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ABSTRACT

Supercritical water oxidation represents an innovative technology for complete
and efficient destruction of hazardous wastes, without formation of harmful by-products.
Organic compounds and oxygen are completely soluble in supercritical water at
temperatures above 374 °C and pressures above 221 bar, providing a single-phase
medium for rapid oxidation of organics to CO,, H,0, and N;. The scale-up and reliable
operation of commercial-sized process equipment require a thorough understanding of
oxidation kinetics, reaction pathways, and mechanisms.

Hydrogen oxidation in supercritical water was studied in an isothermal, isobaric,
tubular plug-flow reactor apparzatus from 495 to 600 °C at 246 bar. Over the range of
conditions studied, the reaction was globally first order in hydrogen and independent of
oxygen, with an activation energy of 372434 kJ/mol and a pronounced induction time of
about 2 s at 550 °C.

Carbon monoxide oxidation in supercritical water was reexamined from 420 to
593 °C at 246 bar, to obtain updated kinetic expressions for the direct-oxidation (CO +
1/, 0, = CO;) and water-gas shift (CO + H,0 — CO; + Hy) pathways. Heat-transfer
experiments established the thermal histories of the reactor feeds and the histories were
included in the kinetic analysis. For conditions employed in the experiments, reaction by
the water-gas shift during feed preheating occurred to a negligible extent. The water-gas-
shift pathway was of fractional order in CO with an activation energy of 9513 kJ/mol,
while the direct-oxidation pathway was first order in CO with an activation energy of
134432 kJ/mol. The direct-oxidation pathway also exhibited a fractional-order
dependence on oxygen not seen in an earlier study. Additional experiments at 550 and
560 °C confirmed the oxygen dependence and revealed an induction time of
approximately 2 s in the oxidation reaction. Hydrogen formation by the water-gas shift
pathway was strongly dependent on fuel equivalence ratio, with fuel-rich conditions
favoring its formation. The water-gas shift is very slow in the complete absence of
oxygen.

In the pressure range 118 to 263 bar, oxidation of both hydrogen and carbon
monoxide is strongly pressure (water density) dependent, with higher densities favoring
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higher oxidation rates. At 550 and 570 °C, respectively, the rates of hydrogen and carbon
monoxide oxidation increased by a factor of three to five when the operating pressure
was increased from 118 to 263 bar. Limited studies of hydrogen and carbon monoxide
oxidation in a packed reactor showed that the additional surface area inhibits oxidation,
although the magnitude of the effect implies that high-temperature results from the
tubular reactor may be treated as homogeneous.

An elementary reaction model for hydrogen oxidation, with theoretically
consistent modifications for high pressure, successfully reproduced observed kinetic
behavior. A similar model for carbon monoxide oxidation was less successful, aithough
hydrogen formation was well predicted. Both models captured the majority of the
observed pressure dependence. The primary effect of the high water density on oxidation
kinetics is the increase in the rate of the HO, + H,0 — H,0; + OH branching reaction;
the dissociations of hydrogen peroxide and the hydroperoxyl radical are also at or near
their high-pressure limits. Both models exhibited high sensitivities to the rate constant
and equilibrium constant for the branching reaction.

Glucose hydrolysis and oxidation occurred rapidly in supercritical water at 246
bar. A diverse set of products, present in the liquid effluent and also subject to
hydrolysis, was formed. At 600 °C and a 6-second reactor residence time, glucose is
completely gasified, even in the absence of oxygen. In the presence of oxygen,
destruction of liquid-phase products is enhanced, with none found above 550 °C at a 6-
second reactor residence time. Major products formed were acetic acid, acetonylacetone,
propenoic acid, acetaldehyde, carbon monoxide, methane, ethane, ethylene, and
hydrogen. Methane and hydrogen were present at temperatures up o 609 °C for reactor
residence times of 6 s.

Thesis Supervisor:  Jefferson W. Tester

Title:  Professor of Chemical Engineering
Director, Energy Laboratory
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Chapter 1

Summary

1.1 Introduction

Oxidation in a supercritical water environment is an innovative technology for the rapid
destruction of hazardous organic and metabolic wastes without formation of harmful by-
products (Modell, 1989; Swallow er al., 1989; Thomason er al., 1990; Tester et al.,
1991). Pure water is considered supercritical if its temperature and pressure both exceed
the critical values of 374.2 °C and 221 bar, respectively. At or above the critical point,
the density of water is a strong function of both temperature and pressure, as are the
solvation properties of water (Franck, 1970). Supercritical water acts as a dense gas, with
the solvation characteristics of a non-polar organic (Connolly, 1966): organics and gases
are completely miscible with supercritical water, yet inorganic salts are virtually
insoluble (Martynova, 1976).

