HOS+HOS=SO+HSOH 1.0E13 0.00 0!
HOS+S2=HS2+S0 1.0E12 0.00 1000!
HOS+52=53+0H 1.0E13 0.00 13000 !
HSO+SH=SO+H2S 1.0E13  0.00 0!

|
!
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I * HSOH reactions *
|3k 3k ok 3k 5k 3k ok 5k 3k ok 3k 5k ok ok 5k 3k ok %k 5k 3k 3k 5k 3k ok %k ok ok 3k 5k ok ok 5k 5k ok %k 5k 3k >k 5k %k ok 3k 3k ok >k 5k %k >k %k %k *k kk k%



HSOH = SH+OH 2.8E39 -8.75 75200!

HSOH = S+H20 5.8E29 -5.60 54500 !

HSOH = H2S+0 9.8E16 -3.40 86500 !
HSOH+HO2=HSO+H202 1.0E13 0.00 0!
HSOH+HO2=HOS+H202 1.0E13 0.00 0!
HSOH+02=HSO+HO2 1.0E13 0.00 26000 !
HSOH+02=HOS+HO2 1.0E13 0.00 30000 !
HSOH+0=HSO+OH 1.0E14 0.00 0!
HSOH+0=HOS+0OH 1.0E14 0.00 0!
HSOH+H=HSO+H2 1.0E14 0.00 0!
HSOH+H=HOS+H2 1.0E14 0.00 0!
HSOH+OH=HSO+H20 1.0E14 0.00 0!
HSOH+OH=HOS+H20 1.0E14 0.00 0!

I

I
!*******************************************************
I * HOSO reactions *
!*******************************************************
I

HOSO(+M)=H+S02(+M) 1.7E10 0.80 46933!

LOW/1.5E31 -4.53 49178/
TROE/0.30 1E-30 1E30/
N2/1.0/ SO2/10/ H20/10/
HOSO(+M) = HS02(+M) 1.0E09 1.03 50000 !
LOW/1.7E35 -5.64 55400/
TROE/0.40 1.E-30 1.E30/
N2/1.0/ SO2/10/ H20/10/ 1C02/2.5/
HOSO(+M)=0H+S0(+M) 9.921 -2.54 75891!
LOW /1.2E46 -9.020 52953/
TROE/0.95 2989 1.1/

HOSO+M = O+HOS+M 2.5E30 -4.80 119000 !
HOSO+H=SO(S)+H20 2.4E14 0.00 0!
HOSO+H=S02+H2 1.8E07 1.72 -1286!
HOSO+0=S02+0H 1.0E13 0.00 0!
HOSO+0OH=S02+H20 6.0E12 0.00 0!
HOSO+H02=S02+H202 1.0E13 0.00 0!
HOS0+02=S02+H02 1.0E12 0.00 500!
HOSO+SH=S02+H2S 1.0E13 0.00 0!
HOSO+S=S02+SH 1.0E13 0.00 0!
HOSO+S0=S02+HSO 1.0E13 0.00 0!
HOSO+S0=S02+HOS 1.0E13 0.00 0!
HOSO+HSO=S02+HSOH 1.0E13 0.00 0!
HOSO+HOS=S02+HSOH 1.0E13 0.00 0!
HOSO+HS2=502+H2S2 1.0E13 0.00 0!
HOSO+52=S02+HS2 1.0E13 0.00 0!
I

I
!*******************************************************
I * HSO2 reactions *
!*******************************************************
I

H+SO02(+M)=HSO2(+M) 5.31E8 1.59 2472

LOW/1.41E31 -5.19 4513/



TROE/0.390 167 2191/
N2/1.0/ SO2/10/ H20/10/ !C02/2.5/

HSO2+H = SO2+H2 5.0E12 0.46 -262!
HS02+02 = HO2+502 1.10E3 3.20 -235!
HSO02+0=5S02+0OH 1.0E13 0.00 0!
HSO2+0OH=S02+H20 1.0E13 0.00 0!
HSO2+H02=5S02+H202 1.0E13 0.00 0!
HS02+03=502+0H+02 1.0E13 0.00 0!
HSO2+SH=502+H2S 1.0E13 0.00 0!
HSO2+5=502+SH 1.0E13 0.00 0!
HS02+50=502+HSO 1.0E13 0.00 0!
HSO02+S0=S02+HOS 1.0E13 0.00 0!
HSO2+HSO=S02+HSOH 1.0E13 0.00 0!
HSO2+HS2=5S02+H2S52 1.0E13 0.00 0!
HSO2+52=S02+HS2 1.0E13 0.00 0!
HSOO=HS02 1.0E17 0.00 21300!

|

!
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I * HS20 reactions *
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!
HS20+H=S20+H2 1.0E12 0.00 2600 !

HS20+H=HS2+0OH 1.0E13 0.00 0!
HS20+0=520+0H 1.0E13 0.00 0!
HS20+0=SH+S02 1.0E13 0.00 0!
HS20+0OH=520+H20 1.0E13 0.00 0!
HS20+0OH=HS2+HO2 1.0E13 0.00 27000 !
HS20+H02=520+H202 1.0E13 0.00 0!
HS20+S=HS2+S0O 1.0E13 0.00 0!
HS20+5=S20+SH 1.0E13 0.00 0!
HS20+SH=S20+H2S 1.0E13 0.00 0!
HS20+HS2=520+H252 1.0E13 0.00 0!
HS20+52=520+HS2 1.0E13  0.00 0!

!
!
!*******************************************************
1 * §S5202 reactions *
!*******************************************************
!
SO2+S(+M)=SS02(+M)  3.7E12 0.00 1689!

