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Abstract 

The GRI 1.2 mechanism is used to predict the oxidation rates of methane and 
methanol by oxygen in supercritical water at 250 bar and temperatures ranging from 
420 OC - 630 OC. Using the Chemkin II computational package which assumes an 
ideal gas equation of state, the GRI model does very well in representing the 
available experimental results on methane over a wide temperature and 
concentration range. However, the model may lack key CH302 reactions needed for 
a complete description in the <450 OC region. The oxidation of methanol and 
formation of formaldehyde is not well represented by the GRI mechanism when left 
unchanged. If two important modifications are made to the reactivity of H02, good 
agreement with the methanol oxidation results is achieved. This paper illustrates 
that the carefully-assembled GRI 1.2 mechanism, although designed for 
conventional combustion conditions, can be successfully extended with very little 
modification to much lower temperature and extreme pressure conditions. 
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Introduction 

Hydrothermal oxidation, and specifically superciZU;al water oxidation (SCT TO), are 

emerging technologies under development internationally by government 

laboratories, universities, and private industry for the treatment of .hazardous 

aqueous wastes. SCWO is also suited for treatment of waste materials best handled 

in water for environmental or safety reasons such as obsolete munitions, rocket 

motors, and chemical warfare agents. The process is performed at temperatures and 

pressures above the critical point of water (typically 450 - 650 OC and 250 bar), and is 

applicable to waste streams containing 0 - 20 percent organics in water. Systems can 

be designed such that the effluent from waste processing can be evaluated for 

compliance with applicable discharge regulations before release, ensuring protection 

of the environment. 

An early patent for the process included data showing 99.99% destruction of many 

normal and halogenated hydrocarbons including tetrachloroethylene, DDT, and 

PCB 111. Since then, the number of organic and inorganic chemicals, as well as 

complex mixtures, treated by SCWO has grown considerably. Industrial wastes have 

been successfully treated to yield reusable water, clean gases, and inorganic solids 

[VI. Experiments have demonstrated effective destruction of the organic 

components of a simulated U.S. Department of Energy mixed waste (radioactive 

plus organic waste) [4]. Other experiments illustrated the applicability of SCWO to 

wastes characteristic of operations at Naval installations [5]. Recently, this 

technology has been successfully applied in the commercial chemical industry for 
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have been tested in this environment for simple destruction efficiency and other 

chemical processing applications [7,81. 

Despite recent developments, a thorough understanding of the operative chemical 

kinetics will be required to underpin future applications of supercritical water 

oxidation technology. For example, shipboard systems will require especially 

compact equipment and efficient design. The disposal of munitions will require 

improvements in solids handling and corrosion mitigation. These improvements 

will not be possible without better predictive models for the time, temperature, 

density, and concentration dependence of the oxidation process. Predictive models 

will be needed to design large-scale systems for energy- and cost-effiaent operation, 

assure safety, and manage heat release. 

The current understanding of the rates and mechanisms of reactions in supercritical 

water is limited to a small, but growing, list of empirical global expressions for 

simple chemicals. However, global expression are of limited use in the formulation 

of a predictive model of SCWO. To be valuable as design tools, models must be 

based on at least a detailed quantitative mechanism incorporating the key 

elementary reaction steps. Some researchers have inferred details of important 

elementary reactions through experiments on the oxidation of simple compounds 

that have reaction steps in common with the oxidation of larger hydrocarbons and 

have used lumping strategies to model more complicated systems. Valuable 
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I ,  

Recently, others have developed new more extensive elementary reaction models 

for the oxidation of methane and methanol in supercritical water. Brock and 

Savage [13] have presented a model for methane, methanol, hydrogen, and a 
oxidation and tested it against results from Tester and coworkers. This model was 

assembled from a large number of independent investigations on individual 

reactions. This model make use of the Chemkin 11 [14] format which assumes an 
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progress has been made, but agreement between elementary models and 

experiments has been only qualitative until very recently. In addition, problems 

exist in the sparse set of experimental data including a seemingly wide variation in 

experimental results from different research efforts as a function of feed 

concentration. 