In supercritical water oxidation, the unique properties of supercritical water allow
oxygen and organics to be contacted in a single phase at temperatures above 400 °C and
pressures above 230 bar. Under these conditions, rapid oxidation of the organics occurs,
raising the mixture temperature to 550-650 °C, where destruction proceeds rapidly and
completely. Conversions of 99.99% or greater can be attained with reactor residence

times of 1 minute or less. Heteroatoms are converted to mineral acids which can be



2 & Summary

neutralized and precipitated from the mixture as salts by adding a base to the feed
(Thomason and Modell, 1984).

While supercritical water oxidation was first proposed fourteen years ago, kinetic
data for the oxidation of model compounds in supercritical water have only become
available in recent years. Compounds studied have included carbon monoxide (Helling
and Tester, 1987), methane (Webley and Tester, 1991), methanol (Webley and Tester,
1989; Webley et al., 1991), and ammonia (Helling and Tester, 1988; Webley et al.,
1991), as well as more complex compounds such as phenol (Thornton and Savage, 1992).
Of these, carbon monoxide and ammonia are important because they are intermediates in
the oxidation of more complex organics and because their destruction can be the rate-
limiting step in the complete conversion of the organic to CO, and N;. Tarbon monoxide
is also the simplest model organic and its gas-phase oxidation kinetics have been well
characterized.

The fundamental kinetics and mechanisms of oxidation in supercritical water
remain poorly understood relative to combustion. This laboratory has been conducting
kinetic oxidation experiments in supercritical water since 1983, with the mission of
improving the level of understanding of the process. To that end, an isothermal, isobaric,
plug-flow reactor apparatus has been constructed. Kinetic data obtained in the reactor
have been correlated using global rate expressions (Helling and Tester, 1987,1988;
Webley et al., 1991; Webley and Tester, 1991), and have recently been used as the basis
for the development of detailed elementary reaction models (Webley and Tester, 1991).
While global kinetic expressions can be useful for design purposes, they contain no
fundamental mechanistic information. Elementary reaction models can provide this
information, if they are able to describe the data; to date, however, such models have not

been able to faithfully reproduce experimental observations.



Introduction € 3

R A A A AR A A A A A R A A R R R A R R R AR R TR A AR RARRR

WA

A diagram of the current experimental apparatus is shown in Figure 1.1. Dilute
aqueous feed solutions of gaseous organic and oxygen are prepared by dissolving the
gases in purified water in two high-pressure, 3-L saturators. Agitation is provided by
pumped recirculation of the saturator liquid. Alternatively, a soluble liquid or solid
organic may be fed directly to the reactor as a dilute solution. The feed soluticns are
delivered separately to the reactor by a duplex high-pressure feed pump. The tubular
reactor is 4.71 m of 0.635-cm o.d. X 0.171-cm i.d. Inconel 625 tubing, with a total
volume of 11.11 cm?3, contained in a fluidized sand bath. A packed reactor is also
available, consisting of a 61.67-cm length of 0.912-cm i.d. X 1.43-cm o.d. Inconel 625
tubing packed with 200-um Inconel beads, with a total volume of 16.0 cm3 and a surface-
area-to-volume ratio over twenty times that of the tubular reactor.