LOW /2.9E28 -3.58 5206/

TROE /0.43 371 7442/

N2/1/502/10/ H20/10/
SSO2+H=SH+S02 1.0E13 0.00 0!
$502+0=S0+S02 1.0E13 0.00 0!
S$S02+0OH=HOS+502 1.0E13 0.00 0!
SS02+5=52+502 1.0E13 0.00 0!

|
!
|k ok ok 2k ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok sk ok ok ok sk ok ok ok ok ok ok ok ok ok sk ok sk ok sk ok sk sk ok ok sk k ok ok

I * 0SSO reactions *
|3k 3k ok 3k 5k 3k ok 5k 3k ok ok 5k ok ok 5k 3k ok %k 5k 3k 3k 5k 3k ok 5k 3k ok 3k 5k ok ok 5k 5k ok %k 5k 3k 3k 5k %k ok %k 3k ok >k 5k %k >k %k %k *k %k k k k



!
SO+50+M=0SSO0+M 3.2E32 -5.75 3044 !

0SSO+H=0H+S20 1.0e13 0.00 0!
0SSO+H=SO+HSO 1.0e13 0.00 0!
0SSO+H=SO+HOS 1.0E13 0.00 0!
0OSSO+H=HO2+S2 1.0E13 0.00 12570!
0SSO+0=S0+502 1.0E13 0.00 0!
0SS0O+0=02+S20 1.0e13 0.00 0!
0SSO+0OH=HO02+S20 1.0E13 0.00 11350!
0SSO+0OH=HOSO0+SO 1.0eE12 0.00 0!
0SS0+S0=S02+S20 1.0e10 0.00 0!
0SS0+5=S20+S0O 1.0E13 0.00 0!
0SS0+S5=S2+502 1.0e13 0.00 0!
0SSO+SH=HS0+S20 1.0E13 0.00 0!
0SS0+S52=520+S20 1.0e12 0.00 0!

I

I
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1 * HOSO2/HOSHO reactions *

! sk 3k sk 3k 3k 3k sk sk sk sk sk sk sk sk 3k sk sk sk sk sk sk ok sk sk 3k 3k sk sk sk sk >k sk 3k 3k sk sk sk sk sk sk ok ok sk sk 3k sk sk sk ok ok 3k 3k k %k k k
!

HOSO2+S=SH+S03 1.0E13 0.00 0!
HOSO2 = HOSO+0 5.4E18 -2.34 106300 !

HOSO2 =S03+H 1.4E18 -2.91 54900!
HOSO2+H = S02+H20 1.0eE12 0.00 0!

HOS02+0 = SO3+0H 5.0E12 0.00 0!
HOSO2+0H =S03+H20 1.0E12 0.00 0!
HOS02+02 = HO2+S03 7.8E11 0.00 656!

HOSHO = HOSO+H 6.4E30 -5.89 73800!

HOSHO = SO+H20 1.2E24 -3.59 59500!
HOSHO+H = HOSO+H2 1.0e12 0.00 0!

HOSHO+0O = HOSO+0OH 5.0E12 0.00 0!
HOSHO+OH = HOSO+H20 1.0e12 0.00 0!

I

I
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I * OTHERS *
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H2SO = H2S+0 4.9E28 -6.66 71700 !
HSSO2+M=SH+S02+M 1.0E17 0.00 3000'!
HSS02=S20+0H 1.0E13 0.00 33700!
H25202+H20=H2S+VDW1 3.9E05 1.66 3740!
H25202+H20=2H20+S20 3.6E05 1.56 14290!
H2S202+SH=H2S2+HOSO 1.0E13 0.00 8000 !
S02+CO=S0+C02 1.9E13 0.00 65900!
CO+S0=C02+S 5.1E13 0.00 53400!
0+CS2=CS+SO 3.6E13 0.00 1696 !
0+CS=CO+S 3.2E13 0.00 0!
0+CS2=C0O+S2 1.7E12 0.00 1194 |
0+CS2=COS+S 7.1E12 0.00 2102 !
S+CS2=CS+S2 1.0e14 0.00 4060 !

CS52+02=CS+502 1.0E12 0.00 31050 !



CS+02=C0S+0 6.1E12 0.00 16500 !
CS+02=C0O+S0O 6.1E12 0.00 16500 !
CS2+0OH=COS+SH 5.79e8 0.00 -1174!
COS+0OH=C0O2+SH 2.4E10 0.00 0!
CS2+0H=>CS20H 1.0E10 0.00 1743 !
CS20H+02=>C0OS+HS02 1.6E10 0.00 0!
CS2+H20=H2S+COS 2.1E13  0.00 41497 |
COS+H20=H25+C02 1.5E13 0.00 35299 !
CS2+S0=C0OS+S2 6.9E-5 0.00 -6339!
CO+SH=COS+H 2.5E10 0.00 15200 !
COS+0=C0O+S0O 4,7E13  0.00 5200!
DUP
COS+0=C0O+S0O -2.0E13 0.00 7385 !
DUP
COS+0=C02+S 2.0E13 0.00 7385 !
COS+S=C0O+S2 4,004 2.57 23451
COS+M=CO+S+M 2.5E14 0.00 61400!
CS+S(+M)=CS2(+M) 1.926 -430 0!

LOW /6.2E23-2.420/
CS+SH=CS2+H 1.2E13 0.00 0!
I
I
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1 * C/H reactions *
! 3k 3k 3k 3k sk sk ok 3k sk sk sk ok 3k sk sk sk ok 3k sk sk ok ok 3k sk sk ok 3k sk sk sk ok sk sk sk sk sk sk sk sk ok ok sk sk ok ok sk sk skosk sk k sk sk kok
!
C2H3+02=C2H2+HO2 1.34E06 1.61 -383.5!
C2H4+02=CH2HCO+OH 2.00E08 1.50 39000'!
C2H4+02=C2H3+H0O2 4.20E13 0.00 57630!
C2H2+0=HCCO+H 1.40E07 2.00 1900'!
H+C2H2(+M)=C2H3(+M) 3.60E10 1.09 2640!

LOW/2.254E40 -7.269 6577./

TROE/0.5 675. 675./

H2/2/ CO/2/ CO2/3/ H20/5/
I#! H20/8.59/ H2/2/ CO/2/ CO2/3/
CH3+CH3(+M)=C2H6(+M) 3.6E13 0.00 0!

LOW /1.27E41 -7.0 2760/

TROE /0.62 73 1180 1E30/
CH3+H(+M)=CH4(+M) 2.1E14 000 O!

