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Project description

- This project consists of experiments and theoretical modeling designed to improve
our understanding of the detailed chemical kinetics of supercritical water oxidation
| (SCWO) processes. The objective of the five-year project is to develop working
| ' models that accurately predict the oxidation rates and mechanisms for a variety of
key organic species over the range of temperatures and pressures important for
industrial applications. Our examination of reaction kinetics in supercritical water
undertakes in situ measurements of reactants, intermediates, and products using
optical spectroscopic techniques, primarily Raman spectroscopy. Our focus is to
measure the primary oxidation steps that occur in the oxidation of methanol, higher
alcohols, methylene chloride, aromatics, and some simple organic compounds
containing nitro groups. We are placing special emphasis on identifying reaction
steps that involve hydroxyl radicals, hydroperoxyl radicals, and hydrogen peroxide.
The measurements are conducted in two optically accessible reactors located at
Sandia’s Combustion Research Facility (CRF), the supercritical flow reactor (SFR)
and the supercritical constant volume reactor (SCVR), designed to operate at
temperatures and pressures up to 600°C and 500 MPa. The combination of these two
reactors permits reaction rate measurements ranging from 0.1 s to many hours.
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The work conducted here continues the experimental approach from earlier years of
this SERDP-funded project by extending measurements on key oxidant species and
expanding the variety of experimental methods, primarily spectroscopic in nature,
that can be used to examine reactions at SCWO conditions. Direct support is
provided to the project collaborators at MIT and Princeton who are contributing to
model development for phenol, other aromatics, and halogenated species. These
researchers are examining these processes using more conventional sample-and-
quench methods.

Executive Summary of Progress this Period

Programmatic

The FY97 Execution Plan was prepared and delivered to the SERDP program office
in August. This plan outlines the specific tasks to be accomplished with the
anticipated funding for the Sandia, MIT, and Princeton effort.

There were several visiting researchers working on the project this quarter. Melissa
Pecullan continued her visit from the previous quarter at Sandia and returned to
Princeton September 1. Michael Tucker returned to Brown University in the
middle of August. Brian Phenix (MIT) visited for three days in July for discussions
on methanol oxidation kinetics and the importance of feed concentration and its
effect on the experimentally determined pseudo first-order rate constant.

The Princeton University lead investigator, Ken Brezinsky, has taken a faculty
position at the University of Illinois at Chicago. However, Melissa Pecullan will
remain at Princeton to complete her Ph.D. thesis on phenol and anisole kinetics.
The project continues to support this work at Princeton.

H,0, thermal decomposition

The experimental work on HyO, decomposition was completed and the data has
been analyzed. All of the outstanding issues regarding the interpretation of the data
have been resolved. The primary breakthrough was realizing that there is a wall-
catalyzed decomposition of the feed H,O, in the injector system, and that the
amount of feed HyO; that is lost is a strong function of the pressure (and therefore
density) of the system. The analysis of the data becomes much simpler within this
interpretation. A manuscript is in its final revision stage and will be submitted for
publication next quarter.




CO/CO, water-gas shift chemistry -

A large amount of data was collected this quarter on the water-gas shift chemistry in
supercritical water over the pressure range of 1 - 50 MPa (150 -7500 psi) and at
temperatures of 410 °C, 450 °C, and 480 °C. The data conclusively show a very strong
water-density dependence for the reaction rate at water concentrations above 10
mole/liter. Interestingly, there is only a weak temperature dependence exhibited by
the data. These results support the Melius model for the shift reaction in
supercritical water. This model postulates that transition states for CO + Hy,O =>
HCOOH (formic acid) and the subsequent decomposition of formic acid to CO, and
H, are stabilized by the direct participation of water in the transition state structures.
These experimental results have a direct impact on potential applications to
hydrogen production from low-grade fuels.

Massachusetts Institute of Technology, Department of Chemical Engineering

The effort to compare methanol oxidation rates between the MIT and Sandia
tubular flow reactors has thus far led to the redesign of the MIT reactor mixing tee
and the validation of hydrogen peroxide as an alternative oxidant. While the
improvements in mixing lead to better agreement between the methanol oxidation
rates observed in both laboratories, the remaining differences were substantial
enough to warrant further investigation. Based on an updated Arrhenius plot of
the latest MIT and Sandia data, it appears that the two methanol data sets differ by
approximately 15 °C. Although this may seem to be small, this difference represents
over a factor of two in the measured rate. Experiments are now underway at both
laboratories to resolve this small, but still measurable discrepancy.

The investigation of the reaction kinetics of aromatic compounds in supercritical
water is currently underway. Several of the partial oxidation products formed
during benzene oxidation in supercritical water have been identified. The early
appearance of a significant quantity of carbon dioxide relative to the amount of
carbon monoxide is in agreement with the observations at the University of
Michigan that the carbon dioxide yield always exceeds that of carbon monoxide in
the SCWO of phenol, o-cresol and p-chlorophenol.

Work has continued on the analysis of methylene chloride (CH2Clp) hydrolysis data
gathered last year. The focus has been to account for the significant reaction under
subcritical conditions and very little reaction under supercritical conditions. The
results will be used to generate a global rate expression for CH»Cly hydrolysis and
oxidation.




Princeton University, Mechanical and Aerospace Engineering Department

The atmospheric pressure pyrolysis and oxidation of anisole have been investigated
near 1000 K. This investigation is now complete. Experimental data and pyrolysis
modeling results were presented at the Fall Meeting of the Western States Section of
the Combustion Institute. In addition, a paper entitled “A Kinetic Study of the
Pyrolysis and Oxidation of Anisole” has been submitted to The Journal of Physical
Chemistry. The pyrolysis model consists of 66 reversible reactions involving 31
species. Elementary reaction rate parameters for much of the dominant chemistry
were obtained from thermodynamic estimations, QRRK analysis, and semi-
empirical molecular orbital calculations. Excellent agreement is also obtained
between experimental data and model predictions of methylcyclopentadiene and
total phenolics. Predictions of benzene and cyclopentadiene, minor species, are

reasonable.

Future work

During the next quarter, the work at Sandia will focus on the completion of the
water-gas shift measurements, the joint methanol experiments with MIT, and the
preparation of several manuscripts for submission to journals. Experiments will
begin on measuring the rates of the N,O disproportionation reaction in the SCVR to
initiate the nitrogen chemistry part of the project. We will also conduct a series of
experiments on ethanol oxidation to test our theories regarding primary vs.
secondary alcohol oxidation rates and to set the stage for calculations and
experiments on mixtures. The work at Princeton will focus on completing the
publication ‘of the phenol and anisole experimental results and models. The work
at MIT will be directed at collecting a detailed data set for benzene oxidation and
intermediate product formation rates.