The reactor feeds are preheated separately to reaction temperature in two 2.8-m
lengths of 0.159-cm o.d. x 0.108-c1n i.d. Hastelloy C276 tubing (denoted “preheating
tubing” in Figure 1.1) contained in the reactor sand bath. The preheated feeds meet and
mix at the reactor inlet, where the oxidation reaction is initiated. Reactor temperature is
taken as the average of the mixing and exit fluid temperatures; in no case do these
temperatures differ by more than 8 °C and the exit temperature is always within 1 °C of
the sand bath temperature. Reactor residence times range from 3.4 to 12 seconds, and are
constrained by the maximum feed pump flow rate and the need to maintain turbulent flow
within the reactor. Upon exiting the reactor, the reaction mixture is quenched to ambient
temperature in a countercurrent shell-and-tube heat exchanger, and the pressure is
reduced to ambient upon passing through the back-pressure regulator. The resulting gas
and liquid phases are disengaged in a gas-liquid separator and the flow rate of each phase
is measured. Compositional analysis of the gas phase is accomplished by gas
chromatography using a thermal conductivity detector. High sensitivity for hydrogen is



.‘ Organic

A1 Saturator

DA

-

Organic Helium Oxygen Oxygen High-Pressure
? o Saturator eed Pump
> Og
Cooling Water < @ @ < < ﬁ
0 )
Heat ||| Wit Fmmfbimd (OBifF]r
Exchanger R ———
Preheater Sandbath
200°-500°C
Cooling Water
—_—
1 =——f—>—1| Reactor Sandbath
[/ 25 MPa, 400°-700°C
Preheating Tubing
Back-Pressure I - GC Analysis Soap-Bubble
Regulator Gas Flowmeter
>
0. Liquid _Analysis Flowmeter
Separator > (if necessary) ®
.

Figure 1.1  Isothermal, Plug-Flow Reactor Apparatus.
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obtained by performing duplicate sample analyses in a second GC using nitrogen as the
carrier gas. Liquid-phase analyses, when necessary, are accomplished by high-

performance liquid chromatography with detection by UV absorption.

1.2 Objectives

The primary objective of this work was to extend the set of kinetic data for oxidation of
simple compounds in supercritical water under well-defined conditions, and to use those
data as the basis for development of an accurate model of the fundamental kinetic
processes and mechanisms. Specific objectives are listed below:

1. Obtain kinetic data for hydrogen oxidation in supercritical water. Hydrogen is
the simplest oxidizable compound; its oxidation in the gas phase has been thoroughly
characterized and occurs through a well-defined mechanism. Measurement of hydrogen
oxidation kinetics in supercritical water will provide an important basis for modeling and
can yield insights intc the effect of the supercritical water environment on the most basic
oxidation mechanism.

2. Reexamine carbon monoxide oxidation in supercritical water. Carbon monoxide
is important as an oxidation intermediate, since it is usually the rate-limiting step in
achieving complete oxidation. As a simple, refractory molecule, accurate
characterization of its oxidation kinetics is crucial. The earlier study in this laboratory of
carbon monoxide oxidation in supercritical water (Helling and Tester, 1987) examined
only a limited range of oxygen concentrations and lacked high analytical sensitivity for
hydrogen. The importance of reaction during feed preheating also remained uncertain,
Validation or improvement of the earlier data taken in our laboratory was necessary.

3. Identify the effects of pressure (density) on oxidation kinetics. Hong (1992) has

enumerated the potential advantages of operating the SCWO process at lower, even



subcritical, pressures (semicritical water oxidation). The effects of decreasing pressu.
on oxidation rates, however, are not well known. By changing the operating pressure
(water density) in a controlled, systematic manner, the kinetic effects of varying
operating pressure, as well as potentially the role of water in the oxidation mechanism,
can be identified.

4. Evaluate the influence of the reactor surface. Earlier studies in this laboratory
identified a heterogeneous catalytic effect of the reactor surface for ammonia oxidation
(Webley et al., 1991). Preliminary studies in our laboratory have not revealed
pronounced heterogeneous influences in the oxidation of compounds other than
ammonia, but this conclusion must be verified to insure that any measured kinetic data
are an accurate reflection of homogeneous oxidation mechanisms.

5. Develop and validate an elementary reaction model for hydrogen and carbon
monoxide oxidation in supercritical water. Several elementary reaction models for
SCWO have been compiled for more complex molecules such as methane or methanol.

With new data for hydrogen and carbon monoxide oxidation, it becomes possible to

------ R R R R A A A A R R A R A AR R A A A A R A R R R R R A AR A N ik

develop improved models for those two simple compounds, whose oxidation mechanisms

are necessarily a subset of the mechanisms for larger molecules. Development and
validation of a model for hydrogen and carbon monoxide oxidation will thus provide a
sound basis for the subsequent development of more complex models.

