Hydrogen Peroxide Decomposition in Supercritical
Water

Eric Croiset, Steven F. Rice, and Russell G. Hanush
Combustion Research Facility, Sandia National Laboratories, Livermore, CA 94551

This work determines the rate constant of hydrogen peroxide decomposition in super-
critical water. Experiments were conducted at pressures ranging from 5.0 to 34.0 MPa
and for temperatures up to 450°C. The rate of the homogeneous decomposition reaction
is distinguished from the rate of the catalytic decomposition on the reactor surface by
conducting experiments at different surface-to-volume ratios. The rate constant of H,0,
decomposition follows the expression k(s~!) = 10"7%*1? exp[(— 180 + 16
kJ/mol)/RT], providing a higher value than that derived from RRKM calculations.
Comparison between experiments at supercritical conditions (P =24.5 and 34.0 MPa)
and experiments in high-pressure steam (P = 5.0 and 10.0 MPa) show that the effi-
ciency of the catalytic surface reactions decreases significantly under supercritical condi-
tions. The rate constant just mentioned was incorporated into a methanol oxidation
model and the new prediction is compared with the experimental data of Rice et al.
(1996), showing a distinct improvement compared to the original prediction.

Introduction

Supercritical water oxidation (SCWO), a form of hy-
drothermal oxidation (HTO) processing, is a promising alter-
native technology for the destruction of hazardous waste.
Above its critical point (374°C and 22.1 MPa), water has
properties such that organic compounds oxidize rapidly in a
single phase to form products such as CO, and H,O. Over
the past few years, there has been considerable effort to
characterize the rate of the destruction of different hydrocar-
bons by this process (Webley and Tester, 1991; Hirth and
Franck, 1993; Holgate and Tester, 1994a,b; Alkam et al,,
1996; Steeper et al., 1996; Brock and Savage, 1995). Kinetics
modeling in several of the articles just mentioned points out
the high sensitivity of organic oxidation to hydrogen peroxide
decomposition:

H,0, +(M)—-2OH+ (M), (R1)
where the collision partner, M, is water. Unfortunately, ex-
perimental data available for this reaction are either in the
gas phase (Giguére and Lu, 1957; Meyer et al.,, 1969) or in
the aqueous phase for temperatures below 280°C (Takagi and
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Ishigure, 1985). No direct measurements of the reaction rate
of hydrogen peroxide decomposition in supercritical water
conditions are available in the literature.

For purposes of elementary modeling for high-pressure hy-
drothermal oxidation, this reaction rate has been determined
by means of RRKM calculations with an assessment of the
high-pressure limit (Holgate, 1993). Using a calculated rate
constant, elementary models have succeeded fairly well in re-
producing experimental data in supercritical water conditions
in the case of hydrogen oxidation at 550 and 570°C (Holgate,
1994b) and methanol oxidation (Rice et al., 1996). Yet, in the
work of Rice et al., the predicted conversion of methanol for
temperatures below 490°C appears to be slower than the con-
version given by the experimental data, with the discrepan-
cies increasing at lower temperatures. Because the dissocia-
tion of hydrogen peroxide was found to be rate controlling in
the elementary reaction model during much of the reaction
of methanol oxidation, the principal cause of discrepancy be-
tween experimental results and model prediction may likely
originate from the rate of H,0, decomposition. On a molec-
ular scale, the nature of H,0, dissociation may be explicitly
affected by the presence of water, resulting in additional
buffer concentration dependencies not calculable by way of
the RRKM method.
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The present work determines the rate constant of hydro-
gen peroxide decomposition by direct measurements in a su-
percritical flow reactor, for pressures ranging from 5.0 MPa
to 34.0 MPa and for temperatures up to 450°C. In order to
determine the homogeneous dissociation of H,O, inde-
pendent of catalytic dissociation occurring on the reactor sur-
face, experiments were conducted in reactors of different
surface-to-volume (S/V) ratios. An experimentally deter-
mined expression for the homogeneous dissociation of H,0,
is derived and incorporated into a methanol oxidation model.
The new prediction is compared with the experimental data
of Rice et al. (1996), showing a distinct improvement com-
pared to the original prediction.

Experimental Section

The hydrogen peroxide decomposition experiments pre-
sented here were conducted in Sandia’s Supercritical Fluids
Reactor (SFR), described in detail elsewhere (Hanush et al.,
1995; Rice et al., 1996). For the present work, several modifi-
cations were made from the previous configuration, and con-
sequently, a brief description of the main characteristics of
the reactor is warranted here.

