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ABSTRACT

REACTION KINETICS OF METHANOL AND
MTBE OXIDATION AND PYROLYSIS

by
Wen-chiun Ing

This study presents experimental data on the decomposition of methanol in several
different reaction environments - fuel lean to stoichiometric at a temperature range of 873
and 1073 K and a pressure range of 1 and 5 atm. Methane fuel is also added in several of
the systems studied in order to provide experimental data to understand the methanol
addition effect on the methane oxidation.

Computer codes: ThermCal, ThermSrt and ThermCvt have been developed for the
thermal property calculations of stable molecules by the Benson group additivity method
and of radicals by the NJIT hydrogen bond increment method.

Pressure dependent rate coefficients have been expressed using Chebyshev
polynomials adopted for complex chemical activated reaction systems in this study, as well
as unimolecular decomposition reactions. This method has also been tested and shows
significant improvement over two convention methods, Troe’s and SRI. The Levenberg-
Marquardt algorithm has been incorporated with the QRRK code, CHEMACT, for the

fitting of Chebyshev polynomials.



A pressure dependent mechanism which consists 147 species and 448 elementary
reactions, based on thermochemical kinetic principals has been developed and calibrated
by the experimental data. The reaction mechanisms (models) include pathways for
formation of higher molecular weight products, such as the formation of methy! ethers.
This accurate model based on principles of thermochemical kinetics and statistical
mechanics will not only provide fundamental understanding, but can be used to suggest
directions toward process optimization for experimental testing.

The CHEMKIN interpreter has been modified in this study to take the flexible
matrix size of Chebyshev polynomials and to generate the appropriate link file for further
processing.  Subroutines involving kinetic rate coefficient calculation and array size
initialization are also modified to incorporate the Chebyshev polynomials expression.
Existing CHEMKIN drivers can simply link with the modified CHEMKIN library to take
temperature and pressure dependent Chebyshev polynomials without modification. A
couple of drivers have been linked with the new CHEMKIN library and tested. These
include a shock tube driver, a constant temperature and pressure driver, and an adiabatic
constant pressure driver.

The mechanism is validated with methanol oxidation and pyrolysis experimental
data and serves as a basis to build upon during the subsequent efforts on higher molecular
weight oxygenated hydrocarbon (MTBE in this study). The methano! addition shows
dramatic acceleration effect on the methane oxidation experimentally and predicted by the

model.
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CHAPTER 1

INTRODUCTION

1.1 Overview
Alcohols, such as methanol and ethanol, are under consideration for widespread use as
alternative motor fuels (1). Ethers, such as methyl tert-butyl ether (MTBE), are already
in limited use as anti-knock components in gasolines (2).

A key factor which will determine the utility of oxygenated hydrocarbons
(OHC's) as dedicated fuels, blend components, or additives is their environmental
impact, especially on urban air pollutants such as ozone and peroxyacetyl nitrates
(PAN's). Methanol is of interest as an additive and an alternative to conventional
transportation fuels, because of potential reductions in pollutant emissions. Specifically,
methanol is indicated to aid in reduction of unburned hydrocarbons, which enhance
ozone production and photo-chemical smog formation, but enhanced emissions of
formaldehyde from methanol oxidation might actually contribute to urban smog (3).
The usefulness of OHC's will also depend on their engine performance characteristics.
For example, laminar burning velocities of iso-octane / methanol blends in air are lower
than the velocity of either component alone (4).

Methanol is easily produced from petroleum and non-petroleum resources such
as coal, wood etc. It is also an important early intermediate formed in the combustion

of the high-octane fuel additive MTBE (methyl tert-butyl ether) (5).



During the 1990s, methyl tert-butyl ether (MTBE) will be one of the fastest
growing chemicals in the world. Between 1980, the first year in which the U. S.
International Trade Commission began reporting separate data on MTBE, and 1984,
production has grown at an annual compound rate of 20% (6). U. S. consumption of
MTBE has been reported to be growing at a rate of 40% per year in 1986 (7). About
forty plants are running and thirty more are under construction or planned (8) including
three plants which will be built in Canada with a total capacity of 1.5 million metric
tons (9-10}.

If all projects planned in 1987 are built, MTBE production will reach about 20
billion 1b/yr which is about the double of the production in 1987 (11). MTBE demand
for methanol will triple to 1.2 billion gal, up from 400 million gal in 1989 and cause the
global demand for methanol to grow more than 18% (12).

There are several factors causing the demand for MTBE: the lead phasedown in
gasoline in both the U. S. and in Europe, the failure of other nonleaded oxygenates to
significantly improve octane ratings and therefore to serve as replacements for tetra
ethyl lead in gasoline, and the restrictions of U. S. Environmental Protection Agency on
gasoline RVP (Reid Vapor Pressure) in order to decrease tropospheric ozone
concentrations (13).

All the refiners in United States and most of those in Europe have accepted
MTBE as an octane enhancer. It blends like a hydrocarbon and does not have the
handling problems that alcohols do. It can also solve the octane problems of refiners

without requiring large additional capital investment. Many processes have been



developed to reduce the cost of MTBE production (14-19), such as : a new process

using sulfuric acid catalyst (14), an adsorption process reducing control problems (15),

adding a MTBE unit ahead of alkylation in refinery processing (16), a bifunctional

catalyst process (17)... etc.(18-19)

1.2 Objectives of this Study

The goals of this study are :

Development and advancement of the understanding of oxidation processes on
oxygenated fuels under atmospheric and high pressure conditions.

Identification of important reactions and key species in the high temperature
chemistry of OHC's.

Acquisition of experimental data from lab experiments and from the archival
literature on oxidation of the oxygenated fuels, i.e. methanol and MTBE mixed
with hydrocarbons.

Developmentj of a pressure and temperature dependent kinetic model, based on
thermochemical kinetic principles and calibrated by experimental data, which will
allow computer experiments to suggest trends for future experimental testing and
preferred fuel compositions that reduce hydrocarbon emissions while hopefully
maintaining or improving engine performance.

Development of computer tools for the above objectives. These incorporate a
pressure dependent mechanism into kinetic modeling and are used in conjunction
with a modified Sandia National Lab CHEMKIN general kinetic library. The

modification is included in this study.



This study presents experimental data on the decomposition of methanol in
several different reaction environments - fuel lean to stoichiometric at a temperature
range from 873 to 1073 K and a pressure range from 1 to 5 atm. Methane fuel is also
added in several of the systems studied in order to provide experimental data on the use
of methanol as an additive in motor vehicle fuels. This data will be a basis, along with
that in the literature, for validation of a model of methanol oxidation and pyrolysis
which can be used for evaluation and simulation of methanol combustion under
atmospheric conditions as well as in compression engines or turbines, where pressures
are very different from atmospheric.

Methanol was studied as a base case. During oxidation, all higher OHC's can be
considered to pass through the same or similar intermediates as methanol. Methanol is
also a key intermediate in the oxidation of MTBE. Some experimental data on
methanol oxidation already exists, however, modeling based on fundamental principles
is lacking. For example, pressure dependencies of reaction rate constants, which are
critical to describe oxidation in internal combustion engines correctly, were not
considered. The proposed study was therefore begun with limited available
experimental data on methanol pyrolysis and oxidation. A fundamental elementary
reaction model has therefore been generated to describe data from both the literature
and our own experimental data. These studies on methanol will provide experimental
and modeling bases upon which to build during subsequent research on OHC’s with

higher molecular weight than MTBE.



An important issue here is the impact of OHC's on the formation of higher
molecular weight hydrocarbons and soot in diesel engines. This is likely to occur in fuel
rich, pyrolytic zones. Addition of an appropriate OHC to the fuel has the potential to
limit molecular weight growth while not adversely affecting engine performance (20-
21). Ethane is chosen as a model compound fuel. Its pyrolytic chemistry is presented
as a function of OHC additive.

1.3 Literature Review

1.3.1 Methanol

The oxidation and pyrolysis of gas phase methanol has been studied widely over the
past half century by several different methods: diffusion flame, shock tube and static or
flow reactors. Study on the pyrolysis and oxidation of methanol by diffusion flames was
reported by Smith and Gordon (22) in 1956. They used a quartz probe sampling
technique to extract stable species from the flame regions and the samples were
analyzed with a consolidated analytical mass spectrometer. The temperature measured
in the flames varied from about 200 C at the wick to about 1400 C at the tip and edge
of the flame. From the analysis of these products, they indicated that the mechanism of
burning involves pyrolysis of the alcohol followed by oxidation of the pyrolysis
products. The pyrolysis of methanol was free radicals induced by the small percentage
of O2 which diffuses in near the base of the burner, and H or OH radicals which come
from the reaction of 02 an H2.

Earlier studies were reported by Fletcher (23) in 1934 and by Someno (24) in

1942. Fletcher studied the pyrolysis of methanol in a static system at pressure less than



atmospheric and temperatures between 899 and 1003 K. He proposed that the
pyrolysis occurs in two stages; the first stage gives formaldehyde and hydrogen, and in
the second stage, formaldehyde is pyrolyzed to CO and H2.

Someno studied the thermal decomposition and slow combustion of

monohydric alcohols. He worked in quartz vessels at sub-atmospheric pressure and
temperatures up to 923 K. The identification of products was made spectrographically,
by IR and visible spectroscopy, and Ketones, aldehydes, ketenes and unsaturated
hydrocarbons were found in the products. Formaldehyde was found in the products
only under conditions of slow oxidation.
A shock tube study on the ignition of methanol with oxygen was made by Cooke and
co-workers (25). The experiment was performed using stoichiometric mixtures of
methanol and oxygen diluted with 95% argon at shock generated temperatures from
1573 to 1873 K, pressure range from 200 to 300 Torr. They found that methanol was
less reactive than ethanol. In high temperature conditions, the reactions of CH;OH —
CH3 + OH and CH30H — CH,OH + H were reported to evolve with fission of the O-
H bond less likely to occur.

Bowman studied the high temperature oxidation of methanol behind reflected
shock waves in the temperature range from 1545 to 2180 K (26). The reaction of
methanol-oxygen mixtures diluted with argon was initiated by reflected shock waves.
The concentrations of O, OH, H,0 and CO were measured by various spectroscopic
techniques. Following shock-heating, oxidation appears to proceed via two distinct

phases: an induction period, in which the concentrations of radical species and water



increase rapidly with little change in temperature; followed by exothermic reaction with
the concentration of radical species and water slowly approaching equilibrium values.
He proposed a small reaction mechanism and indicated that the significant reactions
include thermal decomposition of methanol, attack of radicals O, OH and H on
methanol and thermal decomposition of the important radical intermediate CH,OH.

Aronowitz et al. (27) reported methanol oxidation results (CH;0H/O,/N,) in an
adiabatic, turbulent flow reactor, having plug flow characteristics which allowed for
chemical sampling with high spatial resolution. Experiments were performed at
atmospheric pressure, in the temperature and equivalence ratio ranges from 680 to 880
°C and 0.03 to 3.16, respectively. Major products included CO, CO, and H,0, with
small amounts of H, and CHO. Trace quantities of hydrocarbon products were
observed at more fuel rich equivalence ratios. They presented a two-step overall or
global model to describe the oxidation of methanol to carbon dioxide. They specifically
emphasized the importance of HO, chemistry in the oxidation of methanol over this
temperature region at atmospheric pressure, while Westbrook et al. (28) had previously
indicated that hydroperoxyl radicals can be important in high temperature chemistry.

A study of methanol combustion in laminar flames was made by Vandooren
and Van Tiggelen (29) in 1981. A detailed mechanism and rate constants of elementary
steps for lean methano! flames burning at 40 Torr were investigated by using molecular
beam sampling coupled with mass spectrometric analysis. They reported that “about
70% of the fuel molecules were consumed by reaction with hydroxyl radical and 30%

by reaction with hydrogen atom”. The main initial product was CH,OH which then



reacts mostly with molecular oxygen. The occurrence of electronically excited CH,O
was detected, and attributed to highly exothermic reactions between CH,OH and O, H
or OH radicals. They indicated that the formaldehyde conversion occurred via reactions
with radicals, mainly OH, or by unimolecular (low pressure limit) decomposition
processes.

Important elementary reactions of CH,OH with molecular and atomic oxygen in
the methanol oxidation system were studied by Grotheer et al (30) using a direct
discharge flow reactor over temperature range from 25 to 400 °C at pressures around 1
mbar. Radical profiles were monitored by a low-energy electron impact ionization mass
spectrometer. The rate coefficient was measured for the CH,OH + O reaction. A
strong non-Arrhenius behavior for CH,OH + O, reaction was reported.