6. Investigate glucose oxidation in supercritical water. Growing interest in the use of
SCWO for treatment of sludges and human waste (Takahashi et al., 1989; Shanableh and
Gloyna, 1991; Modell er al., 1992) has demonstrated the need for kinetic data for this
class of waste. While glucose is not strictly speaking a simple compound, it does

represent a significant simplification of the much more complex sludge matrix and is a
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good model compound for cellulosic wastes. Identification of destruction-limiting

intermediates is also important for treatment optimization.

1.3 Hydrogen Oxidation in Supercritical Water

1.3.1 Experimentai Results
Fifty-five hydrogen oxidation experiments were conducted at temperatures of 495 to
600 °C at a constant pressure of 246 bar. Reactor residence times ranged from 3.4 t0 11.0
seconds. Inlet molar oxygen-to-hydrogen ratios were between 0.125 and 11.82, both
above and below the stoichiometric ratio of 0.5; inlet concentrations were varied from
approximately 0.4x10-5 to 4.5x10-% mol/cm3. Observed conversions ranged from 6.1 to
98.2%.

The hydrogen oxidation data were fit to a power-law rate form, with an Arrhenius
expression for the rate constant, by non-linear regression to the plug-flow equation.
Global reaction orders with respect to hydrogen and oxygen were not statistically

different from one and zero, respectively, and the best-fit global rate expression was

RH2 = 1022842.2 exp (—372434/RT) [H3] (1.1)

where the activation energy is in kJ/mol. The experimental data are shown in Figure 1.2
with the best-fit line described by Equation 1.1.

The scatter in the experimental data at 550 °C is the resuit of a pronounced
induction time in the hydrogen oxidation reaction; at 550 °C, the observed induction time
is approximately 2 seconds. The simple rate expression of Equation 1.1 cannot capture
this behavior and the calculated global rate constant is therefore a function of residence

time. The presence of an induction time strongly suggests the occurrence of a complex,
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free-radical mechanism and lends support to the notion th- sxidation in supercritical
water may be described by elementary reaction models. The induction time, and the
subsequent decay of hydrogen, were found to be only weakly dependent on concentration
for a stoichiometric H,-O> mixture at 550 °C and a threefold variation in concentration.

The effect of operating pressure on hydrogen oxidation kinetics was investigated
for a stoichiometric mixture at 550 °C and pressures from 118 to 263 bar. Hydrogen and
oxygen concentrations were maintained at constant values of nominally 1x10-6 and
0.5x10-6 mol/cm3, respectively, over the entire range of pressures. A change in the
operating pressure was thus effectively a change in the concentration of water in the
reactor. The pressures studied correspond to water densities (concentrations) of 1.8x10-3
mol/cm3 to 4.6x10-3 mol/cm3, or nearly a factor-of-three variation in water concentration.
Experimental results are shown in Figure 1.3, with the apparent first-order rate constant
presentea as a function of operating pressure (water density). The rate constant clearly
increases with increasing pressure, and is roughly an order of magnitude higher at 263 bar
than at 118 bar. The magnitude of this trend is tempered somewhat by the variation in
the rate constant at a given operating pressure, the recult of the induction time discussed
earlier. Nevertheless, distinct evidence indicates that higher pressures (water
concentrations) favor higher oxidation rates.

A series of experiments at 550 °C in the packed reactor was conducted to
investigate the possible influence of reactor surface on observed kinetics. The high
increase in surface-to-volume ratio (by a factor of 20.5) decreased the observed kinetic
decay constant for hydrogen relative to that observed in the tubular reactor under
identical experimental conditions. The reactor surface area thus tends to inhibit
oxidation, most likely through termination of free-radical species. However, the decrease

in the kinetic decay constant with added surface was only by a factor of about 6, implying
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that results in the tubular reactor may be approximately treated as homogeneous for

modeling purposes.

1.3.2 Elementary Reaction Modeling

Oxidation in supercritical water, at the conditions characteristic of the SCWO process
(230-250 bar, 450650 °C), is likely to proceed via free-radical mechanisms (Webley
and Tester, 1991). The experimental results of the present study have therefore been
modeled using gas-phase, free-radical, elementary reaction mechanisms, with certain
modifications for the high-pressure SCWO environment.