The reactor is fed by two high-pressure lines, one for the
primary water stream and the second for hydrogen peroxide.
The water-line pressurization consists of a supply tank and a
pneumatic high-pressure liquid pump (AE Maximator,
PPSF111). The fluid is preheated in a staged subsystem con-
sisting of Inconel 625 high-pressure tubing, 0.48-cm (3/16-in.)
ID, totaling a length of 310 cm. The high-pressure pump pro-
vides water at a rate varying from 0.15 mL-s~! to 1.0 mL-s™!
at STP conditions. The hydrogen peroxide feed system con-
sists of an H,0, supply vessel, an HPLC pump (LDC Analyt-
ical, ConstaMetric 3200) and an injector tube of 0.033-cm
(0.013-in.) ID. The HPLC pump delivers flow rates varying
from 0.001 mL-s~! to 0.16 mL-s~! at STP conditions. Both
water and hydrogen peroxide tanks are placed on electronic
balances (Mettler PC4400 and PE300, respectively) and their
mass variations are followed during the experiments. This
leads to higher accuracy for flow-rate measurement and can
identify cavitation problems in the HPLC pump that occa-
sionally occur when working at high H,O, concentration.
Hydrogen peroxide feed is prepared by adding the appropri-
ate mass of deionized water to 30 wt. % H,0, (J. T. Baker,
electronic grade). Hydrogen peroxide and water are mixed
under turbulent conditions in a 10.2-cm opposed-flow tee
mixer. Hydrogen peroxide is preheated to the reaction tem-
perature prior to mixing in the final section of the injector
located within the tee fitting. Nonisothermal decomposition
in the injector is negligible for temperatures below 300°C, but
becomes very important for temperatures above 380°C and is
addressed below. The combined flows then pass into the re-
actor subsystem that, similar to the preheater, consists of
0.48-cm (3/16-in.) ID tubing. Samples are collected at several
points along the length of the reactor. The sampling line is a
0.015-cm (0.006-in.) ID tube and is immediately cooled by
immersion in a water bath. The approximate calculated
quench time of 10 ms represents less than 1% of the total
reaction time. Samples are analyzed after collection by iodo-
metric analysis. In addition, for concentrations less than 4
ppm (weight basis) hydrogen peroxide content is measured by
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photoelectric colorimetric analysis (Orbeco-Hellige, Water
Analyzer Model 943). With this method, hydrogen peroxide
concentrations as low as 0.02 ppm can be measured.

In order to determine reaction rates, residence time must
be determined, which in turn requires the density and the
mass flow rate of the fluid. At constant mass flow rate, the
density of the fluid changes as the reaction proceeds due to
the change in composition of the system from an H,0-H,0,
binary mixture to an H,0-O,-H,0, ternary mixture. The
maximum initial H,O, concentration at the mixing point was
only 4% mole fraction and the hydrogen peroxide decompo-
sition rate is sufficiently fast in the supercritical phase that
H,0, was present in only small amounts in the reactor. The
density of the final mixture, essentially water and oxygen, is
then a reasonable approximation of the density of the fluid
throughout the reactor. The residence time in the reactor is
calculated from the density of the final mixed stream, an
H,0-O, binary mixture. The density of the final mixture is
determined from an equation-of-state (EOS) calculation pro-
posed by Gallagher et al. (1993a) for mixtures of gases and
supercritical water. Calculated results on the H,0-CO, sys-
tem (Gallagher et al.,, 1993a) and the H,O-N, system (Gal-
lagher et al., 1993b), with which this EOS formulation was
tested, produce an uncertainty in the density estimated to be
less than 2%. For the H,0-O, system, the species-specific
parameters required by the program were obtained by com-
parison to the data of Japas and Franck (1985). The uncer-
tainty for the H,0-O, system is very likely to be also on the
order of 2%. Mass flow rates were determined directly from
the electronic balance data as a function of time. With this
method the mass flow rates are known to within +0.5%.