Recent studies on methanol oxidation and pyrolysis have been reported by
Norton and Dryer (31-32). In 1989, they performed methanol oxidation experiments
using a turbulent flow reactor at equivalence ratios in the range from 0.6 to 1.6 and
initial temperatures from 1025 to 1090 K at atmospheric pressure. They indicate that
the existing and widely-used mechanism (33) for methanol oxidation is in error and
should be updated.

Norton and Dryer present a kinetic mechanism for methanol pyrolysis which
matches multiple sets of experimental data from static, flow, and shock tube reactors,
covering temperatures of 973 to 1993 K and pressures of 0.3 to 1 atmosphere. They
indicated that the fuel decomposition reaction CH;0H — CH,OH + H, previously been

included only in mechanisms for high temperature conditions, also has a significant



effect at low temperatures through radical combination reaction. They reported that
the reaction CH;0 + CO — CH; + CO; rather than CH;0H + H — CH; + H,0, was
the major source of CHj; at low temperatures and the reverse of CH; + OH — CH,OH
+ H was important to CH; production at high temperatures.

One of the principle problems with the Norton Dryer mechanism is that it does
not consider pressure effects of the important unimolecular and bimolecular reactions.
For example, the pressure dependence of the decomposition steps below are not fully
included or analyzed for different systems:

CH;0H — CH; + OH

CH;OH — 'CH; + H;0

CH;0H — 'HCOH +H,

CH;0H — CH,OH +H.

More importantly, the correct path way analysis for :

CH,OH + O, — [.OOCH20H]}# — .OCH,OH+O

— [HOOC.HOHJ# — HCO, + OH
— [CH20.. HOOJ# — CH:0 +HO,
— [HOOCH20.]# — CH,0 + HO,
— CH;OH + O, (Reverse - No Rxn)
— .O0CH,0H (Stabilization)

as well as reactions of CH;0 + O, to form [CH;00O0]# and its further reactions were

not included.
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We note that the Norton-Dryer mechanism does not properly incorporate the
negative temperature dependence, pressure effects and correct reaction pathways which
account for the observations by Grotheer.

These pressure dependent reactions are very important in the formation of CO
and CO,. In particular, it is important to evaluate properly the CO, formation path
from HCO, formation in the reaction of CH,OH + O listed above. This reaction
proceeds through a chemically activated intermediate, which can be stabilized,
dissociate back to reactants (no reaction) or react via isomerization to either
HOOC.HOH or HOOCH,O0. isomers; both of which will then immediately dissociate to
lower energy products.

Further items missing from present mechanisms include pathways for the
formation of higher molecular weight products, such as the formation of methyl ethers,
which we observe in this study and report for the first time.

1.3.2 MTBE (Methyl Tert-butyl Ether)

T. J. Wallington (34) conducted a flash photolysis resonance fluorescence study on the
kinetics of the hydroxyl radical (OH) reaction with MTBE over the temperature range
from 240 to 440 K at total pressures between 25 and 50 Torr. The Arrhenius
expression for the overall rate constant was determined as follows :

C5COC + OH — Products

ky = (5.1 4 1.6) x 10" exp[-(155 % 100)/T] cm*/mole sec

We note that this rate constant includes abstraction of both the methyl ether

hydrogens and the primary methyl tert-butyl hydrogens.
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A reaction study was made earlier by Cox and Goldstone, but only at room
temperature and it was a relative-rate investigation, yielding on overall rate constant at
298 K (35).

There have been three previous experimental kinetic studies of rate constant
determinations on the thermal decomposition kinetics of MTBE up to temperatures of
1160 K, and they conclude that the reaction is a four-center molecular elimination,

(CH;);COCH;3 — (CH;),C=CH; + CH;0H.

Daly and Wentrup (36) report that the decomposition reaction of MTBE is
unimolecular, and they determine a rate constant, of 103 exp(-30970/T) s™ over the
temperature range from 706 to 768 K. Choo et al. (37) report a value of k = 10"
exp(-29700/T) s™" in a VLPP (Very Low-Pressure Pyrolysis) reactor from 890 to 1160
K, while Brocard and Baronnet (38) obtained k = 10"*° exp(-29960/T) s in a Pyrex
reactor at 725 to 761 K. The latter workers also find that the addition of propene or
toluene does not modify the rate of formation of the major products, methanol, and
they conclude that a four-center unimolecular elimination path accounts for the
homogeneous thermal decomposition of MTBE over the temperature and pressure
ranges of their study.

Other studies on the high temperature oxidation of MTBE in an argon diluent
have been reported by Dunphy and Simmie (39) in reflected shock waves over the
temperature range from 1024 to 1850 K and at a pressures of 3.5 bar. The mixture
compositions varied widely, with equivalence ratios varying from 0.25 for a fuel-lean,

through 1.0 for a stoichiometric, to 2.5 for a fuel-rich mix. Measurements of the
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ignition delay times, characterized by chemiluminescence and pressure rise, can be
concluded that the high temperature oxidation of MTBE is in essence that of methanol
+ iso-butene.

Norton and Dryer (40) presented the experimental results for flow reactor
oxidation of MTBE at equivalence ratio 0.96, initial temperature of 1024 K and
atmospheric pressure. Gas samples extracted at fifteen positions along the reactor duct
centerline were quenched in the hot-water-cooled probe and stored at 343 K for later
gas chromatographic analysis. The purity of the MTBE was 97%.

The main products they observe are isobutene and methanol. At 1024 K, 50%
MTBE is converted in a time of about 5 msec, and 90% of conversion is achieved at
about 40 msec. Isobutene and methanol are generated at up to 75% and 40% of initial
MTBE concentration, and decay slowly compared to the MTBE decomposition rate.
An increasing amount of carbon monoxide is produced with MTBE conversion.
Methane and propene are observed at about 10% of MTBE initial concentration.
Other, lower concentration, products (less than 10% of MTBE initial concentration)
such as CO,, C2, C3, and C5, are also produced.

Norton and Dryer describe the result of MTBE decay by the unimolecular
elimination reaction only, which occurs through a four-center activated complex. They
attribute the final products observed to faster MTBE oxidation rather than to either

isobutene or methanol oxidation.



CHAPTER 2

EXPERIMENTAL

The oxidation and pyrolysis of methanol with and without methane is analyzed by
varying temperature, pressure, residence time and reactant ratios. A temperature range
from 873 to 1073 K, pressure range from 1 to 5 atm and residence time range from 0.1
to 2.0 seconds is studied in two reaction ratios (stoichiometric and fuel lean) using a
high temperature and high pressure tubular reactor for methanol oxidation. Methanol
pyrolysis is studied over a pressure range of 1 to 10 atm at 1073 K. Oxidation of
Methanol and methane mixtures is studied with an overall stoichiometric reactant ratio
at selected temperatures and pressures. Methane oxidation under stoichiometric
conditions, with pressure range from 1 to 5 atm and temperatures from 1023 to 1073 K
is studied for comparison with methanol and methanol/methane oxidation and for
further validation of kinetic models.
2.1 Experimental Conditions
2.1.1 Methanol Pyrolysis

Methanol pyrolysis is studied over a pressure range from 1 to 10 atm at 1073 K under

isothermal reactor conditions. The reactant concentrations at different pressures are:

13
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1 atm CH;0H : Ar=0.0395 : 0.9605
3 atm CH,0OH : Ar=0.01317: 0.98683
S atm CH;0H : Ar=0.0079 : 0.9921
8 atm CH,0H : Ar=0.00494 : 0.99506
8 atm CH,0H : Ar=0.0025 : 0.9975
10 atm CH;0H : Ar=0.00395 : 0.99605

2.1.2 Methanol Oxidation
Methanol oxidation experiments are performed with two reactant ratio sets which
represent stoichiometric and fuel lean conditions over a temperature range from 873 to

1073 K and a pressure range from 1 to 5 atm. The reactant concentration ratios are:
Fuel Lean $=0.75 CH,0H: O, : Ar=0.0078 : 0.0156 : 0.9766
Stoichiometric ¢ =1.0 CH,0H : O, : Ar=10.0078 : 0.0117 : 0.9805.
2.1.3 Methanol/Methane Oxidation
Methanol/methane oxidation is carried out at overall stoichiometric conditions at
selected temperature and pressure in order to understand the effects of methanol
addition on methane oxidation and the effects of methane on methanol oxidation. The
total concentration and ratio of methanol and methane at the indicated temperature and

pressure are:
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Temperature  Pressure Xo.cHa+cH30H CH;0H : CH,4
873 K 5 atm 0.0156 00:20
873K 5 atm 0.0156 02:18
873K 5 atm 0.0156 0.3:1.7
873K 5 atm 0.0156 05:15
873K 5 atm 0.0156 0.7:13
873K 5 atm 0.0156 1.0:1.0
873K 5 atm 0.0078 2.0:00
873 K 5 atm 0.0078 1.5:05
873 K 5 atm 0.0078 1.3:07
873K S atm 0.0078 1.0:1.0

Temperature  Pressure Xo,CHA+CH3OH CH;0H : CH,4
1023 K 1 atm 0.0156 1.0:1.0
1073 K 1 atm 0.0156 20:00
1073 K 1 atm 0.0156 1.0: 1.0
1073 K 1 atm 0.0156 0.0:2.0

2.2 Experimental Apparatus
A diagram of the experimental apparatus is shown in Figure B.1. Reactants are reagent
grade supplied by Aldrich Co. Methane and argon gases are filtered for O,, H;0, and
hydrocarbon impurities before entering the reactor system. The carrier gas (argon) is

passed through a saturation bubbler which contained liquid methanol held at 273 K
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using an ice bath. A second argon flow stream (after the bubbler) is used as make-up
gas in order to achieve the desired reactant ratio. Methane and oxygen are then added
to the CH;OH/Ar flow as required. Those four gas streams (argon, make-up argon,
oxygen and methane) are controlled by Union Carbide LINDE® Model FM-4550 mass
flowmeter-flowcontroller with four mass flow control modules. Four channels are
calibrated to indicate 0-100% range of the desired gases. The calibration curves are
plotted as Figures B.2 to B.S of Appendix B.

A quartz tube of 6 mm ID and 12 mm OD is employed as the reactor, which is
housed within 75 cm length of three-zone Chemshell 1.25” ID electric tube furnace
equipped with three independent Omega Model CN-310 digital temperature
controllers. A Neon Controls BPS 26G2501, 200 psi back pressure regulator is used to
maintain the desired pressure within the reactor.

The mixed reactants (feed mixture) are preheated to about 373 K to prevent
condensation and to improve reactor temperature control. The reactants can either
flow through the reactor or flow directly to a GC sampling valve via a bypass line. The
bypass is used to determine the initial concentration of reactants without going through
the high temperature reactor.

Gas samples are drawn through the sampling line by means of a mechanical
vacuum pump with a constant flow rate of 30 cm’/min. A HP-5890 Series II gas
chromatograph with two flame ionization detectors is used on-line for analysis. The
bulk of the effluent is passed through a sodium bicarbonate (NaHCO;) flask for

neutralization before being released to a fume hood.
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2.3 Temperature Control and Measurement

Temperature profiles are obtained at each flow using a type K thermocouple probe
moved axially within the 75 c¢m length reactor. Thermocouple error caused by furnace
wall radiation is minimized by using a grounded junction sheath and with a
representative flow of inert. The darkened outside surface of the quartz tube reactor
also served as a second rdiation shield. Tight temperature control resulted in
temperature profiles isothermal to within £ 5 K over 80 - 85% of the furnace length for
each temperature. Steep temperature gradients of 500 K in 5 cm occurr at the inlet and
outlet of the reactor.

Uncertainty in absolute temperature measurements is estimated to be = 1% (i.e.
+ 8-12 K) but relative temperatures are measured to within £ 5 K. The temperature

profiles are shown as Figures B.6 and B.7 with and without reactions present.

2.4 Qualitative and Quantitative Analysis

A HP-5890 Series II gas chromatograph with two flame ionization detectors is used
on-line to determine the concentration of reactants and products. A ten-port VALCO
gas sampling valve is employed to introduce the gas samples into the GC columns. Gas
samples are passed through two sampling loops, 1.0 cm® and 0.25 cm’, at a constant
flow rate of 30 cm® per minute, and then injected into a packed column and a capillary
column, respectively.

Two columns, one packed and one capillary, are used to perform separations.
The 6’ x 1/8” feet stainless steel column is packed with~5.0% 80/100 Poropak T and

50% 80/100 Poropak Q for the separation of CO, CO- and light hydrocarbons. In order
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to increase the accuracy of quantitative analysis, a catalytic converter connected in
series after the packed column with 5% of 80/100 ruthenium on alumina catalyst is
used to convert the CO and CO, to methane after separation. The 90 m x 0.53 mm
Hewlett Packard fused silica capillary column is used for heavier hydrocarbon and oxy-
hydrocarbon separation. The chromatogram peaks are analyzed with two HP 3396A
integrators.