The basic mechanism chosen was the validated, comprehensive carbon monoxide
oxidation mechanism of Yetter, Dryer and Rabitz (1991a). The basic mechanism,
modified only to include the high third-body efficiency of water, overpredicted oxidation
rates for the entire range of conditions studied experimentally. On the basis of sensitivity
analyses, three modifications were made to the mechanism: 1) the rate of hydrogen
peroxide dissociation was set to its high-pressure limit (Brouwer et al., 1987); 2) the
newer rate expression for HO, + HO, — H;0; + O, from Hippler et al. (1990) was used,
because this reaction exhibits non-Arrhenius behavior necr the temperature range of the
present study; and 3) thermodynamic data from the JANAF Thermochemical Tables
(Chase et al., 1985) were used in calculating reverse rate constants, rather than the
thermodynamic data supplied by Yetter ez al. (1991a). The first modification was
validated by derailed RRKM calculations. The third modification affects the model
almost exclusively through the rate of the HO, + H0 — H,0, + OH branching reaction,
and was necessary to obtain any reasonable agreement with the data. The resulting
mechanism, with these modifications, was denoted YDR91J and used to model the

experimental data.



Figure 1.4 shows the excellent agreement obtained between the model predictions
and the experimental data. Earlier elementary reaction models for supercritical water
oxidation of more complex molecules were unable to achieve this level of agreement.
Figure 1.5 compares concentration profiles for hydrogen oxidation as determined
experimentally and as predicted by the model. Again the agreement is quite good,
although the model slightly underpredicts both the induction time and the rate of decay of
the hydrogen concentration.

Figure 1.6 illustrates the major pathways in the oxidation of hydrogen, as
predicted by the model. Oxidation of hydrogen occurs by the reaction H, + OH — H,0
+ H; since this step is by nature first-order in hydrogen, so too is the overall oxidation.
Oxygen participates in the mechanism through the rapid conversion of H to HO»; since
this step is fast, the overall oxidation does not depend on the oxygen concentration. HO»
subsequently disproportionates to H,O, and O,, with the H>0; dissociating to the
oxidizing OH radicals. HO, may also react with H,O in a branching step to form
effectively three OH radicals; at steady state, the rate of this reaction is slow, although
during the induction time this reaction is responsible for the creation of the radical pool.

The model also successfully captures much of the pressure dependence of the
data, as shown in Figure 1.7. The variation in the rate constants of the two major
pressure-dependent reactions in the mechanism (H,O; — OH + OH, H + O, = HO,), as
determined by detailed calculations, are only minor over the range of pressures studied,
and cannot account for the observed pressure dependence of the oxidation. Rather, the
primary effect is of the change in water concentration with pressure. Since water is a
reactant in the HO; + H0O — H,0; + OH branching reaction, the branching rate in the
mechanism decreases proportionately to the decrease in the water concentration.

Consequently, as pressure is reduced, the induction time is lengthened and the ultimate
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steady-state OH concentration, as determined by the net branching rate, is reduced,

thereby decreasing the observed oxidation rate.

1.4 Carbon Monoxide Oxidation in Supercritical Water

1.4.1 Experimental Results

The oxidation of carbon monoxide in supercritical water was investigated in 43
experiments at 246 bar and 420 to 571 °C, at residence times of 5.0 to 12.1 seconds, with
molar feed ratios of oxygen to carbon monoxide of 0.15 to 8.20, above and below the
stoichiometric value of 0.5. Observed conversions ranged from 4 to 93%.

Twenty experiments were also conducted in the absence of oxygen to measure the
kinetics of the global water-gas shift reaction pathway, CO + H,0 — CO; + H0.
Results of heat-transfer experiments were used to determine the temperature profiles of
the aqueous CO feed to the reactor, and these profiles were used in the regression of the
rate expression in order to account for any reaction during preheating. The resulting best-

fit rate expression was

Rwas = 103302 exp(-95£3/RT) [COJO-710.08 (1.2)

with the concentration in mol/L and the activation energy in kJ/mol. The fractional-order
dependence on CO is consistent with earlier observations by Helling and Tester (1987).
Equation 1.2, in conjunction with derived feed temperature profiles, was used to
calculate the extent of reaction of the carbon monoxide feed by the water-gas shift
pathway during preheating in the oxidation experiments. The extent of reaction was
found to be negligible in all cases, amounting to no more than 4% (Holgate et al., 1992).