Publications and presentations

Princeton University

M. Pecullan, K. Brezinsky, and I. Glassman, “A Kinetic Study of the Pyrolysis and
Oxidation of Anisole”, submitted to The Journal of Physical Chemistry and
presented at the Fall Meeting of the Western States Section of the Combustion

Institute.




Detailed Summary of Technical Progress this Period

Sandia Combustion Research Facility

H,0, thermal decomposition

Rate constant derivations
Global kinetics of hydrogen peroxide decomposition are assumed to follow first-
order reaction kinetics:

d [H,0,]
B0y o, »
where [H,0,] is the hydrogen peroxide molar concentration, and k, the global H,0,
decomposition rate constant, in s!. The rate constant is defined in terms of the
experimental measurements by integrating Equation. 1 to yield:

[H,0,);) _
_l_n([HzOz ) ) K, t @)
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where t is the residence time and where the indice represents the initial
concentration and the indice “f” represents the measured final concentration.

Ordinarily, in our SFR reactor configuration, the initial concentration of hydrogen
peroxide is the concentration at the mixing point. Unfortunately, the hydrogen
peroxide concentration at the mixing point is not known due to wall-catalyzed
decomposition inside the small i.d. injector. As a result, Equation 2 must be written
in terms of the known concentration in the H,O, supply vessel, rather than the
poorly-defined concentration at the mixing point. Equation 2 is then rewritten in
the following form:

1n([Hzozlf) . ln([Hzozlo) . IH(MJ = -kt (3)
[H,0,], [H,0,], [H,0.];

where [H,0,], represents the molar concentration inside the H,O, supply vessel,
and [H,O,]; is the hydrogen peroxide concentration at the end of the injector just
prior to the mixing point. The first and third terms on the left hand side of
Equation 3 are equal to

1(&9_1_] _ 1(31) @
[H,0,], Po W _




and | ln[M) = ln[a p_,) )

where o is a dilution factor equal to (FhP+FW)/ Fpp, with th and F,, as the hydrogen
peroxide and water mass flow rates, p is the total density, and W is the hydrogen
peroxide mass fraction. With the assumption that p; = p; = p;, Equation 3,
combined with Equations 4 and 5, becomes

o 1) o BO) L 10 o
Po W [H,0,] ‘[Hzoz]o

The left hand side of Equation 6 is determined experimentally. The plot of
In(apgWEg/(pgWy) vs. time is then a linear function with a slope that represents the
rate constant. Here, the concentration [H,0,]; would be the exact value of the initial
concentration in the absence of hydrogen peroxide decomposition inside the
injector. In that case, the graph obtained from the relationship represented by
Equation 6 vs. is a straight line passing through the origin.

Experimental measurements

The first set of measurements were aimed at determining the global hydrogen
‘peroxide decomposition rate constant. As will be seen later, this global rate includes
homogeneous decomposition and decomposition due to catalysis by the reactor
surfaces. By conducting specific experiments described below that vary the system-
surface-to-volume ratio, the wall-catalyzed decomposition rate can be separated
from the homogeneous process. The rate constants due to wall surface and to
homogeneous reactions are treated in the following “Surface Effects” section. This

section addresses only the global rate constants.

Experiments were performed at 24.5 and 34.0 MPa for temperatures ranging from
150 to 450 °C. Figures 1 and 2 show the plots of In([H,O,]¢/[H,0,];) versus residence
time at 24.5 MPa and for temperatures below and above the critical temperature of
water (374 °C). The curves obtained are straight lines which confirm that the
decomposition of hydrogen peroxide follows Equation 6, and thus follows first order
global kinetics. Comparison between these data in these two figures shows
important differences between experiments conducted below the critical
temperature of water, T, (374 °C) and above. For experiments below T, the straight
lines pass through the origin indicating no significant H,O, decomposition inside
the injector, whereas above T, the straight lines do not pass through the origin
implying considerable H,O, decomposition before the mixing point. However,
H,0, decomposition inside the injector does not prevent the interpretation of the
results because Equation 6 shows that only the slope of the curve is necessary to
determine the rate constant. At 34.0 MPa the plots obtained are very similar to those
at 24.5 MPa. All rate constants, at different pressures and temperatures, are given in
Table 1.
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Figure 1 Variation of In([H,0O,]¢/[H,0,];) versus residence time. Pressure = 24.5
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Figure 2 Variation of In([H,0,]¢/[H,0,];) versus residence time. Pressure = 24.5
MPa. Results are shown for temperatures above the critical
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Table 1. Global first order rate constants for hydrogen peroxide decomposition

Press. Temp. (°C) k(s Press.  Temp. k(s

(MPa) (MPa) (°C)
34.0 180 0.021 245 400 1.170
34.0 250 0.106 24.5 420 2.220
34.0 300 0.199 24.5 425 2420
34.0 350 0.456 24.5 440 5.800
34.0 380 0.480 10.0 330 2.730
34.0 400 0.620 10.0 350 2.510
34.0 425 2.000 10.0 370 2.730
34.0 440 3.840 10.0 390 3.570
34.0 450 5.880 10.0 410 4.200
24.5 150 0.010 5.0 160 0.008
24.5 200 0.030 5.0 200 0.025
24.5 250 0.070 5.0 230 0.049
24.5 300 0.190 5.0 280 2.310
24.5 380 0.680 50 . 300 2.340
24.5 390 0.660 5.0 320 3.080

The Arrhenius plots at 24.5 and 34.0 MPa are presented in Figure 3. This figure
shows no measurable differences between global rate constants at 24.5 and 34.0 MPa,
below and above the critical temperature of water. Below 374 °C, straight lines are
found that confirm that the rate constant follows the Arrhenius form. Above 374
°C, the plot at 34.0 MPa is also a straight line with a slight curvature at the lower
temperatures. At 24.5 MPa, the plot is not a straight line and presents a curvature
that is more easily observed at temperatures below 420 °C. However, above 420 °C,
the plot converges with the plot for the 340 °C data. Considering the straight line
obtained at 340 °C, a break in the slope was observed near the critical temperature of
water which indicates that the activation energy in the supercritical region is much
higher than in the liquid water phase. The regressed expressions of the rate
constants are, in the temperature range 150 - 450 °C:

Liquid phase (T <374°C)  k = 3.3 10° exp(-46,100 / RT) @)

Supercritical phase (T > 374 °C) k = 8.2 10" exp(-182,000/ RT) 8)




In addition, a series of experiments was performed at 5.0 and 10.0 MPa to investigate
the behavior of H,O, decomposition below the critical pressure of water (22.1 MPa).
The results are shown as an Arrhenius plot in Figure 3. In the liquid phase (for
example T < 260 °C at 5.0 MPa), the rate constant is identical to the liquid-phase
values at 24.5 and 34.0 MPa. In the gas phase, the Arrhenius plot at 5.0 and 10.0 MPa
is much different from the plots under supercritical conditions. The observed rate
constants appear to be very weakly dependent on temperature below 370 °C and an
increase in the rate constant occurs for temperatures above 370 °C. However, none
of the curves obtained at 5.0 and 10.0 MPa follow an Arrhenius form. This observed
deviation from an expected Arrhenius behavior originates from surface reactions
effects and will be treated below.