Calibration for obtaining appropriate molar response factors and retention times
of relevant compounds is performed by injecting known concentrations of standard
gases and known quantities of liquid samples. The average retention times and relative
response factors are shown in Tables A.1 and A.2.

Product identifications are also verified by HP 5899A GC/Mass Spectrometry,
with a HP 90 m x 0.53 mm fused silica capillary columns (same as the one used in the
on-line GC system), on batch samples of reactor gas drawn, from the reactor exit into
evacuated 25 cm’ stainless steel sample cylinders for later analysis.

2.5 Summary of Experimental Results
2.5.1 Methanol Pyrolysis
Experimental results on methanol pyrolysis at 1073 K over a pressure range from 1 to
10 atm are displayed in Figures B.8 to B.13. The decay rate of methanol increases with
increasing pressure, however, the differences between S5, 8 and 10 atmospheres are
small.

Methano!l decays and forms the intermediate stable product formaldehyde,

which then decomposes to carbon monoxide. Normalized concentrations (C/C,) of
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methane formation are about the same at different pressures. Ethylene, which results
from methyl radical combination through ethane, is observed at ppm levels with 3.95
mole % initial methanol concentration at 1 atm total pressure.

2.5.2 Methanol Oxidation

Results of methanol oxidation are shown in Figures B.14 to B.61, which plot the mole
fraction as a function of reaction time and temperature, at temperatures ranging from of
873 and 1073 K, 3 pressures (1, 3, 5 atm) and two equivalence ratios of 1.0 and 0.75.

Changes in methanol conversion, intermediates and products under conditions
of excess oxygen (equivalence ratio = 0.75) are small relative to reaction at
stoichiometric conditions for all temperatures and pressures of this study. Methanol
starts to decay at 923 K and 100% conversion is observed at 1073 K, at 1 atm and
reaction time of 0.15 second. At 3 atm and a reaction time of 0.6 second, methanol
decay begins at 873 K and is 95% converted at 923 K. At 5 atm and a reaction time of
0.6 second, methanol conversion is 5% at 873 K and 100% at 923 K.

At increased temperatures, formaldehyde levels decrease and this intermediate
only exists for a short residence time (ca. 0.2 seconds). CO increases rapidly with the
conversion of methanol. The formation of CO, starts to occur when significant
amounts of CO produced. At higher temperature, oxidation of CO occurs rapidly to the
final product CO..

Methane is observed as a minor product. Hydrocarbon molecular weight

growth species are not detected (or are below instrument detection limits).
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2.5.3 Methane / Methanol Oxidation

Experimental results on the oxidation of methane / methanol mixtures are shown in
Figures B.62 to B.73. Methanol is observed to have a significant acceleration effect on
methane oxidation. A uniform trend is observed over the temperature and pressure
ranges studied by changing the initial composition of methane / methanol mixtures.
This acceleration by methanol on methane oxidation will be discussed and compared

with modeling results in Chapter 6.



CHAPTER 3

KINETIC MODELING

A mechanism which consists 147 species and 448 elementary reactions, based on
thermochemical kinetic principles has been developed and calibrated by the
experimental data.

Specific emphasis has been placed on understanding and properly treating the
pressure dependent reactions and identifying important reactions and key species in the
high temperature chemistry so the model can be applied to both atmospheric and
internal engine oxidation / combustion. The reaction mechanisms (models) include
pathways for formation of higher molecular weight products, such as the formation of
methy! ethers, which are observed in the experiment and reported here for the first
time. An accurate model based on principles of thermochemical kinetics and statistical
mechanics will not only provide fundamental understanding, but will suggest directions
toward process optimization for experimental testing. It will also have a higher

probability of successful application outside the range of calibration.

The reaction mechanism is based upon principles of thermochemical kinetics
including Transition State Theory (TST) and accurate molecular thermodynamic
properties. The mechanism consists of elementary reactions, with each reaction based

on literature evaluation or, if it is estimated, on thermochemical and kinetic principles.
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3.1 Thermodynamic Properties

The addition reactions and subsequent unimolecular isomerization or dissociation reactions
are analyzed by construction of potential energy diagrams of the systems based on existing
experimental data, theoretical data and on group additivity estimation techniques.

Thermodynamic parameters - AHas, S20s and C,(300) to C,(e0) for species in
the reaction schemes are listed in Table 1 along with appropriate references. Enthalpies
of radicals are from evaluated literature on C-H bond energies and AH of the stable
molecule which corresponds to the radical with a H atom at the radical site. Entropies
and Cy(T) values are from use of Hydrogen Bond Increment (HBI) (41). The HBI
group technique is based on known thermodynamic properties of the parent molecule
and calculated changes that occur upon formation of a radical via loss of a H atom. The
HBI group incorporates evaluated carbon hydrogen (C-H) bond energies, for AHygg of
the respective radical, and changes that result from loss or changes in vibrational
frequencies, internal rotation symmetry, and spin degeneracy when a hydrogen atom is
removed from the specific carbon site. HBI groups, are described fully in Ref. (42, 43).

3.2 Determination of Rate CoefTicients

3.2.1 Abstraction Reactions
Abstraction reaction rate constants are not pressure dependent and usually taken from
evaluated literature when available. If estimation is required, a generic reaction is
utilized as a model and adjusted for steric effects. Evans Polanyi analysis is used on the
reaction in the exothermic direction to estimate the energy of activation (E,) for rate

constant. An Evan Polanyi plot, E, versus AHy,, allows use of a known AH, to obtain
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E, for these reactions. The abstraction reaction in an endothermic reaction must
incorporate the AH,y, or thermodynamics will be violated.

3.2.2 Addition Reactions

Addition reactions are treated with the quantum RRK formalism for k(E) and modified
strong collision theory of Gilbert et al. for falloff. This will be described in the
following section. The reaction involves addition of an atom or radical to an
unsaturated species. Addition reactions typically form an energized adduct with ca. 20
to 50 kcal/mol of energy above the ground state. This energy is often sufficient to
allow the adduct to react to other reaction products (lower energy) before stabilization
occurs.

3.2.3 Elimination Reactions (Beta Scission)

These reactions are the reverse of addition reactions and utilize the quantum RRK
formalism for k(E) and modified strong collision theory of Gilbert et al. for falloff and
are treated in two ways. In the first way, a unimolecular quantum RRK formalism for k(E)
and modified strong collision theory of Gilbert et al. for falloff is employed where
reverse high-pressure reaction (addition) parameters are determined. The corresponding
high-pressure unimolecular beta scission rate constants using microscopic reversibility are
then calculated. These high pressure unimolecular elimination parameters are then input to
the QRRK formalism to calculate the rate constants at the appropriate pressure. An
alternate method is to use the reverse rate constants from the QRRK - modified strong

collision reaction calculations for the corresponding addition reaction.
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3.2.4 Dissociation Reactions (Simple Unimolecular)
Simple unimolecular (dissociation) rate constants are determined by two methods similar to
beta scission reactions. The reverse high-pressure reaction (combination) parameters are
determined. The corresponding high-pressure unimolecular dissociation rate constants are
then calculated using microscopic reversibility. These high pressure unimolecular
dissociation parameters are then input to the QRRK formalism to calculate the rate
constants at the appropriate pressure and temperature. The reverse rate constant from the
QRRK combination reaction calculation can also be used for the respective reaction.
3.2.5 Combination Reactions
These reactions involve the combination of two radicals or an atom with a radical. The
energy of the adduct formed before stabilization is equal to the bond energy of the new
bond(s) formed and this is typically on the order of 80 to 120 kcal/mol. This is often
sufficient under combustion conditions for an adduct, with this initial energy above its
ground state energy, to react to lower energy products before stabilization occurs. The
high-pressure limit rate constant for combination is obtained from literature or estimated
from known generic combination reactions. The QRRK chemical activation formalism is
then used to calculate the rate constants at the appropriate pressure and temperature to all
the recognized available channels.

Reaction to other new product channels as well as isomerization, stabilization
and reverse reaction are included in this calculation. This an important aspect of the
reaction analysis for both combination as well as addition reactions that other modelers

do not usually incorporate. This leads to a more correct treatment of fall-off and
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pressure dependence for these non-elementary reaction systems. Rate constants
inclusion in for the model are obtained which incorporate the calculated pressure

dependency and therefore make the model more fundamentally correct.

3.3 Quantum RRK Treatment

Branching ratios of the adduct formed from combination, addition or insertion reactions to
various product channels are calculated using a quantum version of RRK theory (QRRK) to
evaluate energy dependent rate constants, k(E), of the adduct to the various channels.
QRRK analysis, as initially presented by Dean (44, 45, 46), combined with the "modified
strong collision approach” of Gilbert et al. (47) is used to compute rate constants for both
chemical activation and unimolecular reactions over a range of temperature and pressure.
For the chemical activation reactions, stabilization is also included in the calculations.

A significant number of modifications have been made since the initially
descriptions of the quantum RRK and fall-off calculations are published (44, 45, 46).
These modifications include (46);

o The use of a manifold of 3 vibration frequencies and respective

degeneracies, plus incorporation of energies from 1 external rotation mode

for the calculation of the ratio of the density of states to the partition
coefficient, p(E)/Q(T).

o The 3 vibrational frequencies and degeneracies are also used in calculation
of k(E) and of F(E).

o The FE factor is now explicitly calculated for use in determining the

collision efficiency Bc (47), in place of the previously assigned 1.15 value.
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e [ is now calculated by :
Be = [0 /(0 + Fe*k*T)]/A
from Gilbert et. al. Eqn. 4.7 (47),
A=A, - Fe*k*T)/(o. + FE*k*T)*A,.
Where A; and A, are temperature-dependent integrals involving the density
of states, and o is the average energy of down-collisions.
e The Lennard-Jones collision frequency Z;; is now calculated by Zy; = Z
Q% integral. (48, 49, 50), where Q is obtained from fit of Reid et al. (50)

The QRRK analysis with the modified strong collision approach and constant
FE for fall-off has been used to analyze a variety of chemical activation reaction
systems , Westmoreland et al. (51, 52, 53), Dean et al. (52, 54, 55, 56, 57), Bozzelli et
al. (54-57, 58, 59, 60) It is shown to yield reasonable results in these applications, and
provides a mechanism by which the effects of temperature and pressure can be both
evaluated and included in the kinetics.

Limitations affected by the assumptions in the QRRK and fall off calculations
are often over shadowed by uncertainties in high pressure limit rate constants and
thermodynamic properties for species and transition state structures in the chemical
systems.

Input data requirements for the QRRK calculations :

e Pre-exponential factors (Arrhenius A factors) in the high pressure limits,

which are obtained from the literature using the methods of Benson (61)

and of Dean (44).
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o Activation energies come from endothermicity of reaction AU, and from
analogy to similar reactions with known energetics.

o The Three vibration frequencies and their associated degeneracies are
computed from fits to heat capacity data, as described by Ritter.(62) These
have been shown by Ritter to accurately reproduce molecular heat
capacities, Cp(T), and by Bozzelli et al.(63) to yield accurate density of
states p(E) to partition coefficient (Q) ratios. Frequency sets for the adducts
are listed in Table 1.

o Lennard-Jones parameters (o, e/k) are obtained from tabulations(50) and
from a calculation method based on molar volumes and compressibility
(64).

e Arrhenius A factors for bimolecular combination of radicals at the high
pressure limit are obtained from literature, and from trends in homologous
series of these type reactions.

It is important to have accurate input data for the Calculations, without this
aspect the accuracy or assumptions in the calculations on fall off or chemical activation
rate constants are of less value. Several of the input parameters for these calculations,
e.g., thermodynamic properties and kinetic parameters, need to be estimated. This is
done in a consistent and uniform manner with reference to literature experiment and /
or theoretical calculations in all cases. The accumulation and referencing of these data

comprise a major component of this work. The input parameters and references are of
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utmost importance; they are assembled as indicated in the tables associated with each
calculation in Appendix C.
3.4 Expression of Rate Coefficients: Chebyshev Polynomials

Detailed reaction modeling of gas-phase kinetics is a powerful tool in the studies of
combustion and atmospheric chemistry.  Rate coefficients for dissociation,
recombination and chemically-activated reactions can be estimated by statistical
theories such as QRRK (44, 51), RRKM (65, 66, 67) and SACM (68, 69, 70, 71).
Temperature and pressure-dependent rate coefficients of elementary reactions can be
evaluated using one of these theories. However, calculation of rate coefficients is
computationally demanding. Empirical or semiempirical approximate formulas,
therefore, are generally practiced.