The current experimental data were combined with the earlier data of Helling and Tester



(1987) and regressed to a global rate expression. The earlier data have been corrected

with respect to temperature on the basis of the heat-transfer experiments. In determining
the direct oxidation rate expression, the water-gas shift was assumed to occur in parallel
and the contribution by that pathway was subtrac:ed (Helgate et al., 1992). The resulting

direct-oxidation global rate expression was

Rpo = 1085833 exp(—134132/RT) [CO]0-9610.30 [,]0.34+0.24 (1.3)

with the units as in Equation 1.2. The experimental data and the corresponding rate
expressions are shown in Figure 1.8. The first-order dependence on carbon monoxide
and the fractional-order dependence on oxygen in Equation 1.3 are consistent with early
global expressions for gas-phase, moist carbon monoxide oxidation (Hottel et af., 1965;
Dryer and Glassman, 1973; Howard et al., 1973), but inconsistent with more recent gas-
phase studies (Yetter et al., 1991b) and the earlier study of CO oxidation in supercritical
water (Helling and Tester, 1987).

Additional carbon monoxide oxidation experiments were subsequently conducted
to obtain species concentration profiles, as had been obtained for hydrogen oxidation.
The results are shown in Figure 1.9, where only the (normalized) carbon monoxide
pro” = presented. As for hydrogen oxidation, these concentration profiles indicate
that carbon monoxide oxidation proceeds only after a pronounced induction time of
approximately 2 seconds. The induction time does not vary noticeably among the
profiles. The three profiles obtained at 560 °C for varying fuel equivalence ratios
indicate that the oxidation rate depends on the oxygen concentration. Assuming the
carbon monoxide decay is first-order in CO, the variation in these three profiles can only

be reconciled by an order of approximately 0.5 with respect to oxygen, which is
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the current results and the earlier results of Helling and Tester (1987).
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Experimental conditions:

055012 °C, [CO], = (1.0410.02) x 10-6 mol/cm3, [0;], = (0.5010.01) x
10-6 mol/cm3, [H,0] = (4.2540.08) x 10-3 mol/cm3;

@—56012 °C, [CO], = (1.0240.02) x 10-5 mol/cm3, [05], = (0.5010.01) x
10-6 mol/cm3, [H,0] = (4.1640.07) x 10-3 mol/cm3;

A—56013 °C, [CO], = (2.0810.03) x 10-6 mol/cm3, [03], = (0.5510.01) x
10-6 mol/cm3, [H,0] = (4.1610.14) x 10-3 mol/cm3;

0—56012 °C, [CO], = (1.0310.04) x 10-6 mol/cm3, [0,], = (0.9740.04)
% 10-6 mol/cm3, [H,0] = (4.1610.09) x 10-3 mol/cm3.

Curves are exponential fits to data.
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consistent with Equation 1.3. The leveling off of the fuel-rich profile occurs when
oxygen has oeen fully depleted.

A series of experiments was conducted at operating pressures of 118 to 263 bar
for a stoichiometric CO-0O, mixture at 570 °C, with care taken to maintain constant CO
and O concentrations. Results for two residence times, 3.4 and 4.1 s, are shown in
Figure 1.10. As for hydrogen oxidation, operating pressure (water density) has a
pronounced effect on the oxidation of carbon monoxide, with the apparent first-order rate
constant varying by a factor of 3 to 4 over the range of pressures studied. The slope of
the curves in Figure 1.10 implies an effective reaction order with respect to water of
about 1.7.

Limited experiments were also conducted in the packed reactor for stoichiometric
CO oxidation at 560 °C. As for hydrogen oxidation, carbon monoxide oxidation was
inhibited in the packed reactor, although the extent of inhibition was not extraordinarily
high. Results for the tubular reactor at the higher temperatures were concluded to be

essentially homogeneous for modeling purposes.