The first attempt to use an elementary reaction model to describe the kinetics of 

oxidation of simple organics, methane and methanol, in supercritical water was 

reported by Webley et. 61. [9,10]. The approach was to modify a successful kinetic 

scheme generated for high temperature, gas phase oxidation [Ill. Several 

modifications of this mechanism were included to account for high-density effects 

on unimolecular reaction rates. The most important modification was to express 

the unimolecular thermal decomposition rate of H202 in its high-pressure form, 

suggested by RRKM calculations [12]. They found that this mechanism successfully 

reproduced their methanol data, but failed to even approximate the experimental 

results they had obtained for methane. 



ideal gas equation of state. In general, agreement with experiment was good for 

methane and hydrogen, but predictions for methanol and CO were less accurate. 

Another similar model, developed by Alkam et. al. [15] and first presented in 1991 by 

Schmitt et. al. E161 reproduces the earlier methanol results of Tester and coworkers, 

when the reaction rate constant for CH30H + HO2 is reduced [lA. This model runs 

in the developmental Chemkin Real Gas format E181 which has provisions for 

nonideal equations of state and automatically makes corrections to reverse reactions 

rates to account for changes in fugacity coefficients. The advantage of this format, at 

hydrothermal conditions, is that the density of water in the 0.3pc~tcp<0.8p,~t range 

is much better represented using the Peng-Robinson equation of state. However, 

this density range corresponds to a fairly small range of T and P. At densities much 

lower, the ideal gas equation of state is adequate, and at higher densities, near the 

critical density, the Peng-Robinson equation of state begins to fail. 

Recently, we have completed two sets of experiments on methane and methanol 

using a Raman spectroscopic method to monitor reaction kinetics 119,201. These 

new experimental results provide a more complete set of data with which the 

elementary models can be compared. It is particularly important to note that the 

oxidation rates from 440°C to 500°C at 250 bar reported in Ref. 20 indicate that the 

oxidation of methanol may be much faster than originally reported and both of 

these newer models [13,15] will accurately reproduce these data [20]. 
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The goal of this paper is to begin to make the connection between the high - 
pressure, low-temperature results from recent experiments to the current best effort 

at representing oxidation of Cl species at combustion conditions. It is important to 

establish this relationship with the smallest amount of customization as possible, 

with all of the parameters for both the mechanism and thermodynamics originating 

from a single well-documented source and the computation conducted in a well- 

established code. In this paper the application of the recently developed GRI 1.2 

mechanism 1211 to the oxidation of methane and methanol at 250 bar-and 420 - 630 

OC is examined. The results from the mechanism applied in the Chemkin II 

computational package are compared with a variety of experiments on these two 

fuels. These calculations show that the GRI 1.2 mechanism reproduces almost all 

experimental results on methane very accurately. In addition, good agreement for 

fuel consumption and formaldehyde production during methanol oxidation can be 

obtained with the inclusion of two critical reactions involving HOZ There are 

several important observations regarding the reactivity of HO2 and CH302 in these 

systems leading to implications for the extension of the Gl2I mechanism to lower 

temperatures when contrasted with the two other mechanisms identified above. In 

addition, this paper illustrates that in order to compare different experimental 

results from different sources, the experimental concentration range must be 

considered. 
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Results and Discussion 

Methods 

The GRI 1.2 mechanism is accompanied by a Chemkin-compatible thermodynamic 

data base. The calculations reported here use this thermodynamic data base. The 

several calculations reported here using the mechanism of Schmitt/Alkam [15,16] 

use the GRI thermodynamic data base with the addition of properties for CHsO2, 

and several other less important alkyl peroxides, calculated using THERM [Z]. 

These species are included in the Schmitt/Alkam mechanism, but not in the GRI or 

Chemkin data base. All calculations are done using the SENKIN driver package 1231 

at constant pressure and temperature conditions. 

The calculations were done at a system pressure of 250 bar over a temperature range 

of 420OC - 630 "C and assume the ideal gas equation of state for all species, including 

water. As a result, the number density of water is always lower in the calculation 

than it would be using an exact equation of state for water. However, changes in the 

water concentration on the order of 10-20% affect the overall quantitative results 

very little. It is likely that the error in the water density will become more 

important below 420 OC at this pressure. 