LOW /6.467E23 -1.8 0/
TROE /0.6376 1E-30 3230 1E30/
CH4/1.9/ C2H6/4.8/

CH4+02=CH3+HO2 2.03E05 2.75 51714

CH4+H=CH3+H2 1.30E04 3.00 8040'!

CH4+OH=CH3+H20 0.20E07 2.10 2460!

CH4+0=CH3+0OH 1.02E09 1.50 8604 !
CH4+HO2=CH3+H202 0.18E12 0.00 18700'!
CH3+HO2=CH30+0OH 1.00E12 0.27 688 !
CH3+0=CH20+H 8.00E13 0.00 0!

CH3+02=CH30+0 2.87E13 0.00 30481!
CH3+02=CH20+0H 6.38E11 0.00 13514 !
CH20H+H=CH3+O0OH 0.10E15 0.00 0!

CH30+H=CH3+OH 0.10E15 0.00 0!



CH3+0OH=CH2+H20
CH3+HCO=CH4+CO
CH3+H=CH2+H2
CH3+0OH(+M)=CH30H(+M)
LOW/1.89E38 -6.3 3100/
TROE/0.2105 83.5 5398 8370/
N2/1.43/ H20/8.58/ CO2/3/ CO/2/ H2/2/
I#! H20/8.58/ CO2/3/ CO/2/ H2/2/

0.75E07 2.00 5000'!
1.20E14 0.00 0!
0.90E14 0.00 15100'!
6.30E13 0.00 0!

CH30H+0=CH20H+OH 3.88E05 2.50 3080 !
CH20+H(+M)=CH30(+M) 5.40E11 0.45 2600 !
LOW/1.54E30 -4.8 5560/

TROE/ 0.758 94 1555 4200/

N2/1.43/ H20/8.58/ CO/2/ H2/2/ CO2/3/

I#] H20/8.58/ CO/2/ H2/2/ C02/3/
H+CH20(+M)=CH20H(+M) 5.40E11 0.45 3600 !
LOW/.91E32 -4.82 6530/

TROE/0.7187 103 1291 4160/

N2/1.43/ H20/8.58/ CO/2/ CO2/3/ H2/2/

I#] H20/8.58/ CO/2/ CO2/3/ H2/2/
CH30+H=CH20+H2 0.20E14 0.00 0!
CH30+0H=CH20+H20 0.10E14 0.00 O!
CH20H+OH=CH20+H20 0.10E14 0.00 O!
CH30+0=CH20+0H 0.10E14 0.00 0!
CH30+02=CH20+HO2 0.63E11 0.00 2600 !

CH20H+02=CH20+HO2
DuUP
CH20H+02=CH20+HO0O2
DuUP
CH2+H=CH+H2
CH2+OH=CH+H20
CH2+OH=CH20+H
CH+02=HCO+0O
CH+O=CO+H
CH+OH=HCO+H

1.57E15 -1.00 0!

7.23E13 0.00 3577!

0.10E19 -1.56 0!
0.11E08 2.00 3000'!
0.25E14 0.00 0!

0.33E14 0.00 0!

0.57E14 0.00 0!
0.30E14 0.00 0!

CH+CO2=HCO+CO 0.34E13 0.00 690!
CH+H20=CH20+H 5.72E12 0.00 -751!
CH+CH20=CH2CO+H 0.95E14 0.00 -515!

CH+C2H2=C3H2+H
CH+CH2=C2H2+H
CH+CH3=C2H3+H
CH+CH4=C2H4+H
CH2+C02=CH20+CO
CH2+0=CO+H+H
CH2+0=CO+H2

0.10E15 0.00 0!
0.40E14 0.00 0!
0.30E14 0.00 0!
0.60E14 0.00 0!
0.11E12 0.00 1000'!
0.50E14 0.00 0!
0.30E14 0.00 0!

CH2+02=CO+H20 2.20E22 -3.30 2867!
CH2+02=CO2+H+H 3.29E21 -3.30 2867!
CH2+02=CH20+0 3.29E21 -3.30 2867!
CH2+02=C0O2+H2 2.63E21 -3.30 2867!
CH2+02=CO+0OH+H 1.64E21 -3.30 2867!

CH2+CH2=C2H2+H+H
CH2+HCCO=C2H3+CO
CH2+C2H2=H2CCCH+H
CH2+CH4=CH3+CH3

0.40E14 0.00 0!
0.30E14 0.00 0!
0.12E14 0.00 6600 !

4.30E12 0.00 10030'!



CH20+0OH=HCO+H20 0.34E10 1.18 -447!

CH20+H=HCO+H2 1.30E08 1.62 2166 !
CH20+M=HCO+H+M 0.33E17 0.00 81000 !
H2/2/ CO/2/ CO2/3/ H20/5/

CH20+0=HCO+OH 0.18E14 0.00 3080 !
CH20+CH3=HCO+CH4 3.20E01 3.36 4310!
CH20+HO2=HCO+H202 3.00E12 0.00 13000 !
CH20+02=HCO+HO?2 6.00E13 0.00 40660 !
HCO+OH=H20+CO 0.10E15 0.00 0!
HCO+M=H+CO+M 3.48E17 -1.00 17010!
C0/1.87/ H2/1.87/ CH4/2.81/ C02/3./ H20/5./
HCO+H=CO+H2 0.12E14 025 0!
HCO+0=CO+OH 0.30E14 0.00 0!
HCO+0=CO2+H 0.30E14 0.00 0!
HCO+02=H02+CO 7.58E12 0.00 406!
CO+0+M=C02+M 0.62E15 0.00 3000 !
H2/2/ CO/2/ CO2/3/ H20/16/

CO+OH=CO2+H 1.51E07 1.30 -758!
C0+02=C02+0 2.53E12 0.00 47688 !
HO2+C0=C02+0H 1.57E05 2.18 17900 !
C2H4+H=C2H3+H2 5.42E14 0.00 14902 !
C2H4+0=CH3+HCO 8.10E06 1.88 180!
C2H4+0=CH2CO+H2 6.80E05 1.88 180 !
C2H4+0OH=C2H3+H20 0.20E14 0.00 5955 !
C2H4+CH3=C2H3+CH4 5.00E11 0.00 15000 !
CH2+CH3=C2H4+H 0.40E14 0.00 O!
C2H4+H(+M)=C2H5(+M) 1.08E12 0.45 1822!