1.4.2 Elementary Reaction Modeling

The elementary reaction model developed for hydrogen oxidation was used as the basis
for the development of a model for carbon monoxide oxidation. Basic rate constants for
the additional reactions of carbon-containing species were again taken from the
mechanism of Yetter er al. (1991a), with collisional efficiencies set to those for water.
Preliminary modeling prompted the further examination of two rate constants. First, the
primary CO oxidation reaction, CO + OH — CO; + H, is known tc be pressure dependent
and the model of Larson et al. (1988) was used to calculate its rate constant under

supercritical water conditions. The pressure dependence is weak for the temperatures of
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interest and incorporation of the pressure dependence affected the rate constant only
slightly. Second, predicted hydrogen concentrations were found to be highly sensitive to
the rate of the H + O, = HO; reaction. Detailed modeling calculations, using the model
of Cobos et al. (1985), showed that this reaction is in the falloff region under supercritical
water conditions, and the low-pressure rate expression from the earlier model was
replaced. Modeling of hydrogen oxygcn with this replacement showed that predictions of
hydrogen oxidation were not affected by the modification. The adapted mechanism,
using JANAF thermiodynamic data and also denoted YDR91J, was used for subsequent
modeling of carbon monoxide oxidation.

Model predictions are shown compared to experimental oxidation data in the form
of a first-order Arrhenius plot in Figure 1.11. Calculated rate constanis are based on total
conversion of carbon monoxide (including the water-gas shift contribution); only data
from the present study are shown. While agreement between the model and data is good
at the higher temperatures, the deviation is considerable at lower temperatures and the
model exhibits a significantly higher global activation energy than the data (428 kJ/mol
vs. 180 kJ/mol). The same daca and model predictions are compared in Figure 1.12,
where observed and predicted conversions of carbon monoxide are shown. Low
conversions are seriously underpredicted, while higher conversions show better
agreement.

The data show some evidence of a change in activation energy at about 500 °C.
For example, the two stoichiometric curves in Figure 1.9, at 550 and 560 °C, imply an
activation energy for the decay constant of 488 kJ/mol, much higher than the overall
activation energy in Figure 1.11 but close to the model’s activation energy. A different
low-temperature mechanism for carbon monoxide oxidation, possibly involving

heterogeneous reactions, cannot be ruled out.
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Higher-temperature data, including the profiles from Figure 1.9, are quite well
described by the model. Figures 1.13 through 1.15 show three full sets of concentration
profiles for varying fuel equivalence ratios, all obtained at 560 °C, with the corresponding
model predictions. For the stoichiometric and fuel-rich data (Figures 1.13 and 1.14), the
model matches the data quite well, particularly for the fuel-rich conditions. For fuel-lean
conditions (Figure 1.15), the predictions are less satisfactory, evidence of the fact that the
model predicts no dependence of the oxidation rate on oxygen. Particularly encouraging
in all three cases is the close agreement between the amount of hydrogen observed and
predicted, even if the shapes of the hydrogen profiles are not in complete agreement.
Earlier models were not able to predict this hydrogen formation. Also noteworthy is the
variation with equivalence ratio in the amount of hydrogen formed. At the fuel-rich
conditions (Figure 1.14), the hydrogen concentration is 50 times that at the fuel-lean
conditions (Figure 1.15). On the other hand, hydrogen formation virtually ceases once
oxygen has been depleted in the fuel-rich case (Figure 1.14). This behavior suggests that
the rate of hydrogen formation is enhanced in the presence of oxygen, but increasing
oxygen concentration decreases the amount of hydrogen formed.

The fundamental mechanisms of carbon monoxide oxidation, as predicted by the
model, are illustrated in Figure 1.16. The primary mechanism is essentially identical to
the mechanism for hydrogen oxidation, but with carbon monoxide as the fuei. Hydrogen
formation results from the superequilibrium concentration of H atoms which drives the
hydrogen-oxidizing reaction in the reverse direction. The H-atom concentration, and thus
the H, concentration, is proportional to the relative rates of the CO + OH — CO; + H and
H + O2 = HO; reactions. The failure of earlier models to predict hydrogen formation is
directly traceable to the value of the H + O, — HO, rate constant. For example, the low-

pressure rate expression used by Webley and Tester (1991) predicts a rate constant two
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orders of magnitude higher than the falloff rate constant calculated here; hydrogen

concentrations were thus two orders of magnitude lower in the earlier model.

The model for carbon monoxide oxidation also captures the majority of the
pressure dependence of the data, as shown in Figure 1.17. As for hydrogen oxidation, the
magnitude of the predicted pressure dependence is not as large as that of the observed
dependence, but the trend is clear. Again, the primary source of the global pressure
dependence is not pressure-dependent rate constants, but rather the effect of changing
water concentration on the branching rate via the HO; + H,O — H>0, + OH reaction.
The slopes of the predicted rate constants in Figure 1.17 suggest a global order with
respect to water of 1, consistent with a branching rate proportional to the water

concentration.