Oxygen is used as the oxidizer at an equivalence ratio of 0.75 for most of the 

calculations. When oxygen concentration is varied, the equivalence ratio is listed. 

In the examples where fuel concentration is varied, the oxygen is varied accordingly 
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to preserve an equivalence ratio of 0.75. Moderately lean conditions such as these 

are likely to be used in industrial SCWO systems. 

Some of the comparison with experiment is done by way of an effective first order 

rate constant, keff, defined for the purposes of this paper to be the reciprocal of the 

time at which the initial fuel mole fraction has fallen to l/e of is original amount. 

This permits us to combine the results of experiments and calculations at different 

temperatures and feed concentrations on a single graph. Unfortunately, this paper 

simultaneously illustrates that these reactions generally are not first order when the 

fuel concentration is varied over a wide range. In addition, distinct induction times 

are typical for these and similar reacting systems [20,23,25]. However, the keff is still 

the simplest way to represent the reaction rate when comparisons are done for 

conditions where the rate varies over an order of magnitude. 

Methane 

Figure 1 shows the results from several calculations for the oxidation of methane at 

690,720,830, and 900 K. Included on the figure are experimental data from Ref. 9 

and Ref. 19. The references contain the details of the experimental methods and 

data analysis. The results at 0.1 mole/l from T= 390 OC to 440 OC are from a global fit 

to dozens of experiments at 270 bar at this initial fuel concentration. The reactions 

in these experiments were followed continuously to approximately 0.01 mole/ 1. 

The global fit produced the relationship 
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- d[CH4]/dt = 10 ''" exp(-301OO/T) [CHA "84 [0#1)6 

where the concentrations are in mole/l and the preexponential factor is chosen so 

the rate is in mole/l-s. The l i e  marked at 0.003 mole/l is from a calculation using 

Equation 1, extrapolated to lower concentration. Because the global fit produced an 

exponent of 1.84 for the fuel concentration, the fist order k,ff calculated at 0.003 

mole/l is less than at 0.1 mole/liter. The experiments covered both lean and rich 

conditions, but no significant oxygen concentration dependence was observed. In 

addition, no significant induction period was observed. The experiments reported 

in Ref. 9 were also conducted at both lean and rich conditions. A global fit to these 

data gives an expression for the fuel consumption to be 

The agreement of the Chemkin calculation using the unmodified GRI mechanism 

with the experimental data is excellent. The calculation did reveal fuel 

consumption curves that exhibited a brief induction period, which in general was a 

small fraction of the l /e time constant. This shows that the GRI 1.2 mechanism can 

accurately reproduce the available fuel consumption rates for the oxidation of 

methane over the entire temperature range likely to be used in SCWO applications. 

The mechanism reproduces the absolute consumption rate and shows a distinct 
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reaction rate dependence on initial fuel concentration. The experiments show that 

the low temperature results extrapolate smoothly to data measured at high 

temperature. 

Included on this plot is a similar analysis from the Schmitt/Alkam [15] reaction 

mechanism. This mechanism systematically predicts rates that are about an order of 

magnitude faster than is observed. The model presented in Ref. 13, before adjusting 

parameters to reproduce the experimental data, is more accurate, but still 

overestimates the reaction rate for methane in the 55OOC - 630°C region by about a 

factor of two. This corresponds to an error in the reaction temperature of 60 K 

Figure 2 shows a qualitative view of the pathway of methane to COZ representative 

of our temperature range. Only a very small fraction of the CH3O is converted to 

methanol by reaction with water, so this path does not appear in the figure. In 

addition, because methanol is significantly more reactive than methane, it is not 

accumulated. In fact, no significant amount of transient non-radical species are 

accumulated, other than CO and COF This is in contrast to the results for methanol 

oxidation where formaldehyde and hydrogen peroxide are produced in significant 

quantities. 
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Figure 3 shows a more complicated flwc diagram for the oxidation of methane using 

fhe SChmitt/Alkam mechanism. The fundamental difference with the GRI 

mechanism is the rapid equilibrium reaction 

CH3 + 0 2  +M <=> CH3O2 + M (3) 

The presence of this reaction dominates the subsequent oxidation chemistry until 

formaldehyde is reached. The route by which methane is oxidized is very different 

if this key reaction, and the subsequent reactions of CH302 as an oxidizer with fuel 

species, are included. These reactions are not included in the GRI mechanism. 