LOW/1.112E34 -5.0 4448.0/
TROE/0.595.0 95.0 200./
H2/2/ CO/2/ CO2/3/ H20/5/

C2H3+H=C2H2+H2 0.40E14 0.00 0!
C2H3+0=CH2CO+H 0.30E14 0.00 0!
C2H3+02=CH20+HCO 4.58E16 -1.39 1015!
C2H3+0OH=C2H2+H20 2.00E13 0.00 0!
C2H3+C2H=C2H2+C2H2 0.30E14 0.00 0!
C2H3+CH3=C2H2+CH4 2.10E13 0.00 0!
C2H3+CH20=C2H4+HCO 5.40E03 2.81 5860 !
C2H3+HCO=C2H4+CO 9.00E13 0.00 0!
C2H3+C2H3=H2CCCH+CH3 1.80E13 0.00 0!
C2H3+C2H3=C2H4+C2H2 6.30E13 0.00 0!
C2H3+CH=CH2+C2H2 0.50E14 0.00 0!
OH+C2H2=C2H+H20 3.37E07 2.00 14000'!
OH+C2H2=HCCOH+H 5.04E05 2.30 13500'!
OH+C2H2=CH2CO+H 2.18E-4 4.50 -1000'!
OH+C2H2=CH3+CO 4.83E-4 4.00 -2000!
HCCOH+H=HCCO +H2 3.00E07 2.00 1000'!
HCCOH+OH=HCCO+H20 1.00E07 2.00 1000 !
HCCOH+0O=HCCO+OH 2.00E07 3.00 1900!
C2H2+0=C2H+0OH 0.32E16 -0.60 15000 !
C2H20H+0O=0CHCHO+H 5.00E13 0.00 0!
C2H20H+02=0CHCHO+OH 1.00E12 0.00 5000'!
OCHCHO+M=HCO+HCO+M 1.00E17 0.00 25000 !

OCHCHO+H=CH20+HCO 3.00E13 0.00 0!



CH2CO+0=C0O2+CH2
CH2CO+H=CH3+CO
CH2CO+H=HCCO+H2
CH2CO+0=HCCO+OH
CH2CO+0OH=HCCO+H20
CH2CO+0OH=CH20H+CO
CH2CO+0OH=CH3+C02

0.18E13 0.00 1350!
5.93E06 2.00 1300'!
3.00E07 2.00 10000'!
2.00E07 2.00 10000'!
1.00E07 2.00 3000 !
7.20E12 0.00 0!
3.00E12 0.00 0!

CH2+CO(+M)=CH2CO(+M)
LOW/ 1.88E33 -5.11 7095./
TROE/ 0.5907 275 1226 5185/

H2/2/ CO/2/ CO2/3/ H20/8.58/ N2/1.43/

C2H+02=CO+CO+H 2.52E13 0.00 0!

C2H+CH4=CH3+C2H2 7.23E12 0.00 976!

CH+CO(+M)=HCCO(+M) 5.00E13 0.00 0!
LOW/ 1.88E28 -3.74 1936 /

TROE/ 0.5757 237 1652 5069 /
N2/1.43/ H20/8.58/ CO/2/ CO2/3/ H2/2/
I#] H20/8.58/ CO/2/ CO2/3/ H2/2/
HCCO+C2H2=H2CCCH+CO 1.00E11 0.00 3000 !
H+HCCO=CH2(S)+CO 0.10E15 0.00 0!
0+HCCO=H+CO+CO 0.10E15 0.00 0!
HCCO+02=C02+CO+H 1.40E07 1.70 1000!
HCCO+02=CO +CO +OH 2.88E07 1.70 1000 !
CH+HCCO=C2H2+CO 0.50E14 0.00 0!
HCCO+HCCO=C2H2+C0+CO 0.10E14 0.00 O!
HCCO+OH=C20+H20 6.00E13 0.00 0!
C20+H=CH+CO 1.00E13 0.00 0!
C20+0=CO+CO 5.00E13 0.00 O!
C20+0H=CO+CO+H 2.00E13 0.00 0!
C20+02=C0+C0O+0 2.00E13 000 0!
C2H+0=CH+CO 0.50E14 0.00 0!
C2H+OH=HCCO+H 0.20E14 0.00 0!
C2H+OH=C2+H20 4.00E07 2.00 8000 !
C2+H2=C2H+H 4.00E05 2.40 1000 !
C2+02=CO+CO 5.00E13 0.00 0!
C2+OH=C20+H 5.00E13 0.00 0!
C2H2+02=HCO+HCO 0.20E09 1.50 30100 !
C2H2+M=C2H+H+M 9.10E30 -3.70 127138 !
H2/2/ CO/2/ CO2/3/ H20/5/

C2H4+M=C2H2+H2+M 3.50E16 0.00 71500 !
N2/1.5/ H20/10/

1#] H20/10/

C2H3+H(+M)=C2H4(+M)
LOW /0.98E30 -3.86 3320./
TROE /0.7820 207.50 2663.00 6095.00/

H2/2.85/ CO/2.1/ CO2/2.85/ H20/7.14/ CH4/2.85/ C2H6/4.29/ N2/1.43/

|

I

! 3k 3k 3k 3k 3k sk 3k sk sk sk sk 3k sk 3k sk sk 3k sk 3k sk 3k sk sk 3k sk ok sk sk sk sk sk sk ok sk ok sk ok sk sk ok sk k sk k

| ¥ CH4/CH3/CH2/CH/C Subset *
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|
CH2(S)+H2=CH3+H

8.10E11 0.50 4510!

6.10E12 0.30 280!

7.2E13 0.0 0!



CH2(S)+H20=CH3+0OH 3.0E15 -0.6 0!