Approximations of fall-off surfaces of simple unimolecular reactions using
empirical expressions has been extensively studied such as Troe’s F..n method and
method of Stewart and coworkers (SRI method hereafier) (47, 72). Less attention has
been taken for complex chemically-activated systems. Recently, Kazakov et al. (73)
gave a parametrization formula called generalized-mean-limits formula (GML) based
on Gardiner’s (74) treatment. They report good agreement for “isothermal” fitting over
pressure domains. Venkatesh et al. (75) directly approximate the rate coefficients via
Chebyshev polynomials and report good agreement over broad temperature and
pressure range for a number of different types of reaction systems. In light of the

accuracy using Chebyshev polynomials for complex chemical activated reaction
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systems, this method has been tested, employed and compared with two convention
methods, Troe’s and SRI, in this study.
3.4.1 Chebyshev Approximants
Chebyshev series (76, 77) in the inverse temperature and logarithm of pressure are used
as the approximation of the logarithm of the rate coefficients. Temperature and
pressure are constrained by predefined minimum and maximum values,
Toin £ T < T
Prin S P < P .
The Chebyshev polynomial of degree (7 - 1) is given by
@i(x)=cos((i-Nacos(x));i=12, ..,
where x is the variable of interest defined to be in the close interval [-1, +1]. The

transformations to map the temperature and pressure domain onto the unit square are

min

-y
-1 -1 ]
Tmux - Tmin

27 =T - T ~
max T

and

2logP-logP...— P...

P.
longnx —longin -

k(T, P) is then mapped to k(T P),
k(T,P) > K(T,P).

The logarithm of the rate coefficient is thus approximated as

log k(T,P)= 2.2 a,0.(T)e,(P),

i=1 j=i
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where N and M denote temperature and pressure axis respectively and are predefined

for different orders of accuracy.

The data points are taken as dxd Gauss-Chebyshev grid (76, 77) which is

given by

” [2i—1
,.—cos_—-—zd 7r_

B =cos Ei—_—lﬂ (—1<~<l)
Tl 2d 717 TorTe

where <i<d.
A 50 x 50 Gauss-Chebyshev grid is taken to fit N by M Chebyshev polynomials
using Levenberg-Marquardt algorithm in the next section for the reaction systems of

interest.

3.4.2 Comparison of Modified Troe and SRI Methods and Chebyshev
Polynomials

The comparison of average and maximum errors of reactions tested for modified Troe,
modified SRI, 7x3 and 9x5 Chebyshev approximants are shown as Table 3.1. The
modified Troe and SRI methods are taken as Venkatesh et al. (75). First, the low- and
high-pressure limit rate coefficients are enhanced and expressed as

a, a

k(T)—(a L B +a—")ex (—ﬂ)
0 =14 ﬁ T T\/—Y_‘ T2 p R

and

b, b b b E
k :(b = = 3 +—“j (——”)
m(n 0 ﬁ" T Tﬁ Tz exp RT
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where a,,qa,,a,,a,,a,,E,,b,,b,,b,,b,,b,, and E_ are adjustable parameters. Another
enhancement is to extend the original single well treatment by explicitly adding the
number of wells for different product channels. These modified methods are tested and
showed better performance for multi-well chemical-activated reactions than the original
Troe and SRI methods.

C:Hs decomposed to form C.H; + H and CH; + CHj is a typical unimolecular
dissociation reaction system. The rate coefficients of later channel are displayed as
Figure B.74 which shows typical high- and low-pressure limit and fall-off curves of the
unimolecular reaction through the isothermal slices. From Table 3.1, the average
errors of all of methods are less than 10% for C,Hs decomposition and maximum errors
are less than 32%. The performances of modified Troe, modified SRI and Chebyshev
polynomials of 7 by 3 are similar. The Chebyshev polynomials of 9 by 5 give excellent
agreement - less than 2% average errors and 5% maximum errors.

The results of single well chemical-activation reactions of CH; + O; are similar
to the C>H, reactions. Chebyshev polynomials of 9 by 5 still yields best performance -
less than 1% average errors and only 4% maximum errors.

For multi-wells chemical activation reactions of CH,OH + O, the results are
dramatically different with unimolecular dissociation and single well chemical activation
reactions. Rate coefficients as a function of temperature and pressure for first two
channels are plotted as Figure B.75 (a) and (b). It is obviously hard to fit results of rate
coefficients for multi channels with traditional single well semi-empirical expressions,

even extended version of them. The modified Troe method yields about 150%
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maximum errors for first the two channels and the modified SRI method yields about
700% maximum errors. The results of two well reaction of of CH,OH + O, ¢ CH,0
+ HO, are the worst than the other one well reactions. The average and maximum
errors of Chebyshev 7 by 3 polynomials are about 10% which are still in an acceptable
range for kinetic modeling. Chebyshev 9 by 5 polynomials can give excellent
performance if more accurate expression is required. The price here is more
parameters (45, about double the number for 7 by 3) and much longer CPU time for
the fitting (more than four times of CPU time for 7 by 3 fitting). In some complicated
systems, the price of CPU time is high for the speed of workstations or midrange
mainframes. Therefore, a balanced choice is 7 x 3 Chebyshev polynomials. This is also
adopted in the kinetic modeling of this study.

The absolute relative errors of these three channels for 7 x 3 and 9 x 5
Chebyshev polynomials are displayed as Figure B.76, B.77 and B.78. The dramatic

improvement using 9 x 5 parameters can be seen from the different scale of error axis.
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Table 3.1 Comparisons of Average/Maximum Absolute Relative Errors in the Rate

Coefficients

Reaction modified modified | Chebyshev Approximants
Troe SRI 7x3 9x5

CiHs ¢» C,CHs + H 0.05/0.15 | 0.04/0.09 | 0.08/0.24 | 0.02/0.05
C:Hs ¢ CH; + CH; 0.10/0.29 | 0.10/0.32 | 0.08/0.27 | 0.01/0.02
CHs + O; ¢ CH3(00) 0.08/0.19 | 0.05/0.19 | 0.07/0.21 | 0.01/0.04
CH; + O; ¢» CH,0 + OH 0.05/033 | 0.04/0.24 | 0.08/0.30 | 0.01/0.02
CH,OH + O; «» HOC(OO)H, 0.68/1.53 | 0.79/6.87 | 0.10/0.51 | 0.02/0.08
CH,OH + 0, ¢» CH,0 + HO, 0.62/1.45 | 0.88/7.11 | 0.15/0.52 | 0.02/0.06
CH,0H + 0; ¢ HOC(O)H,+0 | 039/0.80 | 0.44/3.81 | 0.07/0.27 | 0.02/0.05

3.5 Computer Codes Used / Developed for Kinetic Modeling

3.5.1 ThermCal (developed in this study)

The thermodynamic properties related to this reaction system are evaluated from the

literature. When no literature data are available, the values are estimated using

ThermCal computer code which is developed in this study and based on THERM (78)

computer code.

ThermCal can be used to calculate thermodynamic property data for gas phase

radicals and molecules using Benson’ Group Additivity method (79). All group

contributions considered for a species are recorded and thermodynamic properties are

generated in NASA polynomial format (for compatibility with CHEMKIN (80)) in

addition to a listing which are more convenient for thermodynamic, kinetic and

equilibrium calculation.
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ThermCal is a “batch” process by contrast with the “interactive” THERM
computer code. The advantages of ThermCal are use of much less memory, much less
storage for equivalent documant file, and the batch process which makes it portable to
other computer platforms. An updated NASA format compatible thermodynamic
property file can be easily obtained by a recalculation of the input file by running
ThermCal. This, for example, is required whenever the thermodynamic groups been
updated. A thermodynamic data base up to C6 for the species with C/H/O elements is
developed at NJIT and used for modeling the kinetic scheme of elementary reactions
input to the program.

3.5.2 ThermCvt / ThermSrt (developed in this study)

ThermCvt is programmed to convert therm document file (*.doc) to ThermCal type
input file. ThermCwvt serves to avoid from human key-in error and save a great deal of
time. ThermSrt is a sorting program to sort the ThermCal input file by the order
specified in therm.cfg configuration file.

3.5.3 RadiCalc (used in this study)

RadiCalc (81) is a computer code that estimate the entropies and heat capacities of
radical species and transition structures. The calculation is based upon the properties of
these parent molecules. It calculates the effect of loss of vibrational modes (including
inversion) and/or changes in barriers to internal rotation and moments of inertia.
Databases are complied from literature data on generic vibrational frequencies,

moments of inertia and changes in the barrier to rotation.
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3.5.4 ThermFit (used in this study)

ThermFit (82, 83) is a computer code that determine geometric mean frequency as well
as a three frequency set. It accepts input in the form of heat capacities versus
temperature to 1000 K in addition to the number of vibrational modes and the number
of internal rotors in the molecule. This code fits the heat capacity data in the above
range to a five parameter harmonic oscillator model and extends the temperature range
to 5000 K. An additional method of estimating the vibrational frequencies of a radical is
to use MOPAC.

3.5.5 CHEMACT (modified in this study for fitting of Chebyshev Polynomials)
CHEMACT (84) is a computer code that uses the quantum version of RRK theory
(QRRK) to evaluate k(E) and modified strong collision theory of Gilbert et al. for
falloff as functions of temperature for various channels that can result in addition,
combination and insertion reactions as stated in the previous section. Since the rate
constants depend on both pressure and temperature of interest in the modeling
calculation, a fitting optional of flexible a N x M Chebyshev polynomials expression as
discussed previously is now available with user definable data grid. An output file that
is CHEMKIN input compatible, is generated for pasting to the input file of modified
CHEMKIN drivers for kinetic modeling.

3.5.6 CHEMKIN Interpreter and Library (modified in this study)

The CHEMKIN interpreter has been modified in this study to take the flexible matrix
size of Chebyshev polynomials and to generate the appropriate link file for further

processing. Subroutines involving kinetic rate coefficient calculation and array size
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initialization are also modified to incorporate the Chebyshev polynomials expression.
The advantage of modifying the CHEMKIN library instead of involving modification of
drivers is any existing drivers can just link with the modified CHEMKIN library to take
temperature and pressure dependent Chebyshev polynomials without modification. A
couple of drivers have been linked with the new CHEMKIN library and tested. These
include a shock tube driver, a constant temperature and pressure driver, and an

adiabatic constant pressure driver.



CHAPTER 4
CH;0H + O, AND CH,0 + HO; REACTION SYSTEMS

4.1 Introduction
The CH,OH + O, reaction is important in the methanol oxidation reaction system.
CH;OH is formed from the abstraction of H from methanol by radicals. The reaction
system is also important in evaluating kinetic parameters for O, reactions with alkyl
hydroxyl! radicals, that result from OH addition to olefins and aromatic compounds.
The second reaction is responsible for creation of hydroxyl peroxy radicals which can
further react to form CO, and acids.

Dr. Lev N. Krasnoperov initials the idea of hydrogen bonded complex for this
reaction systems and he]p.s me with the kinetic and thermodynamic calculations on this
reaction systems. Without his help, this work can not be done.

Radford (85) measured a rate constant of CH,OH + O, reaction of 1.2x10"
cm’ mole s™ at 300 K and 0.5 Torr from relative HO, formation using laser magnetic
resonance (LMR) to monitor HO, and by varying O, concentration for a fixed
residence time. The rate constant measured is similar to a value of 8.4x10'" cm® mole™
s’ at 298 K and 1.5 Torr obtained by Wang et al. (86) who detected HO, from OH
photofragment emission. Those two experiments are similar in that they use a
discharge flow reactor, but the HO, measurement are different. Both of the rate

constant obtained are lower than other measurements.
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A rate constant of 5.7x10" c¢m® mole™ s? at 298 K and 0.3 to 0.9 Torr is
obtained by Grotheer et al. (87) from CH20H profiles on a molecular beam sampling
mass spectrometer. This reaction forms CH,O as the major channel as concluded from
simultaneous CH,0 measurements. The MS method was also used by Payne et al.
(88) and a rate constant of 5.2x10"? cm® mole™ s™* at 298 K and 1.0 Torr was obtained.

Dobe et al. (89) monitored the CH20H decay by LMR in a isothermal flow
system and obtained rate constant of 6.4x10'2 cm® mole™ s at 296 K and 0.52 to 4.88
Torr. No pressure dependent in the pressure range of above was observed.

Pagsberg et al. (90) detected the CH,OH radical by UV absorption in a static
reactor and reported a rate constant of 5.3x10" cm®*mole s™ at 298 K and 760 Torr

A rate experiment using a discharge flow system at 215 to 300 K and 1.0 Torr
was performed by Nesbitt et al. (91) Rate constant was determined by monitoring the
decay of CH20H using mass spectrometry. However, large intercepts in the k vs. 02
plots may indicate a wall problem.

Miyoshi et al. (92) reported a rate constant of 7.0x10'? cm® mole™ s at 296 K
and 1.3 to 5.5 Torr by laser flash photolysis-photoionization mass spectrometry.