1.5 Glucose Hydrolysis and Oxidation in Supercritical Water

The hydrolysis and oxidation of glucose in supercritical water, as models for the reactions
of cellulosic wastes, were studied in a limited set of experiments. In an initial ser  >f
experiments, 1 x 10-6 mol/cm3 glucose was fed to the reactor, with and without
stoichiometric (6 x 10-6 mol/cm3) oxygen present, at a fixed residence time of 6 seconds
and over the temperature range 425 to 600 °C. In this manner the hydrolysis and
oxidation pathways could be examined and compared under otherwise identical
conditions. Even at the lowest temperature studied, glucose concentrations in the liquid
efflient (as determined enzymatically) indicated a conversion of glucose of over 90%,
demonstrating the high reactivity of glucose even in the absence of oxygen and making
kinetic measurements infeasible.

Both hydrolysis and oxidation of glucose produced large quantities of gas.

Gasification was obviously more prevalent under oxidizing conditions, with 60% of the
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glucose carbon appearing in the gaseous effluent at 425 °C, increasing to virtually 100%
for temperatures of 500 °C and higher. Carbon dioxide, carbon monoxide, methane, and
hydrogen were produced, with smaller quantities of ethylene and ethane. Under
hydrolysis conditions, gasification was less extensive at low temperatures (~12% at

450 °C), but rose quickly to 100% at 575 to 600 °C. The same gases were found in the
hydrolysis effluent, although at high temperatures hydrolysis gave almost exclusively
hydrogen and carbon dioxide in a 1.7:1 ratio, indicating the presence of a fast, water-gas-
shift-type pathway. These observations are generally consistent with the recently
reported results of Antal and co-workers (Antal er al., 1992).

Hydrolytic reactions of glucose also tended to produce large numbers of products
present in the liquid effluent. Typical HPLC chromatograms for the liquid effluent from
cornparable hydrolysis and oxidation experiments are shown in Figure 1.18. Peak
identities, when known or suspected, have been indicated. Clearly the number of liquid-
phase products is greatly reduced under oxidizing conditions, with a correspondingly
higher extent of gasification. Many peaks formed during glucose hydrolysis remain
unidentified. Almost forty individual compounds were tested as possible hydrolysis
products, on the basis of their prior identification among the products of biomass
pyrolysis or carbohydrate hydrolysis. Positive identifications in the present study were
made for acetaldehyde, acetic acid, acetonylacetone (2,5-hexanedione), 2-acetylfuran,
formic acid, furfural (2-furaldehyde), 5-hydroxymethylfurfural, lactic acid,
S-methylfurfural, and propenoic (acrylic) acid.

Yields of identified products of glucose oxidation are shown in Figure 1.19 as a
function of reactor temperature for a constant residence time of 6 seconds. Yields of
liquid-phase products decrease with increasing temperature, with no liquid-phase

products detected at temperatures above 550 °C. Temperatures above 550 °C are thus
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36 ® Summary ‘

sufficient te insure complete destruction of all intermediates produced frem glucose,
including acetic acid and furan derivatives. At the highest temperatures, glucose is
converted almost entirely to carbon dioxide, with small quantities of hydrogen and

methane also present.

Figure 1.20 shows the results of a series of experiments conducted at 500 °C in
order to evaluate the effect of residence time on the observed product yields. Over a span
of five seconds, from 5 to 10 seconds residence time, the yields of the major products
shown do not change markedly, indicating that reactions (oxidation) of these species
occur relatively slowly at this temperature. On the other hand, primary decomposition or
oxidation of glucose, as well as secondary destruction of the more complex intermediates,
must occur quite rapidly, in the first five seconds and/or during preheating of the glucose
feed. The compounds shown in Figure 1.20 therefore represent the destruction-limiting

species for oxidation of glucose in supercritical water.

1.6 Conclusions

1. Measurements of oxidation kinetics. The oxidation kinetics of hydrogen in
supercritical water have been examined at 246 bar and 495 to 600 °C. Over the range of
conditions studied, the reaction is first order in hydrogen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>