CH2(S)+N2=CH2+N2 1.3E13 0.0 430!
CH2(S)+AR=CH2+AR 1.5E13 0.0 884!
CH2(S)+H=CH2+H 20E14 00 0!
CH2(S)+H20=CH2+H20 3.0E13 00 0!
CH2(S)+H=CH+H2 30E13 0.0 0!
CH2(S)+0=CO+H+H 3.0E13 00 0!
CH2(S)+OH=CH20+H 3.0e13 00 0!
CH2(S)+02=CO+OH-+H 7.0E13 00 0!
CH2(S)+C02=CH20+CO 30612 00 0!
CH2(S)+CH4=CH3+CH3 43E13 00 0!
CH2(S)+CH3=C2H4+H 2.0e13 00 0!
CH2(S)+CH2CO=C2H4+CO 1.6E14 00 0!
CH2(S)+C2H6=CH3+C2H5 12€14 00 0!
CH+H=C+H2 1.514 00 0!
CH+OH=C+H20 4.0E07 2.0 3000!
C+OH=CO+H 5.0E13 00 0!
C+02=C0+0 2,013 00 0!
C+CH3=C2H2+H 5.0E13 00 0!
C+CH2=C2H+H 5.0E13 00 O!

|

I
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I * CH30H/CH20H/CH20 subset *
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!

CH20H+02=CH20+H02 1.6E15 -1.0 0!
DUP

CH20H+02=CH20+H02 7.2E13 0.0 3577!
DUP

!

!

[ s e e e ke ke ke koo s s s ke ke ok ok kool s e sk ke ok ok ok koo s o s s ek
I * C2H6/C2H5/C2H4/C2H3/C2H2/C2H/C2 subset *

[ s koo ok ok kK K K oo kK K K oo o

!
C2H6+H=C2H5+H2 5.4E02 3.50 5210!

C2H6+0=C2H5+0H 3.0E07 2.00 5115!
C2H6+0H=C2H5+H20 7.2E06 2.00 864!
C2H6+HO2 = C2H5+H202 1.3E13 0.00 20460 !
C2H6+02=C2H5+HO2 5.0E13 0.00 55000 !
C2H6+CH3=C2H5+CH4 5.5E-1 4.00 8300!
C2H5+H(+M) = C2H6(+M) 5.2E17 -0.99 1580!

LOW / 2.0E41 -7.08 6685/
TROE/ 0.8422 125 2219 6882 /
N2/1.0/ H20/6/ AR/0.7/

C2H5+H=CH3+CH3 4.9E12 0.35 0!
C2H5+0 = CH3+CH20 4.2E13 0.00 0!
C2H5+0 = CH3HCO+H 5.3E13 0.00 0!
C2H5+0 = C2H4+0H 3.0E13 0.00 0!
C2H5+0H = C2H4+H20 2.4E13 0.00 0!
C2H5+02 = C2H4+HO2 1.0E10 0.00 -2190!

C2H5+CH20 = C2H6+HCO 5.5E03 2.81 5860!



C2H5+HCO = C2H6+CO 1.2E14 0.00 0!

C2H5+CH3 = C2H4+CH4 1.1E12 000 0!
C2H5+C2H5 = C2H6+C2H4 1.512 0.00 0!
C2H4+0 = CH2HCO+H 47606 1.88 180!
C2H4+HO2=CH3HCO+OH 2.2E12 0.00 17200 !
C2H3+02 = CH2HCO+0 3.0E11 -0.29 10.73!
H2+C2H=C2H2+H 4.1E05 2.39 864!
C2H2+0=CH2+CO 6.1E06 2.00 1900 !
OH+C2H2(+M)=C2H20H(+M) 1.5E08 1.70 1000!

LOW/1.81E23 -2.0 0.0/ !

H2/2/ CO/2/ CO2/3/ H20/5/
!
!
[ s e e e ke ke ke koo s s o s ke ke ke ok koo s s ke ke ke ke ok ok ko s sk ke ko ok ok koo o s o o o
I * CH3HCO/CH2HCO/CH3CO/CH2CO/HCCOH/HCCO/C20 subset *
[ koo ok ok ok ok ok ok ok ok ok ko ok ok ok ko ok ke ke ke ko ook oo oo o ok o

!
CH3HCO = CH3+HCO 7.1E15 0.00 81280'!

CH3HCO+H = CH3CO+H2 4.1E09 1.16 2400!
CH3HCO+0O = CH3CO+0OH 5.8E12 0.00 1800!
CH3HCO+0OH=CH3CO+H20 2.3810 0.73 -1110!
CH3HCO+HO2 = CH3CO+H202 3.0E12 0.00 12000'!
CH3HCO+02 = CH3CO+HO2 3.0E13 0.00 39000'!
CH3HCO+CH3=CH3CO+CH4 2.0E-6 5.60 2464!
CH2HCO=CH3+CO 1.0E13 0.00 42000 !
CH2HCO+H=CH3+HCO 1.0E14 0.00 0!
CH2HCO+H=CH3CO+H 3.0E13 0.00 0!
CH2HCO+0=CH20 + HCO 5.0E13 0.00 0!
CH2HCO+OH=CH2CO+H20 2.0E13 0.00 0!
CH2HCO+0OH=CH20H+HCO 1.0E13 0.00 0!
CH2HCO+02 = CH20+CO+0OH 2.2E11 0.00 1500'!
CH2HCO+CH3=C2H5CHO 5.0E13 0.00 0!
CH2HCO+CH2=C2H4+HCO 5.0E13 0.00 0!
CH2HCO+CH =C2H3+HCO 1.0E14 0.00 0!
C2H5+HCO = C2H5CHO 1.8E13 0.00 0!
C2H5CHO+H = C2H5CO+H2 8.0E13 0.00 0!
C2H5CHO+0 = C2H5CO+0OH 7.8E12 0.00 1730!
C2H5CHO+0H = C2H5CO+H20 1.2E13 0.00 0!
C2H5+CO = C2H5CO 1.5E11 0.00 4800 !
C2H20H+H=CH2HCO+H 5.0E13 0.00 0!
CH3CO(+M)=CH3+CO(+M) 2.8E13 0.00 17100!