The performance of the GRI mechanism can be evaluated on aspects other than the 

fuel consumption rates. The Ref. 9 global fit suggests that there is an oxygen 

concentration dependence of order 0.6. Table 1 shows GRI mechanism predictions 

for varying the equivalence ratios and a constant fuel mole fraction of 0.0005 at 600 

"C. The GRI mechanism shows a clear trend in acceptable agreement with Ref. 9 

where the overall rate changes as [02]0*6. The calculated results fit very accurately to 

an oxygen concentration exponent of 0.734. However, the GRI mechanism also 

shows the same 0 2  dependence at lower temperature in contrast to the global fit 

from Ref. 19. The same calculation using the Schmitt/Alkam model shows 

essentially no dependence on oxygen concentration. This suggests that the GRI 
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mechanism is not fully representing the additional pathways associated with 

temperatures below 450OC. 

The inclusion of the rapid equilibrium with 0 2  in the Schmitt/Alkam model serves 

to remove any oxygen dependence from the mechanism. It is possible that the GRI 

mechanism is appropriate at higher temperature, but the methylperoxyl chemistry 

must beincluded at lower temperature. The inaccurately high rates calculated at 

low concentration by the Schmitt/Alkam model in Figure 1 may originate from 

poor kinetic parameters and thermodynamics for the methylperoxyl chemistry. 

M e  f h a n 01 

Significant new results have become available examining the oxidation of methanol 

and the simultaneous production of formaldehyde 1201 permitting a comparison of 

the GRI mechanism to this system. Figure 4 shows a comparison of the rate of 

methanol disappearance predicted from the GRI mechanism and the experimental 

data from Ref. 20. The agreement between the GRI mechanism and the 

measurements is poor. This is primarily because the mechanism lacks the key 

reactions 

CH3OH + HO2 => CH2OH + H202 (4) 

and 
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CH3OH + 0 2  => CH2OH + HO2 (5) 

The presence of Reaction 5 is not significant at hydrothermal conditions, but 

without Reaction 4, an unreasonable induction period is calculated. Figure 4 also 

shows the "GRI-modified" prediction when these steps, and reverse reactions, are 

added to the scheme with the following parameters used for Reaction 4 A* = 

13 15 3.98~10 , Eaf = 19.4 Kcal/mol, bf = 0.00, A, = 3.13~10 , = 10.75 Kcal/mole, br = - 

0.90; where f and r refer to the forward and reverse reactions. The results appear to 

be in good agreement. Note that the difference in rate may be almost a factor of two, 

but in this temperature range, this corresponds to an error in reaction temperature 

of only about 10 OC. 

The GRI mechanism, with Reactions 4 and 5, still does not predict the accumulation 

of formaldehyde that is observed in this system with peak concentrations appearing 

about a factor of five below the observed values. This is because the parameters 

chosen for the reaction 

CH20 + H02 => CHO +H202 

are not consistent with the values reported in Baulch et. al. [26]. They produce a rate 

constant for the removal of formaldehyde that is too fast in the GRI mechanism. 

Figure 5 shows the results for the formation of formaldehyde as a fraction of the 
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total amount of feed carbon, as methanol, compared to the prediction from the 

modified GRI mechanism when the parameters are changed to those in Ref. 26. 

Significantly better agreement is achieved. 

Figure 6 shows the results of the GRI mechanism for the oxidation of methanol 

over a range of feed concentrations. The data marked "Raman" are determined 

using the l/e effective time constant described in this paper. The other data are 

from experiments using gas chromatography analysis from samples with reaction 

times of approximately 7 seconds. The mechanism represents fairly well the change 

in effective rate constant for feeds of low and high fuel concentration. It also shows 

the apparent decrease in this effect as temperature is raised, although the agreement 

on this point is only qualitative. 