In the liquid phase, the rate constant is independent of the pressure when pressure
ranges from 5.0 to 34.0 MPa. This can be explained by the fact that water density
varies only slightly with pressure in the liquid phase. For example, at 240° C, water
density changes from 815 kg m™ at 5.0 MPa to 841.9 kg m™ at 34.0 MPa (NBS Steam
Tables, Haar et al., 1984).

T (°C)
500 400 300 200
1 | I I
4
P’
AIQ\A\A_A_._N
w0
L 0
X
£ .2 g
-4 S
-6 T T T T T
1.2 1.4 1.6 1.8 2 2.2 24
1000/T (K1)
Figure 3 * Arrhenius plot of In (k) versus the reciprocal of the temperature

Arrhenius. The rate constants were determined experimentally from
the raw data (for example from Figure 2 at 24.5 MPa). The lines are
linear fits to data and the curves are polynomial fits to data: 5.00 MPa @,
10.0 MPa A,24.5MPa ® , and 34.0 MPa O.




Surface effects measurements

Hydrogen peroxide is known to be susceptible to decomposition on different
surfaces 1. Surface effects may be important here and thus alter significantly the
value of the overall rate constant measured experimentally. To investigate this,
experiments were performed at different values of surface-to-volume ratios (S/V).

The original reactor, in which experiments described above were conducted, has an
S/V ratio of 8.33 cml. To obtain a higher S/V ratio, seven 0.16 cm o.d (1/16 in)
Inconel 625 tubes were introduced in the original reactor in a hexagonal
configuration. The S/V ratio obtained in that manner is 555 cm-l, which
corresponds to about seven times higher S/V ratio. An advantage of this method is
that, by adding smaller tubes, the surface of the reactor is increased significantly,
while the reactor volume decreases only slightly (less than a factor of 1.5). The
major change from the previous experiments is then only in the S/V ratio. These
experiments were conducted at 24.5 MPa and at temperatures ranging from 300 to

420 °C.

Figure 4 shows the influence of the surface-to-volume ratio on the rate constant
when the S/V ratio is increased from 8.3 to 55.5 cm-1. This figure indicates that the
slopes, thus the-rate constants, are influenced by an 1ncrease in S/V ratio. For
example, at 410 °C, k increases from 1.4 s1 (at (5/V) =8.3 cm’ Y0291 (at S/V =
55.5 cm1). The true homogeneous hydrogen peroxide decomposition rate constant
would correspond to the experimental rate constant when the S/V ratio approaches
zero. Moreover, by assuming that the observed decay constant varies linearly with
the S/V ratio, extrapolation to zero S/V will give the homogeneous decomposition
rate constant (Holgate and Tester, 1994). Analytically, this method leads to the
following expression: :

k =k, +k, G’/—) )

where ky and k,, are rate constants, respectively, for the homogeneous
decomposition and for the catalytic decomposition on the wall.

The global heterogeneous decomposition rate can thus be determined as follows :

AN O (10
NG

where the indices “1” and “2” represent, respectively, experiments run in reactor
with low and high S/V ratios. As shown in Figure 5, at supercritical water

k
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conditions, k,, follows the Arrhenius form and the following expressions were
determined by linear regression:

k, = 2.010% exp(-62,500/RT) for T> T, (11)

-
]

31.0 exp(-40,800 / RT) for T< T, (12)

Finally, knowing k,,, the homogeneous rate constant is found to be equal to :

k, = 4.6 10" exp(-180,000/RT) for T = 380 - 450 °C (13)
k, = 3.810% exp(-49,00/RT) for T = 150 - 350 °C (14)
5
4-
= 3
o
X o
1-/6/9'
= "
0 10 20 30 40 50 60
SV, cm-1
Figure 4 Influence of the surface-to-volume ratio on the decomposition rate

constant of hydrogen peroxide. The lines are linear fits to data.
Pressure = 24.5 MPa. The different temperatures are: 300 °C @ ,350°C O
0390°C W ,400°CO ,410°C® ,420°CO.
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Figure 5  Arrhenius plot of the rate constant for the catalytic H,O, decomposition
on the wall surface, P = 24.5 MPa. Temperatures above supercritical
temperature of water.

After correction for the surface effect, the rate constant of homogeneous H,O,

decomposition in the supercritical water region at 24.5 MPa (see Equation 13) agrees’

very well with the expression found at 34.0 MPa (see Equation 8). We conclude that
the rate constant in the supercritical water region is thus pressure independent. As
for the influence of the wall surface at 24.5 MPa and at 400 °C, the rate constant k,
represents 20 % of the global rate constant, whereas at 420 °C its contribution drops
to 14 %. At sufficiently high reaction temperatures, the influence of the surface
effect will be negligible compared to the homogeneous decomposition rate.
However, at temperatures near to the critical temperature of water, the influence of
the surface on the global H,O, decomposition rate increases.

On the basis of this analysis we conclude that the curvature observed on the
Arrhenius plot at 24.5 MPa (see Figure 3) is due to the increasing importance of the
surface effect at lower temperature. Note that the curvature on the Arrhenius plot
at 34.0 MPa occurs at lower temperature than at 24.5 MPa, implying that the surface
wall effect is less important at 34.0 MPa than at 24.5 MPa. In other words, the
influence of surface reactions decreases when the density of the fluid increases. This
is consistent with the fact that the collision rate increases with the fluid density
relative to collision rate with the surface at higher density.

In the liquid phase, the rate constant described by Equation 14 is very similar to the

one without correction from the wall surface, implying that wall surface does not

12




alter significantly the global rate constant in the liquid phase, again reflecting a
decreased influence of surface reactions at liquid higher densities.