For the reaction of CH,0 + HO, — H,(OH)COO which is the reverse of
CH,OH + O, the forward and reverse rate constants are measured by Veyret et al. (93)
using the technique of flash photolysis kinetic spectroscopy over a temperature range
of 275 to 333 K and a pressure range of 85 to 170 Torr. Same experiment but at 298

K and 55 to 265 Torr was also performed by Veyret et al. (94)
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Evleth et al. (95) characterized the CH,0 + HO; reaction at ab initio levels and
reported the pathway via hydrogen-bonded complex. The experimental kinetic data
can not be explained unless the hydrogen-bonded complex CH,0.HOOs is

incorporated into the potential energy diagram and reaction system.,

4.2 Calculations and Input Parameters
Branching ratios at different temperatures and pressures are calculated using computer
code "CHEMACT" discussed in previous chapter. A quantum version of RRK theory
(QRRK) was used to evaluate energy dependent rate constants, k(E), for different
channels. All input information required for QRRK calculations (set of frequencies or
Cp(T)) was obtained from literature data as well as by Group Additivity.

The potential energy diagram is shown as Figure B.79 and the input parameters
for QRRK calculations are summarized in Table 4.1 and 4.2. The potential energy
diagram for the reaction system includes H(OH)C=0O + OH, H,C=0 + HO,,
H(OOH)C=0 + H, H(OH)COe product channels with H(OH)COOQOs, Co
H(OOH)OH, CH,(OOH)Oe and H,CO.HOO-s intermediates. This is based on
existing experimental and theoretical data and on Group Additivity estimation
techniques. Analysis indicates that the experimental kinetic data can not be explained
unless the hydrogen-bonded complex CH,0..HOO. is incorporated into the potential

energy diagram and reaction system.
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Table 4.1 QRRK Input Parameters for CH,OH + O, < [Hy(OH)COOs]* — Products

Reaction A (5! or cm¥/(mol*s)) E, (kcal/mol)

CH,0H + O, — H,(OH)COO- 6.00E+12 0.0

-1 H,(OH)COO~ — CH,0H + O, 2.93E+16 T-0-54¢0.00118T 344
2 H,(OH)COOs — Hy(OH)COs + O 7.55E+14 575
3 H,(OH)COOe — H,C0..HOO- 4.96E+6 T211¢:0.00069T 8.6
-3 H,CO.HOO+ — H,(OH)COOs 3.76E+7 T10 1.3
4 H,CO.HOO+ - H,C=0+HO,; (I) 5.87E+17 T-268¢-0.00007T 7.2
S H,(OH)COOe« — CH,(OOH)O» 6.86E+8 T!0 21.8
-5 CH,(OOH)Oe — H,(OH)COO»- 5.56E+8 T0-84¢0.00042T 7.7
6 CH,;(OOH)Oe¢ — H,C=0+HO, (II) 1.40E+14 5.0
7 H,(OH)COOes — C+H(OOH)OH 5.90E+9 T10 37.1
-7 C+H(OOH)OH — H,;(OH)COO- 4,19E+9 T0-8¢0.00064T 31.6
8 C+H(OOH)OH — H(OH)C=0 + OH 3.31E+13 1.0
9 C+H(OOH)OH — H(OOH)C=0 + H 3.24E+13 22.5

frequencies/degenercies (from CPFIT): 415 cm1/6.178, 1506 cm1/5.998, 3198 cm-

1/2.824
Lennard-Jones parameters: ¢ = 4.83 A, €/k = 488 K
<AE>, .. = 800 cal/mol, Bath gas =N,

A, taken as double of CC-+0, addition from J. W. Bozzelli and A. M. Dean,
J. Phys. Chem., 1990.

Microscopic Reversibility (MR) with the temperature range of 298 K and 2000
K.

A, from MR with A , = 2.00E+13 based on addition of O to CH,

A; = (101355)(1065%4.6)  AS¥ = -6.4; Ea, = AH; + 2.0 by transition state
calculation, transition state thermo properties based on Evleth ez al., J. Phys.

Chem., 1993.
A, = (ekT/h)[exp(AS¥/R)], AS# = -14.4; Ea; = 2.0 by transition state

calculation, transition state thermo properties based on Evleth ef al., J. Phys.

Chem., 1993.
Based on the study of CH,0 + HO, system in this paper.

A = (ekT/h)[exp(AS#/R)], AS = -8.6 (loss of 2 rotors); Eag = AH; + ring
strain (4.7) + E g action (3.0), ring strain from J. W. Bozzelli and A. M. Dean, J.
Phys. Chem., 1990.

MR with the temperature range of 298 K and 2000 K.

A4 from MR with A ;= 6.05E+11 and Ea; = AH ( + 5.0, based on addition of
HO, to C,H, by Tsang's recommendation, J. Phys. Chem. Ref. Data, 1987.
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k; A;=(ekT/h)[exp(AS*R)](2), AS =-4.3 (loss of 1 rotors); Ea, = AH, + ring
strain (23) + E pgracion (8.6), ring strain from J. W. Bozzelli and A. M. Dean, J.

Phys. Chem., 1990,
k; MR with the temperature range of 298 K and 2000 K.

kg Ag from MR with A = 2.7E+12, which is one half of the rate constant for
addition of OH to C,H,, Atkinson ef al., J. Phys. Chem., 1989; Ea; from Soto

and Page, Chem. Phys. 1991.
ko A, from MR with Ay = 1.46E+13, which is one half of the rate constant for

addition of H to C,H, and Ea, = AH, + 2.7, based on NIST fitting.
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Table 4.2 QRRK Input Parameters for H,C=0O + HO, < [H,CO.HOO-]* —
Products
Reaction A (s7! or cm3/(mol*s)) E, (kcal/mol)
1 H,C=0 +HO, —» H,CO..HOO- 5.00E+10 0.0
-1 H,C0O.HOO+« - H,C=0 + HO, 5.87E+17 T-2:68¢-0.00007T 7.2
2 H,CO.HOQe« — H,(OH)COO- 3.76E+7 T1.0 13
-2 H,(OH)COOQ+ — H,CO. HOOQ- 4 96E+6 T2.11g:0.00069T 8.6
3 H,(OH)COOes — CH,OH + O, 9.00E+14 344
4 H,(OH)COOe« — H,(OH)CO+ + O 7.55E+14 57.5
5 H(OH)COO« — CH,(OOH)O- 6.86E+8 T1.0 21.8
-5 CH,(OOH)0O« — H;(OH)COOe. 5.56E+8 T0-84¢0.00042T 7.7
6 CH,(OOH)O« — CH,0 + HO, 1.40E+14 5.0
7 H,(OH)COOe+ —» C*H(OOH)OH 5.90E+9 Tt.0 37.1
-7 CeH(OOH)OH — H,(OH)COO- 4.19E+9 T0.8¢0.00064T 31.6
8 CeH(OOH)OH — H(OH)C=0 + OH 3.31E+13 1.0
9 CeH(OOH)OH — H(OOH)C=0 + H 3.24E+13 22.5

frequencies/degenercies (from CPFIT): 188 cm!/5.857, 1308 cm!/5.714, 2952 cmr

1/3.430
Lennard-Jones parameters: 6 = 4.83 A, €/k = 488 K
<AE> 4. = 800 cal/mol, Bath gas = N,

This study, estimated from the reaction of CH,0+HO, = CQ-H,OH, Veyret e?
al., J. Phys. Chem., 1989.

Microscopic Reversibility (MR) with the temperature range of 298 K and 2000
K.

A, = (ekT/h)[exp(AS#R)], AS* = -14.4; Ea, = 2.0 by transition state
calculation, transition state thermo properties based on Evleth ez al., J. Phys.

Chem., 1993.
MR with the temperature range of 298 K and 2000 K.

A, from MR with A ; taken as double of CC - +0, addition from J. W. Bozzelli

and A. M. Dean, J. Phys. Chem., 1990.
A, from MR with A, = 2.00E+13 based on addition of O to CH,.

A, = (ekT/h)[exp(AS#/R)], AS = -8.6 (loss of 2 rotors); Eag = AH; + ring
strain (4.7) + E ygraction (3-0), ring strain from J. W. Bozzelli and A. M. Dean, J.

Phys. Chem., 1990.
MR with the temperature range of 298 K and 2000 K.
A from MR with A, = 6.05E+11 and Ea ;= AH_ + 5.0, based on addition of

HO, to C,H, by Tsang's recommendation, J. Phys. Chem. Ref. Data, 1987.
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A, = (ekT/h)[exp(AS#/R)](2), AS =-4.3 (loss of 1 rotors); Ea, = AH, + ring
strain (23) + E ;1400 (8.6), ring strain from J. W. Bozzelli and A. M. Dean, J.

Phys. Chem., 1990.
MR with the temperature range of 298 K and 2000 K.

A from MR with Ay = 2.7E+12, which is one half of the rate constant for
addition of OH to C,H,, Atkinson et al., J. Phys. Chem., 1989; Ea; from Soto

and Page, Chem. Phys. 1991.
A, from MR with A, = 1.46E+13, which is one half of the rate constant for

addition of H to C,H, and Ea, = AH, + 2.7, based on NIST fitting.
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The input parameters required for QRRK analysis are discussed in previous
chapter except the estimation of high pressure rate constants. Elimination or
dissociation rate constants are calculated thermochemically from the reverse (e.g.
addition, combination) reactions and microscopic reversibility if literature data is not
available. The addition or combination rate constants are taken from literature or
estimated from the trends in homologous series of this type of reactions or analogous
reaction. Isomerization rate constants are analyzed via Transition-State-Theory (TST)
and thermochemical kinetic methods of Benson. The high pressure A factor is
calculated as A = (ekT/h)[exp(AS#/R)], where AS? is the entropy difference from
reactant to transition state. The activation energy is calculated as the sum of
abstraction barrier, ring strain, plus enthalpy of isomerization where the reaction is

endothermic.

4.3 Results and Discussion
The results of CH,OH + O, calculations are displayed in Figure B.80 to B.84 and the
comparison with experimental data is in Figure B.85. There are two pathways to form
the CH,O + HO, products. One is via H,C(OO«)OH isomerization to CH,(OOH)Oe,
which then decomposes to CH,O + HO,. The rate constant via this pathway is about
two orders of magnitude smaller than the pathway via hydrogen-bonded complex and
reported experimental data at low pressure and temperature. The dominance of
hydrogen-bonded channel is why the experimental kinetic data can not be explained
unless the hydrogen-bonded complex CH,0..HOO- is incorporated into the potential

energy diagram and reaction system. The formation of CH,O + HO, adduct is the
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dominate channel for pressures < 1 atm and temperature < 2000 K. The stabilization
adduct of H,C(OO+)OH formation is important for pressures > 3 atm at 298 K and for
p > 25 atm at 900 K. The Acid formation adduct is important for T > 2000 K.

Figure B.86 to B.89 show the results of CH,O + HO; reaction. A comparison
of CH,O + HO, & H(OH)COO- with forward and reverse experimental data is
plotted in Figure B.90 which shows good agreement for both directions. Adduct
formation is important for pressures above 0.01 atm at 298 and p above 0.15 atm at
900 K. Here, formation of CH,OH + O, and HCO,H + H surpasses stabilization in
importance at 0.005 atm and 900 K, and increase in importance with increasing
temperature.

Results of this study confirm the importance of hydrogen bonded complex for
this reaction system and suggest the possible importance of such a complexes in other,
similar systems. The reaction description is based entirely on "complex formation"
mechanism without "direct reaction". Results of these calculations, which are based on
limited, low-pressure and narrow temperature range experimental data, can be used in

combustion models over a wide temperature and pressure range.
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CHAPTER §
METHANOL PYROLYSIS AND OXIDATION

5.1 Methanol Pyrolysis
5.1.1 Experimental Results
Methanol pyrolysis is studied over a pressure range from 1 to 10 atm at 1073 K under
isothermal reactor conditions. The reactant concentrations at different pressures are

listed in Table 5.1,

Table 5.1 Experimental conditions of methanol pyrolysis

Pressure Molar Fraction
Methanol Argon
1 atm 0.03950 0.96050
3 atm 0.01317 0.98683
5 atm 0.00790 0.99210
8 atm 0.00494 0.99506
8 atm 0.00250 0.99750
10 atm 0.00395 0.99605

Experimental results on methanol pyrolysis at 1073 K and a pressure range
from 1 to 10 atm are displayed in Appendix B, Figure B-7 to B-12. Methanol decay
curves at different pressures are displayed as normalized concentrations (C/Co) versus
reaction time in Figure B.91.