Conclusion 

The recently developed GRI 1.2 methane oxidation mechanism has been applied to 

the oxidation of methane and methanol by oxygen in water at 250 bar and 

temperatures ranging from 420 - 630 O C .  These conditions deviate substantially from 

the much higher temperature and lower pressure conditions at which it was 

designed and optimized. The results for the oxidation of methane with no 

modification of the mechanism agree very well with the available experimental 

results at these conditions. However, there is some evidence that the mechanism 

may be incomplete when applied to the c450 "C range; perhaps because the GRI 

mechanism does not contain CH302 chemistry. Aspects of recently developed 
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mechanisms that contain this chemistry may be required to properly represent 

oxygen dependence of the lowest temperature methane oxidation data. To represent 

properly the oxidation of methanol and the formation of formaldehyde, two 

modifications to the mechanism were required. With these two simple 

modifications, good agreement was achieved in the temperature range of 440°C to 

500 T. 
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Table 1 
Effect of Oxygen Concentration on Rate of Methane Oxidationa 

0 2  mole fraction 

0.0133 
0.00665 
0.00400 
0.00266 
0.00133 
0.00100 
0.00067 

Equivalence 
ratio 
0.075 0.256 
0.15 0.182 
0.25 0.132 
0.375 0.102 
0.75 0.0571 
1.0 0.0438 
1.5 0.0284 

-1 c Fitted keff (s ) 

0.294 
0.176 
0.121 
0.090 
0.0542 
0.0439 
0.0327 

a - Initial methane mole fraction 4 . 0  x10e4, T400 OC, P=250 bar 
b - Defined as keff =I/%, with reaction time, 2, at [CH41/[CH410 =l/e. 
c -Prediaton from fit to kdf = a ( 0 2  mole fraction)b , with a= 7.018 and b=0.734 
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Figure Captions 

Figure 1 Comparison of calculated effective first order rate constants for the 

oxidation of methane from the GRI 1.2 mechanism and experimental 

results from Ref. 9 and Ref. 19. Also included are the predictions from 

Ref. 15. The overlap between the calculated rate from Ref. 15 at low 

concentration with the measured high concentration rates is 

coincidental. 

Flux diagram of the formation and consumption pathways of the Figure2 

major carbon species in the oxidation of CH4 at 500 O C  and 250 bar in 

supercritical water predicted by the GRI 1.2 mechanism. 

Flux diagram of the formation and consumption pathways of the Figure3 

major carbon species in the oxidation of CH4 at 500 OC and 250 bar in 

supercritical water predicted by the mechanism described in Alkam et. 

al. [15]. 

Figure4 Comparison of experimental results from Ref. 20 of methanol 

oxidation at 450 OC and 500 OC at 250 bar with the predictions from the 

GRI 1.2 mechanism with and without the modifications to H02 + 

CH3OH and H02 + CH20. 

Figure 5 Comparison of experimental results from Ref. 20 for the production of 

formaldehyde during methanol oxidation at 450 "C and 500 "C at 250 

bar with the predictions from the GRI 1.2 mechanism with the 
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modifications to H02 + CH30H and HO2 + CH20. The expression 

[CH20]/[CH30H& refers to the concentration of formaldehyde 

observed over the initial methanol feed concentration. 

Comparison of the concentration dependence of methanol oxidation 

with experiments from Ref. 20. Because the temperature varies in this 

data set, concentration at reaction conditions is not constant. The 

concentrations reported are ambient temperature feeds concentrations 

for both the experimental and the calculated values, for consistency. 

The volumetric Concentrations at temperature and 250 bar are 

significantly less, but may be calculated by an using an equation of state 

for water. For, example, at 500 “c and 250 bar the density of water is 

0.0899 g / m  , yielding reaction concentrations about a factor of 11 lower 

Figure 6 

3 

than the feed concentrations. The mole fractions remain constant. 
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