Reaction mechanism of H,O, decomposition

Models based on global kinetics do not provide the same predictive capability as
models based on verified elementary reaction schemes. The purpose of this section
is to determine the rate constant of the elementary reaction of HyO, decomposition,
which, as it will be seen, can be derived from the measured global homogeneous
rate constant. In the earlier paragraphs, hydrogen peroxide decomposition was
described by the global reaction

H,0, —&— H,0 + 1220, (15)

It has been suggested 23 that this reaction proceeds by the pathway:

H,0, + (M) —L 2 OH -+ (M) ' (R1)
OH + H,0, —2 H,0 + HO, (R2)
OH + HO, —3 5 H,0 + O, (R3)
HO, + HO, —¢ H,0, + O, (R4)

The collision partner in Reaction R1 is HyO which is in large excess. Moreover, the
parentheses surrounding the collision partner in Reaction R1 indicate that at lower
pressures the rate for hydrogen peroxide unimolecular dissociation requires a
collision. For the densities in the supercritical region, RRKM calculations indicate4
that the reaction rate is in the high pressure limit and that an increased frequency of
collisions does not increase the rate. This hypothesis is strengthened by the results
of experiments of Meyer et.al.,> who observed that the fall-off region begins at about
2.0 MPa. In addition, rate constants data obtained at 24.5 and 34.0 MPa (see Figure 4)
show that these rate constants are independent of the pressure, supporting the fact
that the reaction rate is in the high pressure limit in the supercritical region. At the
conditions of the present work, the collision partner in Reaction R1 is thus omitted.

The expression for the rate of disappearance of [H,O,] is written as:

d[Hdzt_OZ] = - k, [H,0,] - k, [OH] [H,0,] + k; [HO,T" (16)

Using the steady-state assumption for the concentrations of OH and HO, we obtain:

13




____-d[H(;toz] = - 2k, [H,0,] (17)

which indicates that the rate measured experimentally is twice the elementary first
order rate constant for Reaction R1. The assumption of steady-state for [OH] and
[HO;] was examined using the detailed mechanism for the H-O system and is
discussed later in this section.

In the supercritical region the rate constant k, becomes

k, = 2.3 10" exp(-180,000/RT) (18)

Likewise, in the aqueous phase, the rate constant k; is
k, = 1.9 10* exp(-49,000/RT) (19)

These values are compared in Table 2 with different rate constants found in the
literature. In the aqueous phase the Arrhenius parameters found in the present
work are different from those found by Takagi and Ishigure3. Yet, the lower
activation energy found in this study is counterbalanced by a higher pre-exponential
factor. For these two works, the absolute values of the rate constant are found to be
of the same order of magnitude in the temperature range 150 - 350 °C. Our results
can then be considered in a reasonable agreement with those of Takagi and Ishigure
in the aqueous phase.

Considering the state of water in the supercritical region as dense gas, it is
meaningful to compare our rate constants in the supercritical region with the high-
pressure-limit, second-order rate constants in the vapor phase determined by others.
This comparison is shown in Figure 6. The rate constant of Holgate® at 24.6 MPa
was determined from RRKM calculations and was found to be very close to the high
pressure limit rate constant. The values of Baulch et al. 7 extrapolated in Figure 6 to
the temperature range 380-450°C, were also determined from RRKM and thus
match very well the rate constant determined by Holgate. The rate constants of
Meyer et al.® are in fact an estimated lower limit of k., and the rate constant of
Giguére and Liu is below the high pressure limit.

As seen in Figure 6, the values of Meyer and Giguere are lower than those of the
present study. However, the rate constants determined in the present work are
significantly higher than the values determined from RRKM calculations. The
effect of the wall surface was taken into account in the experimental determination
of the rate constant, and thus cannot explain the difference between our rate
constants, determined directly experimentally, from those calculated from RRKM
theory. This suggests that, on a molecular scale, the nature of H,O, dissociation may
be explicitly affected by the presence of water, resulting in additional buffer-
concentration dependencies not calculable by way of the RRKM method.

14




Table 2. Comparison of different values for H,0O, thermal
decomposition rate constants.

A E (k] mol ™) Temp. range Remarks
°C)
Supercritical Region
This work 2.3x 10" 180 380-450  P=24.5-34.0MPa
Holgate et al. 7.8 x 10" 208.7 400 - 600 P =24.6 MPa
(1993) ‘
Vapor phase
Giguére et al. 1x 10" 201 400 - 500 —
(1957)
Meyer et al. 3.2x10" 207 677 - 1177 k=k,
(1969)
Baulch et al. 3x 10" 203 730 - 1230 k=k.
(1994)
Aqueous Phase
This work 3.8 x 10° 49 150 - 350 P=5-34 MPa
Takagi et al. 6.4 x 10° 71 100 - 250 at least up to 4
(1985) MPa®

®. Maximum operating pressure estimated from water vapor pressure at 250 °C

The determination of k; according to Equation 17 supposes steady-state assumption
for [OH] and [HO,]. To check this assumption in the supercritical region, the value
of k; found in Equation 18 was incorporated in the mechanism presented in Table 3.
These calculations were performed within the Chemkin-Real-Gas software
package. 8

The variation of the logarithm of [H,O,], [OH] and [HO,] versus time is shown in
Figure 7. The variation of [OH] versus time is strictly zero. The concentration of
[HO;] decreases with time somewhat, however, apparently this rate of change of
[HO,] does not affect the validity of the steady-state assumption. Note that the slope
of the straight line, In[H,O,] vs time, is twice the value of kj, indicating that
Equation 17 is satisfied.
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Table 3. Detailed reaction mechanism for the O-H system.2

reactions A B T* Source
1. O+H+ H,0 = OH + H,O 4.71E+18 -1.00 0.0 1
2. O +H, = H + OH 5.13E+04 2.67 3160.0 2
3. H+0, = 0+ OH 9.75E+13 0.00 7470.0 3
4 |0 +HO, = OH + O, 1.75E+13 0.00 -200.0 1
5. |0 +H,0, = OH + HO, 9.63E+06 2.00 | 2000.0 1
6. 2H +H, = 2H, 9.78E+16 -0.60 0.0 3
7. |H+20, = HO, + O, 6.41E+18 | -1.00 0.0 1
8. H +0, + HO = HO; + H,O | 9.42E+18 -0.76 0.0 4
9. H+OH +M = H,0+ M 2.21E+22 -2.00 0.0 1
10. | H +HO, = O + H,0 3.01E+13 0.00 866.0 3
11. |H +HO, = O, + H, 4.27E+13 0.00 710.0 3
12. H +HO, = 20H 1.69E+14 0.00 440.0 3
13. H +H,0, = HO, + H, 1.69E+12 0.00 1890.0 3
14. |H +H,0, = OH + H,0 1.02E+13 0.00 | 1800.0 3
15. H, +H,0 = 2H + H,0 8.43E+19 -1.10 52530.0 1
16. OH +H, = H + H,O 2.16E+18 1.51 1726.0 5
17. 20H = O + H,O 1.52E+09 1.14 50.0 3
18. | OH +HO, = H,0 + O, 2.89E+13 0.00 -250.0 3
19. | OH +H,0, = HO, + H,0 7.83E+12 0.00 670.0 3
20. |2HO, = H,0, + Oy’ 5.28E-35 14.06 | -9605.0 6
21a. | H,0, = OH + OH' 2.28E+13 0.00 | 21650.0 7
21b. | H,0, = OH + OH 3.00E+14 0.00 | 24400.0 3
22. wall 624 % (S/V)*| 0.50 0.0 7