Methanol decays and forms the intermediate stable products: formaldehyde
which then decomposes to carbon monoxide. The decay rate of methanol increases

with increasing pressure, however, the differences between 5, 8 and 10 atmospheres are
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less than 5%. Normalized concentrations (C/Co) of methane formation are about the
same for different pressures.

5.1.2 Kinetic Modeling

The initial decomposition steps of methanol below are analyzed by QRRK formalism
for k(E) and modified strong collision theory of Gilbert et al. for falloff. The potential
energy diagram is shown in Figure B.92 and the input parameters for QRRK analysis
are in Appendix C. The barriers of HCOH + H,, 'CH; + H,0 and CH,0 + H, channels
are taken from the study of Walch (96) using complete-active-space self-consistent-
field (CASSCF) / intemnally contracted configuration-interaction (CCI), ab initio
calculations. The reverse of 'CH; + H,0 channel is found to have no barrier. The
barriers of the reverse of HCOH + H; and CH,0 + H; channels are calculated as -5.2
and 1.7 kcal/mol with respect to the energy level of CH; + OH channel. The barriers of
HCOH + H,, 'CH, + H,0 and CH,0 + H, channels are then can be derived as 87.4,
90.9 and 94.3 kcal/mol respectively. The unimolecular dissociations show that CH; +
OH channel is dominant at moderate temperature (i.e. about 1000 K) and HCOH + H,

channel becomes important when temperature increases.

CH;0H - CH; + OH AH,,, = 92 kcal/mol
- HCOH + H, AHy,, = 71 kcal/mol
-  'CH;+H0 AH,, = 92 kcal/mol
- CH,0 + H, AHp, = 74 kcal/mol
- CH,OH +H AHp, = 97 kcal/mol

- CH:O+H AH,., = 104 kcal/mol
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Abstraction reactions: two H atom abstraction reactions are found to be the
most significant after the initial decomposition of methanol to form CH,OH and CH;0
radicals.

CH;OH+H - CH,OH + H;,

CH:OH+H - CH;0 + H;

There are no well accepted rate coefficients for CH;0H + H abstractions
available. Warantz’s data are adopted in Norton’s mechanism and this study. The ratio
for forming CH,OH and CH30 is 4 to 1. The CH,OH and CH;0 radicals decompose
beta scission to form formaldehyde:

CHOH+M — CH,O+H+M

CHiO+M > CH,O+H+M.

These two unimolecular decomposition reactions are pressure dependent and
are analyzed by QRRK analysis.

Formaldehyde, important intermediate decays mostly by H abstraction reaction :
CH,0+H — HCO + H,.

The decomposition reaction of HCO + M — CO + H + M is found to be the
dominant channel to form the pyrolysis final product of carbon monoxide.

Comparisons of modeling and experimental results at 1 and 3 atm are illustrated
in Figure B.93 and B.94 and show good agreement for both reactant decay and main
product formations at 1 atm. At 3 atm, the modeling result is a little faster than
experimental data. Methane formations are under predicted at both conditions. The

model predicts even faster decay of methanol than experimental at higher pressure.
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5.2 Methanol Oxidation
5.2.1 Experimental Results
Methanol oxidation experiments are performed with two reactant ratio sets which
represent stoichiometric and fuel lean conditions over temperature range of 873 to

1073 K and a pressure range of 1 to 5 atm. The reactant concentration ratios are:

Fuel Lean $=075 CH;0OH:O,: AR=0.0078:0.0156:0.9766

Stoichiometric ~ ¢=10 CH,0H:0,: AR =0.0078:0.0117 : 0.9805.
Results of methanol oxidation are shown in Figures B-13 to B-60, which plot the mole
fraction as a function of reaction time and temperature, at conditions ranging from of
873 to 1073 K, pressures of 1, 3 and 5 atm and two equivalence ratios of 1.0 and 0.75.

Changes in methanol conversion, intermediates and products profiles under
conditions of excess oxygen (equivalence ratio = 0.75) are small relative to reaction at
stoichiometric conditions for all temperatures and pressures studied. Methanol starts to
decay at 923 K and 100% conversion is observed at 1073 K, at 1 atm and reaction time
of 0.15 second. For 3 atm and reaction time of 0.6 second, methanol decay starts at
873 K and is 95% converted at 923 K. For 5 atm and reaction time of 0.6 second,
methanol conversion is 5% at 873 K and 99% at 923 K.

At increased temperatures, maximum formaldehyde levels decrease and this
intermediate only exists for a short residence time (ca. 0.2 seconds). CO increases

rapidly with the conversion of methanol. The formation of CO, starts to occur when
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significant amounts of CO produced. At higher temperature, oxidation of CO occurs
rapidly to the final product CO,.

Methane is observed as a minor product. Impurity, methane, has been found in
the supply gas at a level of few ppm. The experimental result of methane is calibrated
by the blank (by-pass) correction. Due to the low concentration of methane,
hydrocarbon molecular weight growth species are not detected (probably below few
ppm, instrument detection limit),

5.2.2 Kinetic Modeling

After methanol decomposition occurs, the following reactions play important roles for
the methanol decay in the oxidation condition and intermediate temperature. In
contrast to pyrolysis where H atom is important, CH;OH + OH is now the most

responsible reaction after unimolecular decomposition for the methanol decay.

CH;0H + OH - CH,0H / CH;0 + H,0,
CH;0H + HO, - CH,OH/ CH;0 + H,0
CH;0H +H - CH,OH /CH;0 + H,

The reaction of CH,OH radical with O, to form formaldehyde and hydroperoxy
radical is the most important reaction for the production of important intermediate,
formaldehyde.

CH,0H + O, — [.OOCH,OH]# — .OCH,OH + O

— [HOOC.HOHJ# — HCO,+ OH
— [CH,0..HOOJ}# — CH,O + HO,

— [HOOCH;0.}# — CH;0 + HO,
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— CH,OH + O, (Reverse - No Rxn)
— .O0CH,OH (Stabilization)

A more detailed discussion of the CH,OH + O, reaction is described in Chapter
4. There are two pathways to form CH,0 + HO,. One through the isomerization of
[.OOCH,OH]" to [HOOCH,0.J" then forms CH,O + HO, when another through the
isomerization of .OOCH,OH to [CH,0..HOOY", hydrogen-bonded complex. The
experimental kinetic data can not be explained through the first route unless the
hydrogen-bonded complex CH,0..HOO-» is characterized and incorporated into the
potential energy diagram and reaction scheme of Evleth et al.

Hydroperoxy radical reacts with hydrogen atom to form hydroxy! radical. This
is found to be an important source of hydroxyl radical for the CH;OH + OH abstraction
reaction.

Formaldehyde then decays mostly by the reaction of CH,0 + OH — HCO +
H,0. The decomposition reaction of HCO + M — CO + H + M is found to be the
dominant channel to form carbon monoxide and CO + O + A/ — CO, + M to form
final product of carbon dioxide.

Comparisons of the model and the experimental results at 5 atm and two
equivalence ratios: stoichimatric (¢ = 1) and fuel lean (¢ = 0.75), are in Figures B.95
and B.96. These show reasonable agreement for reactant decay and main product
formation. . Reaction changes in methanol conversion and the intermediates or
products profiles under conditions of excess oxygen (equivalence ratio = 0.75) are

small relative to those illustrated at stoichiometric conditions throughout all
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temperatures and pressures studied, in both the experimental data and model
predictions.

Figures B.97 to B.99 shows the comparisons of modeling and experimental
results for reactant conversion and product distribution versus temperature at 5 atm,
average residence times of 0.8, 1.0 and 1.5 seconds respectively. The reactant decay
and major product distributions are in reasonable agreement but the model predicts
faster CO oxidation at higher temperature (ca. > 1000 K). The methane impurity is
possibly why the methane been observed even at more than 99% of methanol been
convert to CO,.

At 3 atmospherics pressure, modeling result is a little slower than the observed
experimental data. Figure B.100 shows a time delay of 0.15 second for modeling result
relative to experimental data. In general, there is a longer time delay for the model
compared with experimental data at lower pressures. At lower pressure and
temperature, decay will occur at longer residence times which are unfortunately, out of
the flow range of the flow controller used in this study.

5.3 Summary
The pyrolysis and oxidation of methanol follow the decomposition order of CH;OH —
CH;0 —» CO — CO,. CO; is observed in the oxidation studies only. The important

reactions can be summarized as below.



CHAPTER 6
EFFECTS OF METHANOL ADDITION TO METHANE OXIDATION

6.1 Experimental Results
Experiments and model calculations were performed to determine the effects of
methanol on methane oxidation. The total mole fraction of CH; + CH;0H was hold
constant at 1.56%. Experiments on methane oxidation for pure methane and for
mixture of CH, / CH;OH at 100% increments of CH;OH up to equal molar were
conducted. The results show that addition of CH;OH to CH,4 oxidation at a near
constant fuel equivalence ratio, dramatically increased CH, conversions.

Experimental results on oxidation of methane / methanol mixtures are shown as
Figures B-61 to B-72. The presence of a small quantity of methanol increases the rate
of CH;OH decay. Methanol is observed to have a significant acceleration effect on
methane oxidation. The experimental results are obvious and a uniform trend is
observed over the temperature, pressure and relative concentration range of the
methane / methanol mixtures.

The ratio of methane / methanol is varied with a constant total mixture
concentration and equivalence ratio to understand and verify the methanol acceleration
effect on methane oxidation. At equal molar mixtures conversion of methane is
enhanced by 50% at 1.5 seconds reaction time and further enhancement is slight.

Molecular weight growth species: ethane and ethylene are also observed which

result from CHj; + CHj3; recombination reactions.
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6.1 QRRK analysis of CH; + O, reactions
CH; is the initial radical intermediate in CH, oxidation. The major reaction of CH; at
low CHj3 concentration is reaction with O,. A potential energy level diagram for CH,

reaction with O is shown in Figure B.101 and a reaction scheme is as below.

CH,0+0
T
CH; +0, <« [CH,00]* < [CH,0O0H]* —» CH,0+OH
{ {
CH,00 CH,00H

CH; reaction with O, forms [CH;00]* complex. The [CH3;00]* complex can
either stabilize, form CH30 + O, isomize to [CH,OOH]* or go back to reactants. The
[CH,OOH]* isomer can also isomerize back to [CH;O0O]*, stabilize or form the
products: CH,O + OH.

High-pressure-limit input parameters for the CH; + O, combination to form the
CH300 complex, are taken from Cobos et al. (97) The input parameters for
dissociation of the complex back to reactants are calculated by microscopic reversibility
with the temperature range 298 to 2000 K. Parameters for the CH;O0 + O product
channel are obtained from an estimate of 5.0 x 10" cm®mol’'s™ for the high-pressure
recombination rate constant via microscopic reversibility. = The A factor of
isomerization is taken as Transition State Theory loss of one rotor (AS* = -4.3 cal/mol)
and the degeneracy of 3. The activation energy is estimated as a sum of reaction
enthalpy, ring strain (26 kcal/mol) and H abstraction (6 kcal/mol). The A factor of exit

channel, CH,O + OH, is calculated from microscopic reversibility with reverse taken as
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the addition of OH to CH3CHO by Semmes et al. (98) with Ea is estimated as 2
kcal/mol from the intrinsic activation energy expected for OH addition.

Comparisons of experimental and QRRK results for CH; + O; - CH;00 in
argon and nitrogen bath gas are displayed in Figure B.102 and CH;0 + O and CH,0 +
OH channels are in Figure B.103. Results for CH; + O to all channels at atmospheric
pressure are displayed in Figure B.104.

Here one can see a dramatic difference from the CH,OH + O, reaction system;

there is no low energy exit channel such as the CH,0 + HO; product set in CHz + O,.

6.2 Comparison of Methane oxidation versus methanol oxidation
The comparison of methane and methanol oxidation can be described in three stages:
6.2.1 Initiation
Several channels of CH3;0H unimolecular decomposition are much lower in energy than

CH, and therefore faster than CH, decomposition.

CH;OH - CH; + OH AH, = 92 kecal/mol
- HCOH + H; AH, = 71 kcal/mol
-  'CH;+H,0 AH,y, = 92 kcal/mol
- CH,O +H, AHx, = 74 kcal/mol

CH, — CH;+H AHy, = 103 kcal/mol

6.2.2 Propagation
H—CH,0H has a lower bond energy (97 kcal/mol) than H-CH; (105 kcal/mol).

CH,OH forms easier than CH; (from CH;) by decomposition as well as through
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abstraction reactions. CH;OH also has a much more rapid unimolecular decomposition
channel relative CHs.