LOW/2.1E15 0.0 14000./
TROE/ 0.5 1.0E-30 1.0E30 /
H2/2/ CO/2/ CO2/3/ H20/5/

CH3CO+H = CH3+HCO 2.1E13 0.00 0!
CH3CO+H = CH2CO+H2 1.2E13 0.00 0!
CH3CO+0 = CH3+C02 1.514 0.00 0!
CH3CO+0 = CH2CO+0OH 4.0E13 0.00 0!
CH3CO+0OH = CH2CO+H20 1.2E13 0.00 0!

|3k 3k ok 3k 5k 3k ok 5k 3k ok 3k 5k ok ok 3k 3k ok %k 5k ok ok 5k ok 3k 5k 3k ok 5k 5k ok %k 3k 3k >k 5k %k ok 3k 5k ok ok 5k %k >k %k %k %k k 5k %k >k k kok*k

I * C2H60H subset *



| %k 3k 3k ok ok sk ok ok ok ok ok ok ok sk ok ok sk ok ok ok ok ok ok %k ok ok ok ok ok ok ok ok ok ok ok ok ok ok 3k ok sk ok ok ok ok ok ok ok ok ok kok ok k k
|

C2H50H(+M) = CH20H+CH3(+M)  5.9E23 -1.68 91163 !
LOW /2.9E85 -18.9 109914/
TROE/ 0.5 200 890 4600 /
H20/5.0/ H2/2/ CO/2/ CO2/3/
C2H50H(+M) = C2H5+OH(+M)  1.2E23 -1.54 96005 !
LOW /3.2E85 -18.8 114930/
TROE/ 0.5 300 900 5000 /
H20/5.0/ H2/2/ CO/2/ CO2/3/
C2H50H(+M) = C2H4+H20(+M)  2.8E13 0.09 66136 !
LOW /2.6E83 -18.8 86452/
TROE/ 0.7 350 800 3800 /
H20/5.0/
C2H50H(+M) = CH3HCO+H2(+M)  7.2E11 0.09 91007 !
LOW /4.5E87 -19.4 115586/
TROE/ 0.9 900 1100 3500 /
H20/5.0/
C2H50H+O0H = C2H40H+H20 1.7E11 0.27 600!
C2H50H+OH = CH3CH20+H20  7.5E11 0.30 1634 !

C2H50H+H = C2H40H+H2 1.2E07 1.80 5098 !

C2H50H+H = CH3CH20+H2 1.5e07 1.60 3038!
C2H50H+0 = C2H40H+0OH 9.4E07 1.70 5459!
C2H50H+0 = CH3CH20+0OH 1.6E07 2.00 4448

C2H50H+CH3 = C2H40H+CH4 2.2E02 3.18 9622!
C2H50H+CH3 = CH3CH20+CH4 1.4E02 2.99 7649!
C2H50H+HO2 = C2H40H+H202 1.2E04 2.55 15750!
C2H40H+02 = CH20+CH20+0H 6.0E10 0.00 24500'!
C2H50H+HO2 = CH3CH20+H202 2.5E12 0.00 24000'!
CH3CH20+M = CH3HCO+H+M 1.2E35 -5.89 252741
CH3CH20+M = CH3+CH20+M 1.3E38 -6.96 23800!
CH3CH20+CO = C2H5+C02 4.7E02 3.16 5380!
CH3CH20+02 = CH3HCO+HO2 4,0E10 0.00 1100!
CH3CH20+H = CH3+CH20H 3.0E13 0.00 0!

CH3CH20+H = C2H4+H20 3.0E13 0.00 0!
CH3CH20+0OH = CH3HCO+H20 1.0E13 0.00 0!

I

I
!*******************************************************
I * CH20/HCO Subset *
!*******************************************************
!

HCO+HCO=CO+CH20 3.0E13 0.0 0!

I

I
!*******************************************************

I * CH30H/CH20H/CH20 Subset *

| s e e ke ke ke ke ke koo s s ke ke ke ke ke koo oo s o sk ke ke ke koo s sk ke ok ok ok ok oo ok
!
CH3OH(+M)=CH20H+H(+M) 2.7E16 -0.1 98940!
LOW/2.34E40 -6.33 103100/

TROE/0.773 693 5333/
CH30OH+H=CH20H+H2 1.7E07 2.1 4868 !



CH30H+H=CH30+H2
CH30H+OH=CH20H+H20
CH30H+OH=CH30+H20
CH30H+HO2=CH20H+H202
CH30H+02=CH20H+HO2
CH30H+CH3=CH20H+CH4
CH30H+CH3=CH30+CH4
CH30+HO2=CH20+H202
CH30+C0O=CH3+C02
CH30+CH3=CH20+CH4
CH30+CH20=CH30H+HCO
CH30+HCO=CH30H+CO
CH30+CH30H=CH30H+CH20H
CH30+CH30=CH30H+CH20
CH20H+H=CH20+H2
CH20H+0=CH20+0OH
CH20H+02=CH20+H0O2

DuUP
CH20H+02=CH20+HO2

DuUP
CH20H+HO2=CH20+H202
CH20H+HCO=CH30H+CO
CH20H+HCO=CH20+CH20
CH20H+CH20=CH30H+HCO
CH20H+CH20H=CH30H+CH20
CH20H+CH30=CH30H+CH20
|

|

4.2E06 2.1 4868!
1.4E06 2.0 -3510!
6.3E06 2.0 6300!
1.0E12 0.0 10040!
2.1E13 0.0 44900'!
3.2E01 3.2 7170!
1.5e01 3.1 6940!
3.0E11 0.0 0!

1.6E13 0.0 11800!
2.4E13 0.0 0!

1.0E11 0.0 3000!
9.0E13 0.0 0!

3.0E11 0.0 4100!

6.0E13 0.0 0!

4.8E13 0.0 0!

6.5E13 0.0 -700!

1.615 -1.0 0!

7.2E13 0.0 3577!

3.6E13 0.0 0!

1.2E14 0.0 0!

1.8E14 0.0 0!