H202——-———) H20 + 172 02

aRate constant = A TB exp(-T*/T)2 Units of mol, cm3,s, K. b Simplified rate form in
the temperature range 673 - 773. ¢ determined in supercritical water conditions. 4 In
the present work, S/V = 8.33 cm™. Sources: (1) Tsang and Hampson (1986)%; (2)
Sutherland et al., (1986)10; (3) Baulch et al. (1994)7; (4) GRI-Mech 1.211; (5) Michael

and Sutherland (1988)12; (6) Hippler et al. (1990)13; (7) this work.
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Surface effécts modeling
In the supercritical region it has been seen that surface effects are not negligible in

our experimental system, especially for temperatures near the critical temperature of
water. The “Surface Effects Measurements” section shows that an empirical rate
constant for the reactions of hydrogen peroxide decomposition occurring at the wall
surface can be determined. To a first approximation, this rate constant was chosen
arbitrarily to be in an Arrhenius form for convenience. Nevertheless, simple
kinetic theory of gases gives the following expression for surface reaction rate
constant: ?

Kw = F(_S—) 2I;Tm | (20)

where T is the efficiency parameter of H,O, removal upon collision with the wall
surface, k is the Boltzmann’s constant, and m is the mass of an H,O, molecule.
Unfortunately, an attempt to fit our data at supercritical conditions into the
theoretical expression of Equation 20 failed. In particular, the temperature
dependence of our experimental values of k,, is much greater than can be described
by Equation 20. This indicates that the above theoretical expression is not valid at
supercritical water conditions for H,O, surface decomposition. Indeed Equation 20
is characterized by a relatively weak temperature dependence: k., is proportional to
T1/2,

In Figure 4, the data shown in the vapor phase at 5.0 and 10.0 MPa presents a weak
temperature dependence. This could be due to a preponderant effect of the surface
decomposition over the homogeneous decomposition in the temperature range
considered here. To check this possibility, simulation of the gas phase process was
done using the Arrhenius plot at 5.0 and 10.0 MPa was done, following the
mechanism shown in Table 3 in which the surface effect rate constant (Reaction 22)
satisfies Equation 20. The adjustment of the HyO, efficiency parameter to the data at
10.0 MPa leads to the fitted value of ' = 2.1x10-5.

The model was investigated by using the rate constant of homogeneous hydrogen
peroxide decomposition (reaction R1) found in the present work under supercritical
conditions. Comparison of the experimental values with the calculation is shown
in Figure 8.. This figure shows the transition between decomposition controlled by
the surface effects to decomposition controlled by homogeneous reactions. Figure 8
suggests that, under the conditions tested here, the experimental data at 10.0 and 5.0
MPa reflects essentially the hydrogen peroxide decomposition on the wall surface.
Comparison between the vapor phase and the supercritical conditions shows that
the wall surface decomposition is much more important in the gas phase than in
the higher density supercritical phase. For example, the rate constant of the wall
effect at 400 °C is 2.8 571 in the vapor phase (at 10.0 MPa) and 0.03 s1 at supercritical
conditions. Apparently, at the higher density supercritical conditions, the efficiency
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of the inhomogeneous process is significantly lower, perhaps due to significantly
slower diffusion to or from the active sites on the wall. It appears that the same
homogeneous process occurs over the pressure range from 5 to 34 MPa. However,
experimental limitations, especially due to very fast reactions, prevented us from
measuring directly the homogeneous H;O, decomposition rate in the vapor phase
at higher temperature.

5
\
4-
b ¥
x>
= 7
—— 1-
0
1.2
1000/T (K-1)
Figure 8 Comparison of the results from the elementary reaction model in

Table 3 with the experimental data, Arrhenius plot simulation at 10.0

- MPa. The open symbols represent experimental data, and the solid line
represents the calculated values of In k,. The short dashed line
represents In(2 k;) and the long dashed line represents In(ky;) according
to Equation 20.

H,0, decomposition and methanol oxidation in SCWO

One of the main motivations of this study is the importance of HyO, decomposition
during methanol oxidation in supercritical water.14 It was found that the model of
Schmitt et al.15 reproduces Rice’s experimental data fairly welll4 but predicts rates
too slow for temperatures below 490 °C. It was also found that, after the induction
period, the rate of oxidation of methanol is most sensitive to the rate of the
unimolecular dissociation of hydrogen peroxide. We have repeated this calculation
with the former expression for the rate of HyO, decomposition replaced by the new
expression found in the present work. The new prediction of methanol oxidation
behavior was then compared with the former prediction and with the experimental
data. This comparison is shown in Figure 9. The new values of the H,O,
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decomposition rate parameters improve considerably the prediction of the model at
440 and 450 °C, that is in the temperature range of the present work. Extrapolations
at temperatures above 450 °C provide good agreement with the experimental data.
Yet, at 470 and 490 °C the rate of methanol disappearance is now predicted to be

slightly too fast.

1.2

—_c2
XL
Ojo

. cf
Ol0

0 0.5 1 1.5 2 2.5 3
Residence time (s)
Figure 9 Comparison of experimental results for methanol oxidation in

supercritical water (Rice et al., 1996) (open symbol) with the original
model of Schmitt et al. (1991) (dotted lines) and with the same model

“in which H,0, decomposition rate has been replaced by the value
determined in the present work (continuous lines). Temperatures:
440°C © ,450°C O ,470°C O ,490°C A.

H,0, Conclusions _

The decomposition rate of hydrogen peroxide is determined experimentally for
pressures ranging from 5.0 to 34.0 MPa and temperatures up to 450 °C. It is found
that HyO, decomposition in water follows first order kinetics in the aqueous, vapor,
and supercritical phases. The homogeneous dissociation rate of hydrogen peroxide
was determined independent of the dissociation on the wall surface. The important
state variable determining the homogeneous rate of hydrogen peroxide thermal
decomposition is the phase. The catalytic decomposition of HyO, at a surface is also
determined and is found to vary with water density; its efficiency decreases when
the density increases. In the liquid phase, where the density is the highest, the
influence of the wall is weak, whereas in the gas phase its influence can be
preponderant, especially at low temperatures. Due to higher density, the surface
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effect is smaller under supercritical conditions than it is in the high pressure gas
phase.