CH, - CH,+H AH,, = 108 kcal/mol

CH,OH - CH,0+H AH,., = 30 kcal/mol

Therefore, propagation reactions of CH;OH oxidation are faster than CH,
oxidation too.
6.2.3 Oxidation
Methane oxidation, CHs + O, which will be discussed in next section is much slower
than that of CH,OH + O,. The difference between CH,OH + O, and CH; + O,
reaction system is that CH,OH + O, has a low energy exit channel. Barrier is below
the energy level of initial CH,OH + O, reactants to products, CH,O + HO,. This
explains the faster CH,OH + O, reaction.

6.3 Acceleration of Methane oxidationby Added Methanol
Comparisons of modeling and experimental results for oxidation of methane /methanol
mixtures with equal initial concentration at 873 K and 5 atm in stoichiometric reaction
condition are shown in Figure B.105 and B.106. Methane conversion is more than
50% at 1.5 seconds, when there is almost no conversion at all, without methanol under
the same conditions.

Methanol decomposes faster than methane as stated in previous section. The
important intermediate, CH,OH, then reacts with O, and undergoes unimolecular decay
to accelerate the radical pool production. The formation of OH and HO, radicals

accelerated and the OH initiates methane abstraction reactions.
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Figure B.107 shows the methanol acceleration effect on methane oxidation at
varied ratios of methane/methanol (100/0, 90/10, 85/15, 75/25, 50/50) but constant
total initial mixture concentration and equivalence ratio for both the experimental and
modeling results. The more methanol added, the faster is methane conversion. 50%
methane conversion is reached at about 1.5 seconds reaction time with equal initial
concentration of methane and methanol, when there is no decay of methane with no
methanol added.

Figure B.108 shows the effect of methane added to methanol oxidation at 873
K and 5 atm in stoichiometic (overall) condition is small. Comparisons of methanol
decay for 0.78% methanol (neat methanol) and a mixture of 0.39% methane and 0.39%
methanol, initial concentration, shows very small difference in conversion results.
Comparing the 0.39% and 0.78% methanol oxidation in Figures B.108 and B.109, we
observe effectively the same CH3OH conversion. There is very little effect of adding

methane to methanol oxidation.



CHAPTER 7

MTBE (METHYL TERT-BUTYL ETHER) OXIDATION

7.1 Pyrolysis of MTBE

7.1.1 Experimental Results
MTBE pyrolysis experiments have been performed in collaboration with Chiung-Ju
Chen (NJIT) at atmospheric pressure and over a temperature range of 873 and 948 K
with a 0.5% constant initial concentration using argon as bath gas. The pyrolysis of
MTBE is dominated by the unimolecular decomposition of MTBE at low to
intermediate temperatures of this study. That this C;COC — C,C=C + CH;OH
reaction dominates, is verified in this study by a combination of QRRK analysis and
mechanism sensitivity analysis.

The experimental data of MTBE decay is plotted as -In (C/C,) versus reaction
time in Figure B.110, in order to get the overall reaction rate constant of MTBE

pyrolysis. The regression results are in Table 7.1,

Table 7.1 Regression results of overall rate constant for MTBE pyrolysis experimental
data

Temperature / K KMTBE pyrolysis / S
873 0.167
898 0.493
023 1.331
948 2.936

7.1.2 Unimolecular Dissociation of C;COC

The initiation reactions are unimolecular decompositions of MTBE :

59
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C;COC S C,C=C +CH;0H  AHn, = 19 kcal/mol
_h C;C- + CH50 AH,,, = 86 kcal/mol
L TN C;CO- + CH,4 AH,y, = 82 kcal/mol
LN C,C-OC + CH; AH,,, = 89 kcal/mol
e C;COC- +H AHpy, = 97 kcal/mol
ELCTEN C;-COC+H AH,,, = 101 kcal/mol

The MTBE dissociation reaction is the important reaction in the both of the
MTBE pyrolysis and oxidation reaction systems. The energy level diagram and input
parameters for the chemical activation calculations are shown in Figure B.111 and
Appendix C.

The channels involving loss of a H atom are of no importance due to the higher
energy barrier of breaking the C--H bond compared with C--O and C--C bonds. The
relative A factors for C--H bond cleavage are also lower, further reducing the relative
probability for these reactions. The calculation results indicate that the dominant
channels are the dissociations to C,C=C + CH3;0H and C;C- + CH;0. The apparent
rate constants of both reactions are consistant with their high pressure limits when the
temperature is below than 800 K and the pressure higher than 0.001 atm.

The unimolecular elimination, channel (1), is dominant when the temperature is
lower than ~900 K. This is consistent with Daly et al. (1) and Choo et al. (2)
conclusion’s that the decomposition reaction of MTBE is a four-center molecular

elimination at temperatures ~700 K.
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The effect of temperature on the falloff behavior of dissociation reactions is
dramatic. Increasing the temperature from 800 to 1200 K for C;COC — GC;C- +
CH;O shifts the falloff curve by 4 orders of magnitude toward higher pressure. The
result indicates the dramatic differences between application of the present approach
and use of the assumption that the dissociation is always at the high pressure limit. The
difference between the actual dissociation rate constant and the high pressure limit
increases when the temperature is above 1000 K at the atmospheric pressure.

The apparent rate constant of C;COC — C,C=C + CH;0H reaction is not in
the high pressure limit regime under temperature range from 873 to 948 K at 1 atm,
Therefore, a fitting process is required to get the apparent rate constants and the input
high pressure limit parameters for the conditions of interested. The results of this
optimization are shown below:

CiCOC — C,C=C + CH;0H Kapp = 1.55x10" T*%*" exp(-60186 / RT)

k_=2.2x10" exp(-60,000 / RT).

Note that the apparent rate constants are fitted between temperatures of 873
and 973 K at atmospheric pressure.

7.1.3 Comparison of Modeling and Experimental Results
A comparison of modeling results and experimental data is displayed in Figure B.112
for validation. Good agreement between the model and experimental results is shown

for the pyrolysis of MTBE in different temperatures.
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7.2 Oxidation of MTBE
7.2.1 Kinetic Modeling
The MTBE dissociation reaction is the initial reaction in the MTBE pyrolysis and also
in this oxidation reaction system and discussed in detail in previous section. Initial
abstraction reactions of MTBE are mainly by radical species: H, O, OH, HO2, CH30.
and C3C.

CGCOC+H - C;COC: +H,

- C3COC + H;

CGCOC+0 — C;COC. + OH

- C;:COC + OH
C;COC + OH — C;COC- + H,0

- C;-COC + H,0
C;COC + HO;— C;COC. + H,0;

- C;-:COC + H,0,

The elementary reaction rate parameters for abstraction reactions are based
upon literature survey, thermodynamics and generic A factors with Evans Polanyi plots
for Ea's.

The thermal decompositions (Beta scisstons) of C;COC:, C3-COC, C;C-, and
C,C-0C radicals and abstractions by other radicals are the important reactions for the
MTBE oxidation system. These radical decomposition rate constants are determined

from the QRRK calculation as described in the previous section.
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C;C < CCC —  C=CC+CH;
N l

C.C=C+H
C3COC. and C;-COC decomposition reactions are also important in MTBE

reaction system.

CsCOC. > C3COC had C2C=C + CH3O
| {
C;C + CH,O C=C(C)OC + CH;

The corresponding radicals of iso-propyl methyl ether, second radical, are also
the important species in MTBE oxidation system. The following reactions contribute

to the formation of acetone and propene.

C2C=O + CH3
/
C.C.0C D C,COoC. - C.C C- + CH;0
| N $

C,COC+H <« (CyCOC —  C=COC + CH;

C=CC + CH;0
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CHj; and CH30 abstract other species to form CH; and CH;OH or recombine
with O, H, and OH. CHj also reacts with O, to CH;00 and CH,-OOH. Higher
temperatures or oxygen rich conditions accelerate radical generation reactions and the
formation of CO and CO..

7.2.2 QRRK Analysis

A QRRK analysis of the chemically activated system, using generic estimates or
literature values for high pressure rate constants and species thermodynamic properties
for the enthalpies of reaction, yields thermodynamically and kinetically plausible
apparent rate constants, The input rate parameters used in these calculations and
results from the calculation are summarized in Appendix C.

Unimolecular Dissociation of C;C-

The potential energy diagram and input parameters are shown in Appendix C.

C,C. — C,C=C+H AH,., = 97 kcal/mol
DL I C,CC- L EN C=CC + CH,

AH,=97kcal/mol
There are two channels for C3C- decomposition breaking the C--H bond to
form iso-butene and intramolecular isomerization (H atom shift) through a 3 member
cyclic intermediate, to C,C=C- Reaction (1) is about ten times faster than reaction (2)
for pressures above 1.0 atm, and more than ten times faster for pressures below 1.0
atm. That is due to high energy barrier and tight transition state (low A factor) to

isomerization, although reaction (2) goes to a lower final energy level.
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Unimolecular Dissociation of C5-COC

The potential energy diagram and input parameters are shown in Appendix C.

Cs-COC Ay C,COC- AH,., = 97 kcal/mol
LN C=C(C)OC +CH;  AHuq = 97 kcal/mol
L WY C;C=C + CH;0 AH,o, = 97 kcal/mol

The rate constants of these reactions are below their high pressure limit at
atmospheric pressure and 1000 K. Reaction (3) of C3-COC dissociation to C=C(C)OC
(iso-butene) and CHj is the dominant channel. Reaction (1) which undergoes a
intramolecular isomerization, 5 member cyclic intermediate, to C;COC:, is about ten
times slower than reaction (3) due to the high energy barrier, although it goes to a
lower final energy level. Reaction (2) is also limited by a lower A factor than Reaction
(3) even though it is slightly more thermodynamically favorable.

Unimolecular Dissociation of C;COC-
The potential energy diagram and input parameters are shown in Appendis C.

C;COC- s C;C: + CH;0 AH,, = 97 keal/mol

— CyCOC AH, = 97 keal/mol

The rate constants of these reactions are below their high pressure limit at
atmospheric pressure and 1000 K. Channel (1) is dominant. Channel (2) which
undergoes a intramolecular isomerization, 5 member cyclic intermediate, to C;-COC,

does not occur due to the high energy barrier.
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Unimolecular Dissociation of C,C-OC

The potential energy diagram and input parameters are shown in Appendix C.

C,C-0C — C,C=0 + CH; AH e, = 97 keal/mol
L TN C=C(C)OC +H AH,, = 97 keal/mol
b, C,COC- AH,, = 97 kcal/mol
LN C,-COC AH,, = 97 kcal/mol

The rate constants of these reactions are below their high pressure limit at
atmospheric pressure and 1000 K. Reaction (1) is dominant. Reaction (2), (3), and (4)
are not important due to the higher energy barriers.

Unimolecular Dissociation of C;COC-

The potential energy diagram and input parameters are shown in Appendix C.

C,COC- LN C,C-0C
LN C,C- + CH,0
L I C,-COC

The rate constants of these reactions are below their high pressure limit at
atmospheric pressure and 1000 K. Reaction (2) is dominant. Reaction (1) and (3)
which undergo the intramolecular isomerizations, 4 and 5 member cyclic intermediate
respectively, to C;C-OC and C»COC, do not occur to a significant degree due to the
high energy barriers, although they go to a lower final energy levels.

Unimolecular Dissociation of C;-COC

The potential energy diagram and input parameters are shown in Appendix C.
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C,-COC A C,COC- — C,C-+CH,0

AH = 97 kcal/mol

—y, C=COC + CH; AH, = 97 kcal/mol
— C=C(C)OC+H  AHy,= 97 kcal/mol
LN C=CC + CH;0 AHpq = 97 keal/mol
. TN C,C-0C AHp = 97 kcal/mol

The rate constants of these reactions are below their high pressure limit at
atmospheric pressure and 1000 K. The rate constants for all channels are close to their
high pressure limit when the pressure reaches 10 atm. Reaction (1) and (2) are
dominant.

7.2.3 Mechanism Validation

A detailed reaction kinetic mechanism which is listed in Table A.4, was developed to
describe the MTBE oxidation reaction system of reactions studied based on methanol
oxidation reaction system studied in previous chapters. Elementary reaction rate
parameters for abstraction reactions are based upon evaluated literature comparision,
thermodynamics, Transition State Theory determination of Arrhenius A factor and
energies of activation when literature data was not available. QRRK calculation, as
described in previous section, were used to estimate apparent rate parameters for
dissociation and combination reactions reported for a temperature range of 300 to 2500

K and at pressure of 0.001 to 50 atm for N, as bath gas.
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Model predictions and experimental data of Norton et al. are shown in Fig
B.113 which shows reasonable agreement between calculated and experimental results
for MTBE decay and methanol formation. An offset of 10 msec has been taken for the
model result to compensate the reagent injection and mixing issues with their
experimental setup. Model result of Iso-butene formation is consistent with
experimental dat in the initial stage, but over predicted for propagation which is
probably due to the complexity of C4 oxidation. Even the mechanism of 448 reactions
is not complete enough for the iso-butene oxidation. For the decomposition order of

C4 —» C3 —» C2 —» C1, C3 and C2 are therefore under predicted.