5.5E03 2.8 5860!
5.0E12 0.0 0!
2.4E12 0.0 0!

| 3 3k 3k 3k 3k 3k 3k 3k >k %k 3k 3k 3k 3k 3k ok 3k 3k ok 3k 3k 3k 3k 3k 3k 3k 3k 3k %k >k 3k 3k >k %k 3k >k 3k 3k %k >k 3k 3k %k %k 3k %k 3k %k %k %k k 3k *k k k

I * CxHy-SO2 Subset *

| % 3k 3k 3k 3k ok 5k 5k ok ok 5k 3k ok %k 3k ok ok 5k ok ok 5k 3k ok %k 5k 3k ok 5k %k ok 3k 5k >k %k 5k %k >k 3k %k >k %k 5k ok %k 5k %k >k %k %k %k kk Kk ok

]

C2+H2S=C2H+SH

C2 +S02 =C20+S0O
CO+CH3S=COS+CH3
CH3S+02=CH2S+HO2
CH3S+02=CH3+S02
CH3+502=CH30S0
CH3S502=CH30S0
CH30S0=CH30+S0
CH30SO=CH20+HSO
CH302+502=CH30+S03
CH2S+CH3=CH3CH2S
CH3SCH3+H=CH3SH+CH3
CH3CH2S=CH2CH2SH
CH2CH2SH=C2H4+SH
CH3SCH3+0=CH3+CH3SO
CH3S+02=0+CH3S0O
CH3SCH3+0OH=CH30H+CH3S
CH3SCH3=CH3+CH3S
CH4+S=CH3+SH
C2H+C2H=C2H2+C2
CH3SH=CH4+S

5.36E12 0.00 0!
1.40E12 0.00 0!
6.62E07 1.57 6675!
4.74E24 -4.70 8300!
9.47E25 -3.80 12300!
1.55E12 0.00 1291!
1.20E11 0.75 46300!
4.00E08 0.00 57300'!
2.44E06 1.82 53000'!
3.01E07 0.00 0!
3.98E11 0.00 2007!
1.80E08 1.70
2.00E13 0.00 32000'!
1.58E13 0.00 11000'!
7.83E12 0.00
5.24E13 -1.50 1.69E04 !
0.04 0.00 0!
6.10E15 0.00 75800 !
4.64E14 0.00 20096 !
1.81E12 0.00 0!
1.00E13 0.00 73000 !

2152 !

-813 !



CH3SH(+M)=CH2SH+H(+M)

LOW/2.34E40 -6.33 103100/

TROE/0.773 693 5333/
CH3SH+OH=CH3S+H20
CH3SH+OH=CH2SH+H20
CH3SH+OH=CH3+H2SO
CH3SH+OH=CH4+HSO
CH3SH+0=CH3+HSO
CH3SH+0=CH3SO+H
CH3SH+0=CH30+SH

CH3SH+H=CH3+H2S
CH3SH+H=CH2SH+H2
CH3SH+H=CH3S+H2
CH3SH+H=CH4+SH
CH3SH+02=CH2SH+HO2
CH2SH+02=CH25+HO02
DUP
CH2SH+02=CH2S+HO2
DUP
CH2SH+H=CH2S+H2
CH2SH+0=CH2S+0H
CH3+H2S5=CH4+SH
CH3+SH=CH3SH
CH300+SH=CH30+HSO
CH30O0OH+SH=CH300+H2S
CH3SH+0=CH3S+0H
CH3SH+0=CH2SH+OH
CH3SH+HO2=CH3S+H202
CH3SH+HO2=CH2SH+H202
CH3S+HO2=CH3SH+02
CH3SH+CH3=CH3S+CH4
CH3SH+CH3=CH2SH+CH4
CH3SH+SH=CH3S+H2S
CH3S=CH2S+H
SO+C2H2=COS+CH2
SO+C2H4=COS+CH4
SO+CH2=COS+H2
SO+CH=COS+H
SO+HCO=COS+0OH
SO+CH20=COS+H20
SO+C2H2=CS+CH20
SO+C2H4=CS+CH30H
SO+CH2=CS+H20
SO+CH=CS+0OH
SO2+CH=CS+HO2
SO2+CH=COS+0OH
SO2+CH2=COS+H20
S02+CH2=CS+H202
S02+C2H=CS+HCOO
S$2+C2H2=CS2+CH2
S2+CH2=CS2+H2
S$2+CH=CS2+H

2.70E16 -0.08

1.90E05
1.00E13
1.00E13
1.78E10
1.07E10

2.22
0.00
0.00
0.00
0.00
1.78E10

7.17E10 0.77
4161 2.92
1.39E08 1.73
6.99E06
2.10E13 0.00
1.60E15 -1.00

7.20E13 0.00

4.80E13 0.00
6.50E13 0.00
1.29E2
0.23
1.48
5.6E03
1.82
2.86
9.1E12
2.0E11
1.7E-15 7.49
8.1E5 1.90
1.512 0.00
1.2E14 0.00
2.50E38 -7.80
1.00E11
1.00E11
1.00E11 0.00
1.00E11 0.00
1.00E11
1.00E11
1.00E11
1.00E11 0.00
1.00E11 0.00
1.00E11 0.00
1.00E11 0.00
1.00E11
1.00E11
1.00E11
1.00E11
1.00E11
1.00E11 0.00
1.00E11 0.00

7.3E12
2.5E07

4.2E07
3.3E03

98940 !

1.31E07 1.77 -1689 !

7181
0!
0!
0!
0!
0.00 0!

3225
4747
986 !
1.98

44900!
0!

1.65E4 |

3577 !

0!
-700!
3.15
-139!

813!

-2169 !

2.82 8668!
80!
1224
0.00
0.00
-12060 !
1700!
6500 !
5920!
62053 !
0.00 0!
0.00 0!
0!
0!
0.00 0!
0.00 0!
0.00 0!
0!
0!
0!
0!
0.00 0!
0.00 0!
0.00 0!
0.00 0!
0.00 0!
0!
0!

14300 !
14500 !



SH+C2H=CS+CH2 1.00E11 0.00 0!

SH+C2H2=CS+CH3 1.00E09 0.00 0!
SH+C2H3=CS+CH4 1.00E11 0.00 0!
H25+C2H2=CS+CH4 5.00E09 0.00 0!
CS+H25=CS2+H2 1.00E11 0.00 0!

|

|
!*******************************************************
1 * CH3O0OH Subset *
!*******************************************************
!