By considering the surface effect, the true homogeneous rate of H,O, decomposition
is determined and found to be equal to 2.3 1013 exp(-180,000/RT) in the supercritical
region at 24.5 and 34.0 MPa. In the temperature range considered here (380 - 450 °C),
this rate leads to values higher than those found from RRKM -calculations. In -
addition, result of our experiments conducted in the vapor phase at 5.0 and 10.0 MPa
reflect essentially the hydrogen peroxide decomposition on the wall surface, which
allows us to determine the corresponding reaction rate based on a simple theoretical
expression derived from kinetic theory of gases. However, this theoretical
expression fails in describing the wall effect in the supercritical region where an
empirical analysis indicates an Arrhenius expression represents the data. Finally, at
supercritical water conditions, and for temperatures below 470 °C, the reaction rate
for hydrogen peroxide thermal decomposition determined in the present work
improves considerably the accuracy of the methanol oxidation model studied by
Rice et al. (1996).14

CO/CO, water-gas shift chemistry

An important aspect of modeling reactions in supercritical water, especially from a
combustion chemistry perspective, centers on the issue of whether the reaction
chemistry involves the specific participation of water. It is possible that the presence
of high density water enables individual elementary reactions to proceed at rates
that are significantly different from those that would be predicted from a simple
extrapolation of gas phase expressions to higher pressure. There are a number of
ways that water can affect the rate of a reaction under these conditions. These are:

1) React directly Reactions such as H,O + CHj => CH, + OH are directly dependent
on water concentration. If such a reaction were rate controlling for methane
oxidation, for example, we would expect the overall oxidation rate to reflect a
dependence on water concentration relative to an inert species such a argon.
Evidence for such an effect has been observed for methane oxidation.

2) Participate as a collision partner in “unimolecular” reactions Reactions that are

formally unimolecular such as the decomposition of hydrogen peroxide into
hydroxyl radicals, H;O, +[M] => 2 OH +[M]; M= H,O require a collision partner in
the gas phase to supply the energy to the reaction. In the Lindemann transition state
model, these reactions become independent of [M] at higher densities.

3) Restrict diffusion controlled reactions Several of the reactions in elementary gas-

phase models in supercritical water are evaluated to be very fast when assuming
that collisions occur at the gas kinetic rate. At higher concentration of reactants, the
rate determining step in facilitating these reactions is not the energetic term in the
transition state model, but is the rate at which the species can be brought together.
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That is to say, the gas kinetic collision rate overestimates the actual collision
frequency due to a finite diffusion rate in the supercritical fluid. To date, little work
has been focused on this possible rate limiting effect.

4) Modify transition states The activation energy associated with the activated
complex in an elementary reaction can be significantly changed by the presence of
additional molecules nearby. This can occur either by direct participation, in this
case, of water, in the structure of the transition state or by stabilizing (or
destabilizing) the overall activated complex through electrostatic forces as a solvent

at these high densities.

5) Change equilibrium of reactants and products At high densities, the nonideality
of the fluid can affect the total free energy of the system relative to the values in the
gas phase through solvent-like electrostatic effects, as in 4) above. This especially a
possibility for a polar species such as water.

Several years ago, Melius et al.l6 conducted a theoretical investigation of the
homogenous gas-phase water-gas shift mechanism. They suggested that, at
sufficiently high water densities, the activation energies for the two-step process of
CO conversion to formic acid and the subsequent decomposition of formic acid to
CO, and H, is significantly stabilized by the participation of additional water
molecules in the transition state complex. We have examined the conversion of CO
and H,0O to CO, and H; in the absence of a catalyst in supercritical water over a range
of conditions from 400 - 500 °C and 2.0 - 50 MPa, in our optically accessible constant-
volume reactor (SCVR). We employed Raman spectroscopy as an in situ real-time
diagnostic for measuring reaction rates. This diagnostic permits the continuous
monitoring of CO, COp and Hp concentrations as the reaction proceeds.

The data conclusively show a very strong water-density dependence for the reaction
rate at water concentrations above 10 moles/liter. Interestingly, there is only a weak
temperature dependence exhibited by the data. Figure 10 shows an example of the
progress of the reaction in supercritical water at 410 °C and 26.8 MPa (3900 psi). At
these conditions the water concentration is 9.4 mole/l. The reaction is extremely
slow and the carbon balance is essentially complete considering only CO and CO,.
The first order rate constant determined from dIn[CO]/dt is about 7.5 x 10-° s-1,
Figure 11 shows the progress of the reaction at 51.7 MPa (7500 psi) (water
concentration = 30.8 mole/l). The effective first order rate constant is 3.0 x 10-3 s-1.
A change in water concentration by a factor of 3 results in a change in the rate by a

factor of 40.
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There are two important observations: 1) we have observed an increase in the
reaction rate over a range of temperatures when the density of water is raised above
035 g/cm3 that is much greater than a linear dependence on the water
concentration, and 2) at elevated pressure and temperature, the conversion of CO is
complete. The analysis of these data within the context of the Melius model
suggests that densities above the critical density of water afford a change in the
homogenous water-gas shift mechanism that results in rapid and complete
conversion in a catalyst -free single processing step.

Figure 12 shows the results of all of the experiments recorded to date at 410 °C,
450 °C, and 480 °C. With the rate constant k defined as k= -dIn[CO]/dt. The data is
close to first order in CO concentration over the entire pressure range that was
examined. Although typically the consumption of the first 30 % of the CO does
generally appear to be slightly faster than at later times. However, because the rates
vary approximately two orders of magnitude over the experimental pressure range,
in order to compare all of the results together, the later time (slower) rate constant is
presented.
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Figure 12  First order rate coﬁstant, defined as -dIn [CO]/dt, plotted as a function of
water concentration at 410 °C, 450 °C and 480 °C.

Clearly, there is a significant non-linear variation in the conversion rate of CO to
CO; as a function of water concentration. Figure 13 shows these data plotted on a
semi-log plot. This shows that the variation with water concentration is not linear
over the entire experimental regime. These data strongly support the suggestion by
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Melius et. al. that the transition states for the formation and decomposition of the
formic acid intermediate are significantly different at the higher water densities. At
this time we are still in the process of collecting data at higher temperature and at
pressure. A more complete analysis of these data will be presented in our next
quarterly report.
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Figure 13 ~ Same data in Figure 12 replotted in semi-logarithmic format.
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Comparison of SCWO Methanol Kinetics.