CHAPTER 8

CONCLUSIONS

This study presents experimental data on the decomposition of methanol in several
different reaction environments - fuel lean to stoichiometric at a temperature range of
873 and 1073 K and a pressure range of 1 and 5 atm. Methane fuel is also added in
several of the systems studied in order to provide experimental data to understand the
methanol addition effect on the methane oxidation.

Computer codes: ThermCal, ThermSrt and ThermCvt have been developed for
the thermal property calculations of stable molecules by the Benson group additivity
method and of radicals by the NJIT hydrogen bond increment method.

Pressure dependent rate coefficients have been expressed using Chebyshev
polynomials adopted for complex chemical activated reaction systems in this study, as
well as unimolecular decomposition reactions. This method has also been tested and
shows significant improvement over two convention methods, Troe’s and SRI. The
Levenberg-Marquardt algorithm has been incorporated with the QRRK code,
CHEMACT, for the fitting of Chebyshev polynomials.

A pressure dependent mechanism which consists 147 species and 448
elementary reactions, based on thermochemical kinetic principals has been developed
and calibrated by the experimental data. The reaction mechanisms (models) include
pathways for formation of higher molecular weight products, such as the formation of

methyl! ethers. This accurate model based on principles of thermochemical kinetics and
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statistical mechanics will not only provide fundamental understanding, but can be used
to suggest directions toward process optimization for experimental testing.

The CHEMKIN interpreter has been modified in this study to take the flexible
matrix size of Chebyshev polynomials and to generate the appropriate link file for
further processing. Subroutines involving kinetic rate coefficient calculation and array
size initialization are also modified to incorporate the Chebyshev polynomials
expression. Existing CHEMKIN drivers can simply link with the modified CHEMKIN
library to take temperature and pressure dependent Chebyshev polynomials without
modification. A couple of drivers have been linked with the new CHEMKIN library
and tested. These include a shock tube driver, a constant temperature and pressure
driver, and an adiabatic constant pressure driver.

The mechanism is validated with methanol oxidation and pyrolysis experimental
data and serves as a basis to build upon during the subsequent efforts on higher
molecular weight oxygenated hydrocarbon (MTBE in this study). The methanol
addition shows dramatic acceleration effect on the methane oxidation experimentally

and predicted by the model.



APPENDIX A

TABLES

Table A.1 Average Retention Times and Relative Response Factors for Column A, 6’ x
1/8” Feet Stainless Steel Column Packed with 50% 80/100 Poropak T and 50% 80/100

Poropak Q

Compounds Rentention Time Relative Responce
(min) Factor (RRF)

Co 0.9 0.976
CH, 1.3 1.000
Co, 3.2 0.899
CH,=CH, 43 1.759
CH,CH, 5.5 1.981
CH=CH 6.8 0.811
CH,0 10.6 1.114
CH,=CHCH, 11.2 2.744
CH,CH,CH, 11.5 2.960
CH=CCH3 12.8 1.070
CH,0OCH, 13.0 1.668
CH,OH 14.4 1.088
CH,CH=0 14.9 -

CH,=CHCH,CH, 15.6 3.458
CH,CH,CH,CH, 15.9 3.963
CH,=CHCH,CH,CH, 20.7 4.390
CH,CH,CH,CH,CH, 212 4.901
CH,0OCH,0OCH, 22.1 2.492
CH,=CHCH,CH,CH,CH, 32.9 5.541
CH,CH,CH,CH,CH,CH, 33.8 5.748
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Table A.2 Average Retention Times and Relative Response Factors for Column B, 90 m

x 0.53 mm Hewlett Packard Fused Silica Capillary Column

Compounds Rentention Time Relative Responce
(min) Factor (RRF)

CH, 3.50 1.000
CH,=CH, 3.58 1.618
CH,=CH, 3.58 1.735
CH,CH, 3.62 1.861
CH,O 3.8 <0.01
CH,=CHCH, 3.9 2.655
CH,CH,CH, 4.1 2.835
CH,OCH, 4.2 1.067
CH,0OH 4.5 0.729
CH,=CHCH,CH, 4.6 3.437
CH,CH,CH,CH, 4.7 3.842
CH,CH=0 4.7 --

CH,=CHCH,CH,CH, 6.3 4414
CH,CH,CH,CH,CH, 6.4 4.726
CH,0CH,0CH, 7.2 1.626
CH,O Trimer 8.1 ---

CH,=CHCH,CH,CH,CH, 8.9 5.507
CH,CH,CH,CH,CH,CH, 9.1 5.551
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Table A.4 Detailed Mechanism for Methanol and MTBE Oxidation

ELEMENTS

H C O N AR

END

SPECIES

CH4 CH30H co co2 CH20

C2H4 C2H6 coc cococ C2H2

C3COC C2C*C C*CC Cchce

H20 02 H2 HO2 H202

AR N2 OH (o} H

CH20H CH30 CH3 CH2 CH2S

CH HCO HCOH C

coc, cococ COCOH COCo. C.OCOH

CQ.H20H CO.H20H CH20HOO CQH20. C.QOH

C2H5 C2H C2H3 cc.

HCQ*O HOC,HOO.T HCO2H O.HC.OOHT HOCHO. 0.

HCCO C.COH CCO. CCo2 CCo3

CC.OH CH300 CcCoo CH300H C* COOH

CCOR CCOOH C.COOH CCHO HCO3

HCO2. ccc. ccc C*C*O CC.*0O

CCQO. COHCQ. C.OHCQ CO.CQ CCQ.0OH

C*COH CCO3H CYC.CO C.CHO CYCCO

coc.oC COC.OH CH200H HCQ.*O C.Q*0

C*CO0 C.*COOH cycoocC. O*CCO. O*CC*O

c.*CC c*CC. c*C.C c*Cc*C

C.*CCH HCH#COH c+*Co. c.C*0O c*CC

CC.OCH CH3CHO COHC., OOH O*CCOH C.CQOH

CC.QOH O*COQHC CCO2H cc.c 0*CCQ

C3C C3C. c2cCc. C*coc

C*C(C)OC C2.C*C CC*C. CiccC.

C2C*0 C2COC. C2.COC c2c.0oC

C3COC. C3.COC C3CO0 C3CO. C3.COCH

END

REACTIONS

O+ 0+M <=> 02 + M 1.88E+13 0.0 -1788. 186 TSANG
AR/1.0/

H+ 0+ M <=> OH + M 4.71E+18 ~1.0 0. 186 TSANG

H + 02 <=> O + OH 1.99E+14 0.0 16802. !92 BAULCH

H+ 02 +M <=> HO2 + M 6.16E+17 -0.8 0. !'92 BAULCH
AR/1.0/ H2/3.41/ N2/2.2%/ H20/2.53/

H+ H+ M <=> HZ2 + M 6.52E+17 -1.0 0. !92 BAULCH
AR/1.0/ N2/1.53/

H2 + O <=> H + OH 5.12E+04 2.67 6285. '92 BRAULCH

OH + H + M <=> H20 + M 8.34E+21 -2.0 0. 92 BAULCH
AR/1.0/ N2/2.65/ H20/16.96/

OH + OH <=> H20 + © 1.51E+09 1.14 99. 192 BAULCH

OH + H2 <=> H + H20 1.02E+08 1.60 3298. !92 BAULCH

HO2 + O <=> OH + 02 3.25E+13 0.0 0. 192 BAULCH

HO2 + H <=> OH + OH 1.69E+14 0.0 874, 192 BAULCH

HO2 + H <=> H2 + 02 4.28E+13 0.0 1411, !'92 BAULCH

HO2 + H <=> H20 + O 3.01E+13 0.0 1721. 192 BAULCH

HO2 + OH <=> H20 + 02 2.89E+13 0.0 -497., !'92 BAULCH

HO2 + HO2 <=> H202 + 02 1.87E+12 0.0 1540. !92BAULCH/500-

1250K

H202 + M <=> OH + OH + M 1.21E+17 0.0 45507. !92 BAULCH

H202 + H <=> H20 + OH 1.02E+13 0.0 3577. !'92 BAULCH

H202 + H <=> H2 + HO2 1.69E+12 0.0 3756. 92 BAULCH

H202 + © <=> OH + HO2 9.63E+06 2.0 3974. 192 BAULCH

H202 + OH <=> H20 + HO2 7.83E+12 0.0 1311. '92 BAULCH

C + 02 <=> 0 + CO 5.B0E+13 000 576.

C + OH <=> H + CO 5.00E+413 000 0.

C + CH2 <=> H + C2H 5.00E+13 000 0.

C + CH3 <=> H + C2H2 5.00E+13 .000 0.

CoO+ 0+ M <=> COZ + M 6.17E+14 0.0 3001. 186 TSANG

H2/2.0/ 02/6.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C0O2/3.5/ C2H6/3.0/ AR/0.5/

CO + OH <=> CO2 + H 6.32E406 1.50 ~497. 192 BAULCH

CO + 02 <=> CO02 + O 2.53E+12 0.00 47693. 186 TSANG

CO + HOZ <=> C02 + OH 1.51E+14 0.00 23648, 186 TSANG

CH + O <=> H + CO 5.70E+13 . 000 0.

CH + 02 <=> CO + OH 3.31E+13 0.0 0. '92 BAULCH

CH + 02 <=> HCO + O 3.31E+13 0.0 0. !'92 BAULCH



CH + H <=> C + H2 1.10E+14 . 000 0.
CH + OH <=> H + HCO 3.00E+13 .000 0.
CH + H2 <=> CH3 1.45E+14 0.00 3497.
CH + H20 <=> H + CH20 1.71E+13 . 000 -755.
CH + CH2 <=> H + C2H2 4.00E+13 .000 0.
CH + CH3 <=> H + C2H3 3.00E+13 .000 0.
CH + CH4 <=> H + C2H4 6.00E+13 . 000 0.
CH + CO (+M) <=> HCCO (+M) 5.00E+13 .000 0
LOW / 2.690E+28 -3.740 1936.00/
TROE/ .5757 237.00 1652.00 5069.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO02/2.00/ C2H6/3.00/ AR/ .70/
CH + CO2 <=> HCO + CO 3.40E+12 . 000 690.
CH + CH20 <=> H + C*C*O 9.46E+13 .000 -515.
CH + HCCO <=> CO + C2H2 5.00E+13 .000 0.
HCO + M <=>CO + H+ M 1.87E+17 -1.00 17000.
H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ C2H6/3.0/ AR/O0.7/ N2/1.0/
HCO + O <=> CO + OH 3.01E+13 0.00 0.
HCO + © <=> H + CO2 3.00E+13 0.00 0.
HCO + H <=> CO + H2 9.04E+13 0.00 0.
HCO + OH <=> CO + H20 3.00E+13 0.00 0.
HCO + HO2 <=> CO2 + OH + H 3.00E+13 0.00 0.
HCO + 02 (+M) <=> HCQ.*O {+M) 1.00E+00 .000 0.
Low / 1.0 0.0 0.0 /
CHEB/ 7 3 1.0438E+401 2.1076E+00 -2.1625E-01 -1.5689E+00/
CHEB/ 3.9500E-01 2.0033E-01 -6.9226E-01 2.4277E-02 2.9829E-02/
CHEB/ -2.8569E-01 ~1.9522E-02 -8.6222E-03 -1.0518E-01 -1.1326E-02/
CHEB/ -7.5687E-03 ~3.2695E-02 -3.4330E-03 ~2,8109E-03 -6.8658E-03/
CHEB/ -4.4532E-04 -5.6770E-04/
HCO + 02 (+M) <=> HCO2. + O (M) 1.00E+00 .000 0.
LOW / 1.0 0.0 0.0 /
CHEB/ 7 3 7.133BE+00 -4,2012E-02 -3.0570E-02 3.6623E+00/
CHEB/ 5.3923E-02 3.8997E-02 3.0405E-02 -8.6167E-03 -5.8740E-03/
CHEB/ ~5.2534E-02 -4.4954E-03 -3.4104E-03 4.9426E-03 4.4950E-04/
CHEB/ 2.8644E-04 2.2599%9E-02 1.0334E-03 7.67B2E-04 -1.1284E-02/
CHEB/ -3.1293E-04 -2.1614E-04/
HCO + 02 (+M) <=> C.Q*0 (+M) 1.00E+00 .000 0.
LOW / 1.0 0.0 0.0 /
CHEB/ 7 3 8.3954E400 2,1127E+400 -2.1721E-01 ~1.0511E+00/
CHEB/ 4.,1760E-01 2.2024E-01 -3,2671E-01 4.793%E