CH300H(+M)=CH30+0H(+M) 4,1E19 -1.15 44226

LOW /3.9E42 -7.502 46730/

TROE /0.8375 36562 498.8 9990/

CH300H+H=CH200H+H2 5.4E10 0.00 1860!
CH300H+H=CH300+H2 5.4E10 0.00 1860!
CH300H+H=CH30+H20 1.2E10 0.00 1860 !
CH300H+0=CH200H+0OH 1.6E13 0.00 4750!
CH300H+0=CH300+0H 8.7E12 0.00 4750!
CH300H+0OH=CH300+H20 1.1E12 0.00 -437!
CH300H+0OH=CH200H+H20 7.2E11 0.00 -258!

CH300OH+HO2=CH300+H202 4.1E04 2.50 10206!

|

!

| % 3k 3k 3k 3k ok 5k ok ok ok 5k 5k ok %k %k ok %k 5k ok ok 5k 5k ok %k 5k 3k ok 5k %k %k %k 3k ok 5k %k ok 5k 5%k ok %k >k %k k 5k %k ok ok >k k ok k ok kok ok
I * CH300 Subset *
!*******************************************************
|

CH300+H=CH30+0OH 1.00E14 0.000 O!

CH300+0=CH30+02 2.85E10 1.000 -724!
CH300+0OH=CH30H+02 1.70E14 0.000 O!
CH300+H0O2=CH300H+02 2.50E11 0.000 -1490'!
CH300+CH3=CH30+CH30 5.10E12 0.000 -1411'!
CH300+CH4=CH300H+CH3 4.45E-3 4.691 19868 !
CH300+CH20H=CH20+CH300H 1.20E13 0.000 O!
CH300+HCO=CH30+H+CO2 3.00E13 0.000 0!
CH300+CO=CH30+C02 1.60E05 2.180 17940!
CH300+CH20=CH300H+HCO 1.98E09 1.110 12500 !

CH300+CH20=CH300H+H+CO 2.45E14 0.027 30133!

CH300+CH30=CH20+CH300H 3.00E11 0.000 O!

CH300+CH30H=CH300H+CH20H 4.00E13 0.000 19400 !

CH300+CH300=CH30+CH30+02 1.10E18 -2.400 1800 !
DUP

CH300+CH300=CH30+CH30+02 7.00E10 0.000 800!
DUP

CH300+CH300=CH30H+CH20+02  2.00E11 -0.550 -1600!

CH200H=CH20+0OH 2.40E12 -0.925 1567!
PLOG/ 0.04 9.60E10 -0.925 1567/
PLOG/ 1.0 2.40E12 -0.925 1567/

PLOG/ 10. 2.50E13 -0.927 1579/

PLOG/ 100. 7.00E14 -1.064 1744/
CH3+02=CH300 5.00E22 -3.850 2000/

PLOG/ 1.0 5.00E22 -3.850 2000/



PLOG/10.0 3.35E21 -3.200 2300/

PLOG/20.0 3.25E29 -5.600 6850/
PLOG/50.0 2.83E18 -2.200 1400/
PLOG/100.0 1.05E19 -2.300 1800/

DUP

CH3+02=CH300 5.00E22 -3.850 2000'!
PLOG/20.0 4.10E20 -2.940 1900/
PLOG/50.0 5.60E28 -5.250 6850/
PLOG/100.0 4.10E30 -5.700 8750/
DuUP

CH4+52=CH3+HS2 8.40E13 0.000 52153!
CH4+S0=CH3+HSO 3.50E13 0.000 50718!
C2H6+SH=C2H5+H2S 2.63E02 3.410 10086 !

|

!

| % 3k 3k 3k 3k ok %k ok ok ok 5k 5k ok %k %k ok %k 5k ok ok 5k 3k ok %k 5k 3k ok 5k %k ok 5k 5k ok %k 5k %k ok 5k %k >k %k 5k ok %k 5k %k sk %k %k ok kok kkok
I * CHS Subset *

| % 3k 3k %k 3k ok %k ok ok ok 5k 3k ok %k %k ok %k 5k ok ok 5k 3k ok %k 5k 3k ok 5k %k ok 5k 5k ok %k 5k %k sk 5k %k >k %k 5k ok %k 5k %k ok %k %k ok kok kkok

!
CH2S+H=CHS+H2 2.80E07 2.02 7760!

CH25+0=CHS+0OH 2.10E13 0.00 3000'!
CH25+0OH=CHS+H20 5.20E12 0.00 500!
CH2S+CH3=CHS+CH4 2.30E04 2.37 12280!
CHS+H2S=CH2S+SH 7.30E12 0.00 6425!
CHS+S=CS2+H 2.00E13 0.00 0!
CHS+H252=CH2S+HS2 1.10E13 0.00 3900 !
CHS+52=CS2+SH 3.00E11 0.00 4000!
CHS+C2H6=CH25+C2H5 2.00E14 0.00 24360'!
CH3+CHA4S5=CH4+CH2SH 7.06E12 0.00 15200!
CH3+CHA45=CH4+CH3S 9.78E12 0.00 6119 !
CH3S+H252=CHA45+HS2 1.51E12 0.00 3274 !
CH3S+H2S=CH4S+SH 2.27E12 0.00 7624!
CHS+CH4S=CH2S+CH3S 4.89E12 0.00 6119 !
CH4S+H=CH3S+H2 1.75E04 3.06 -143 1
SH+CH3=CH4S 7.34E12 0.23 -143 1
CH3SH+02=CH2SO+H20 1.00E14 1.40 42000 !
CH250=CO+H2S 1.00E11 0.00 0!
CH2S0+H=CH3SO 1.00E11 0.00 0!
CH3SO=CH3+SO 1.00E11 0.00 0!
CH250=COS+H2 1.00E11 0.00 0!
CH250=CS+H20 1.00E11 0.00 0!
CH3SH+02=CH30H+S0 1.00E14 0.00 40000 !

!
!
END
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