The effort to compare methanol oxidation rates between the MIT and Sandia
tubular flow reactors has thus far led to the redesign of the MIT reactor mixing tee
and the validation of hydrogen peroxide as an alternative oxidant. While the
improvements in mixing led to better agreement between the methanol oxidation
rates observed in both laboratories, the remaining differences were substantial
enough to warrant further investigation. Based on the results of a simple preheater
control experiment, we felt that a systematic temperature measurement error in the
MIT system might be responsible, as highlighted in our last quarterly report.
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Interest in closing the gap between the two methanol data sets resulted in a very
productive three-day visit of an MIT researcher, Brian Phenix, to Sandia in July. A
review of the data and work with a Sandia methanol oxidation model led to two
conclusions. First, the current approach of comparing rate constants derived from
both high- and low-conversion experiments is inadequate due to the presence of an
induction time in the data. The observed induction time or lag makes the
calculated rate constants dependent on the extent of reaction. To date, the bulk of
MIT data have been taken at low to moderate conversions (typically 20-70%) while
the Sandia data being used in the comparison have been from relatively high
conversion experiments (70-95%). It was agreed that a series of new, jointly-planned
experiments should be carried out at both laboratories and the basis for comparison
should be the raw data rather than derived quantities such as rate constants.

Improvements to the SCWO Reactor System.

Based on an updated Arrhenius plot of the latest MIT and Sandia data, it appears
that the two methanol data sets differ by approximately 15 °C. As a result of the
possible temperature discrepancy, efforts have been ongoing at MIT to improve the
feed stream preheating system to minimize heat loss between the preheater section
and the main reactor. We have successfully designed, installed, and tested a direct
ohmic preheating system which enables us to provide power input throughout the
entire length of the preheating transfer lines. We have also doubled the length of
preheater tubing immersed in the main sandbath to provide sufficient residence
time at reaction temperature to make up for any heat loss in the transfer lines. After
these modifications, a series of experiments were carried out to ensure that the
additional preheating lines did not interfere with fluidization in the sandbath.
Those experiments demonstrated that there were no dead zones or significant
temperature variations in the main sandbath. Experiments are now underway with
the modified system. The goal, as before, is to carry out methanol oxidation
experiments under identical operating conditions to those used at Sandia.

Oxidation kinetics of aromatics in supercritical water.

The investigation of the reaction kinetics of aromatic compounds in SCW is
currently underway. The immediate goal of the research on aromatics, which will
continue to be the main focus of research under the SERDP program in the year
ahead, is to-gather kinetic data on the oxidation of benzene and phenol. We are
using the bench-scale, tubular flow reactor to measure the rates and extents of
benzene and phenol disappearance as functions of temperature, pressure (or
density), and the inlet oxygen and aromatic concentrations. The intent is to
represent this data using global kinetic rate expressions that correlate the reaction
rates of benzene and phenol in SCW to the feed concentrations and temperature.
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Analysis of benzene and its partial and final oxidation products is being conducted
using gas chromatography (GC) with both flame-ionization (FID) and thermal
conductivity (TCD) detectors. Analysis of low molecular weight, gas-phase
hydrocarbons is performed by GC-FID with a 30m x 0.32 mm Astec GasPro™
capillary column. Permanent gases (oxygen, nitrogen, hydrogen, carbon monoxide,
and carbon dioxide) are analyzed by GC-TCD using a 5" x 1/8” OD packed Carboxen
1000 column connected via an air-actuated switching valve with a 8 x 1/8” OD
Molesieve 5A column. Analysis of liquid samples for benzene and phenol is
conducted by GC-FID on a 30 m x 0.53 mm Supelco SPB-1 capillary column preceded
by a 2.5 m x 0.53 mm Restek Hydroguard™ column .

The partial oxidation products formed during benzene oxidation in SCW which
have thus far been identified by the above-mentioned GD-FID and GD-TCD analysis
appear in Figure 14-16. Carbon balances (moles of carbon recovered in
products/moles of carbon in feed) calculated using only the species appearing in
Figure 14 range from 90-105%, indicating that these products account for the
majority of the reacted carbon. Of these products, most of the reacted carbon is in
the form of carbon monoxide, carbon dioxide, phenol and methane. Ethylene and
acetylene each account for less than 1% of the reacted carbon. The early appearance
of a significant quantity of carbon dioxide (Figure 1) relative to the amount of carbon
monoxide is in agreement with the observations at the by Savage and co-workers at
the University of Michigan that the carbon dioxide yield always exceeds that of
carbon monoxide in the SCWO of phenol, o-cresol and p-chlorophenol.

Efforts are underway to identify the remaining minor partial oxidation products.
The pH of the liquid effluent from benzene oxidation experiments is typically
around 4, signifying the presence of small amounts of organic acid(s). The gas-phase
analysis by GC-FID shows that there are several yet unidentified compounds
present, although also in small amounts. Additionally, it is possible that minute
amounts of higher molecular weight condensation products are being formed
during the SCWO of benzene since they were observed in the effluent from SCWO
experiments of aromatics by Savage and co-workers. There are a variety of analytical
techniques available to us at MIT which we intend to exploit to identify these
remaining minor partial oxidation products, including GC-MS and HPLC coupled
with both mass spectrometry and diode array detection.

Experiments are continuing on benzene oxidation in SCW to complete our goal of
developing a regressed global rate expression. We will be comparing the
experimental species concentration profiles of benzene as well as of the partial and
final oxidation products with those obtained using a benzene combustion model
developed at MIT, which has been adjusted for high pressure, to determine if the
mechanism for benzene oxidation in SCW is similar to that under combustion
conditions. Following these experiments with benzene, complementary
experiments will be performed using phenol, which we observe as an intermediate
in the SCWO of benzene (see Figure 15), as well as with other select aromatics.
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Figure 14

Figure 15

Molar Yield

CO, €0, and CHy produced during SCWO of benzene, (57514°C, 24612
bar, 7.5:1 O,/C¢Hg Molar Feed Ratio). Molar yield is defined as the

" mole of product/mole of benzene reacted.
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Phenol produced during SCWO of benzene (575+4°C, 24612 bar, 7.5:1

- O,/CgHg Molar Feed Ratio).
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Figure 16 Minor species acetylene and ethylene produced during SCWO of
* benzene (57544°C, 24632 bar, 7.5:1 O,/ CgHg Molar Feed Ratio).

Hydrolysis of CH2Cl> in Sub- and Supercritical Water.

Work has continued on the analysis of methylene chloride (CH2Clp) hydrolysis data
gathered last year. The focus has been to account for the significant reaction under
subcritical conditions and very little reaction under supercritical conditions. The
results will be used to generate a global rate expression for CH,Cly hydrolysis and
oxidation.

An extensive literature search was conducted to find heat transfer correlations for
water under sub- and supercritical conditions. These correlations were needed to
model the temperature-time history of the feed solution in the preheater tubing.
More than one correlation was needed to account for the different physical and
geometric conditions that exist at different positions in the preheater tubing.
Together these correlations allow calculation of the internal heat transfer coefficient
and take into account the following: flow regime (laminar or turbulent), tube
orientation (horizontal or vertical), direction of flow (up or down for vertical
orientation), the presence of mixed convection (forced and natural), heat transfer
effects near the critical point, and the lowering of the transition to turbulence under
conditions where natural convection is significant; all developed for water. The
fact that the preheater tubing is coiled was found not to have a significant effect on
heat transfer due to the relatively large radius of coiling (13 cm) compared to the
tubing diameter (1 mm). The constant external heat transfer coefficient was fit to
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the experimental data so as to match the measured temperature at the end of the
preheater tubing. The fitted values were found to be in very good agreement with
what would be expected for tubing in a fluidized sandbath under these conditions.

These heat transfer coefficient values were used in a differential heat balance (all
encoded in a Fortran program) to predict the temperature and time profiles as a
function of position in the preheater tubing. These profiles have helped us to
explain some of the unusual trends observed in experimental conversion values,
and to correctly predict high, but subcritical, temperatures (where materials are most
susceptible to corrosion) at positions where corrosive failure actually occurred in the

preheater tubing.

The fact that hydrolysis conversion of CH)Cl; was very low under supercritical
conditions is actually not that surprising when one considers the effects on this
reaction of the changing nature of the water environment as temperature increases.
The transition state complex formed from the reaction of CH,Cly and HyO is more
polar (higher charge density) than either of the two neutral reactants. Therefore, a
decrease in the water solvent polarity (as occurs with increasing temperature near
the critical point and beyond) results in less stabilization of the transition state and
consequently a slower reaction rate relative to that in lower temperature liquid
water.

To quantify this effect, one needs to incorporate a correction factor into the standard
Arrhenius form of the reaction rate constant. This correction factor is based on the
change in the Gibbs free energy, AG, involved in transferring a molecule from a’
medium of dielectric constant =1 (vacuum) to a medium of dielectric constant &,
and can be derived from a combination of electrostatics and transition state theory.
The actual form of the correction factor depends on the dielectric constant and
temperature of the medium, as well as the dipole moment (u) and radius (r) of both
reactants and the transition state complex.

We have are currently using ab initio calculations to determine p and r for CHyCly,
H0, and their transition state. So far, the calculations are in good agreement and
confirm our expectations. They do show a much higher p or charge density
derivative for the transition state as expécted and predict that the value of the rate
constant at 550°C should drop by more than two natural log units due to the
decreasing polarity of water under these conditions. Future work will involve
using this correction factor for the rate constant in a nonlinear regression of our
experimental data to determine optimized Arrhenius parameters for both CH,Cly
hydrolysis and oxidation.

Finally, we are beginning some batch experiments on CH)Cly hydrolysis to
determine if there is any catalytic effect due to the Hastelloy C-276 tube wall. These
experiments will be conducted over the subcritical range of 100-300°C, where most of
the reaction probably occurs. The experiments will be performed in a series of glass
ampules; one containing only CHCl solution and one or more others containing
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various amounts of nickel alloy (Hastelloy C-276 or Inconel 625) beads. The results
will help us to determine if there is any significant effect of nickel alloy on CHyClp
breakdown (relative to the homogeneous reaction), and allow us to compare and
extend the range of a similar earlier study found in the literature that was done in
Pyrex ampules only at low temperature (80-150°C) and without any nickel alloy
present.

Princeton University, Mechanical and Aerospace Engineering Department

As reported previously, the atmospheric pressure pyrolysis and oxidation of anisole
have been investigated near 1000 K. Experimental data and pyrolysis modeling
results were presented at the Fall Meeting of the Western States Section of the
Combustion Institute. In addition, a paper entitled “A Kinetic Study of the Pyrolysis
and Oxidation of Anisole” has been submitted to The Journal of Physical Chemistry.

The pyrolysis model consists of 66 reversible reactions involving 31 species.
Elementary reaction rate parameters for much of the dominant chemistry were
obtained from thermodynamic estimations, QRRK analysis, and semi-empirical
molecular orbital calculations. Model predictions of anisole decay and CO
production, descriptors of overall reaction progress, agree well ‘with experiment
(Figure 17). Excellent agreement is also obtained between experimental data and
model predictions of methylcyclopentadiene (Figure 18) and total phenolics (Figure
19). Predictions of benzene and cyclopentadiene, minor species, are reasonable
(Figure 18). The model presently does not predict well the production of phenol.
Total phenolics are successfully modeled, but the split between phenol and cresols is
not. At longer residence times, phenol constitutes approximately half the measured
yield of phenolics. In contrast the model overpredicts cresols by a factor of 2 and,
" essentially, does not predict phenol. Accordingly ethane and methane are
underpredicted; methyl groups are trapped in excess cresols, unavailable to reactions
forming methane and ethane.

A model for the oxidation of anisole is currently under development. As reported
previously, oxidation is observed to proceed through the methylcyclopentadiene
molecule. Rate parameters for reaction steps involving the addition of radicals (H,
HO,, O) to CH3CsHs and subsequent ring rupture have been estimated from
analogous reactions and thermodynamic considerations. @ The modeling of
methylcyclopentadiene oxidation is complicated by the presence of all three of its
isomers. Two are observed experimentally and the presence of the third is inferred
from knowledge of the CH3CsHs formation pathways in the anisole system. Thus
far, the oxidation model accounts qualitatively for the C,-C4 reaction intermediates
observed in the oxidation of anisole.
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Figure 17  Comparison of experimental data and model prediction of anisole and
carbon monoxide. Solid lines indicate model results.
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Figure 18  Comparison of experimental data and model prediction of
. cyclopentadiene, methylcyclopentadiene, and benzene. Solid lines
indicate model results.
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Figure 19  Comparison of experimental data and model prediction of total
. phenolics=phenol+o- and p-cresols. Solid line indicates model results.

Development of the anisole oxidation model will continue toward quantitative
prediction of the consumption of methylcyclopentadiene and the production of C,-
C4 hydrocarbons and CO. The development of a phenol model is also planned based
upon data collected last year for the oxidation of phenol over a range of
stoichiometries at 1170 K.
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