Results and Discussion

Rate constant derivations

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

- d[H,0,]

= = k,[H,0,], 6)
where [H,0,] is the hydrogen peroxide molar concentration,
and k, is the global H,0, decomposition rate constant, in
s~1. The rate constant is defined in terms of the experimen-
tal measurements by integrating Eq. 1 to yield

=—k,t, )

where ¢ is the residence time and where the index i repre-
sents the initial concentration and the index 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
ID injector. As a result, Eq. 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. Equa-
tion 2 is then rewritten in the following form:
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— kgt,

(3)

[H,0,]; [H,0,], [H,0,],
In| =221 =
( [(F,0,], ) ““( [H,0,], ) “"( (H,0,], )

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

[Hzoz]f PfW}
1 =
n( [Hzoz]o) ln( pPoWo i
and
[H202]1 _ P1
“‘( [H,0,], ) ~i(a? ) ®

where « is a dilution factor equal to (F,, + F,)/F,,, with
F,, and F, representing the hydrogen peroxide and water
mass flow rates, respectively; p is the total density; and W is
the hydrogen peroxide mass fraction. With the assumption
that p, = p; = p;, Eq. 3, combined with Egs. 4 and 5, be-
comes

[H,0,]; [H,0,],
| at—L|=ln] 2L | = - i ge <}
n(ozp0 Wo) n( [HZOZ]Ii) kgt+ln( [Hzoz]o) 6)

The lefthand side of Eq. 6 is determined experimentally. The
plot of In [ap; WA py Wy)] vs. time is then a linear function
with a slope that represents the rate constant. Here, the con-
centration [H,0,]! is the exact value of the initial concentra-
tion in the absence of hydrogen peroxide decomposition in-
side the injector. Without this decomposition the graph ob-
tained from the relationship represented by the lefthand side
of Eq. 6 vs. time is a straight line passing through the origin.
Because of decomposition in the injector, a nonzero y-inter-
cept is realized.

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 re-
actor surface. By conducting specific experiments described
below that vary the system S/V ratio, the wall-catalyzed de-
composition rate can be separated from the homogeneous
process. The rate constants due to wall surface and to homo-
geneous reactions are treated in the following “Surface Ef-
fects” section. This section addresses only the determination
of the global rate constants.

Experiments were performed at 24.5 and 34.0 MPa for
temperatures ranging from 150°C to 450°C. Figures 1 and 2
show the plots of In [(H,0,];/[H,0,];) vs. residence time at
24.5 MPa, for temperatures below and above the critical tem-
perature of water (374°C). The curves obtained are straight
lines, which confirms that the decomposition of hydrogen
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Figure 1. Variation of In ([H,0,];/[H,0,];) vs. resi-
dence time.

Pressure = 24.5 MPa. Results are shown for temperatures
below the critical temperature of water: 150°C O; 200°C @;
250°C O; 300°C m.

peroxide follows first-order global kinetics. Comparison be-
tween these two figures shows important differences between
experiments conducted above and below the critical tempera-
ture of water, T, (374°C). For experiments well below T, the
straight lines pass through the origin, indicating no signifi-
cant H,0O, decomposition inside the injector, whereas near
and above T, the straight lines do not pass through the ori-
gin, implying considerable H,O, decomposition before the
mixing point. However, H,O, decomposition inside the in-
jector does not prevent the interpretation of the results, be-
cause Eq. 6 shows that only the slope of the curve is neces-
sary to determine the rate constant in the larger bore reactor.
At 34.0 MPa the plots obtained are very similar to those at
24.5 MPa. All rate constants, at different pressures and tem-
peratures, are given in Table 1.

The Arrhenius plots at 24.5 and 34.0 MPa are presented in
Figure 3. This figure shows no measurable differences be-
tween 24.5 and 34.0 MPa below or above the critical temper-
ature of water. Below 374°C, straight lines confirm that the

In([H,0,1¢/ [H,0, 1))

residence time (s)

Figure 2. Variation of In ([H,0,];/[H,0,];) vs. resi-
dence time.

Pressure = 24.5 MPa. Results are shown for temperatures
above the critical temperature of water: 380°C 0; 390°C @;
400°C O; 420°C m; 425°C <; and 440°C ¢.
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Table 1. Global First-Order Rate Constants for Hydrogen
Peroxide Decomposition at 34.0, 24.5, 10.0 and 5.0 MPa, at
Temperatures Ranging from 150°C to 450°C

P(MPa) T(C) Kk, (1) |P(MPa) T(O k(s )
340 180 0.02£0002 | 245 400  1.17£0.09
340 250 01110005 | 245 420 2223039
340 300 02050002 | 245 425 2424057
340 350 046+002 | 245 440 5804022
340 380 048+002 | 100 330 273%0.19
34.0 400 0.62+0.05 10.0 350 2.51+0.35
340 425  200£041 | 100 370 2731029
340 440 3841041 | 100 390 3574017
340 450 5.88° 100 410 420°
245 150 001£0000 | 50 160  0.01+0.000
245 200 0030000 | 50 200 0.03%0.001
24.5 250  0.07+0.003 5.0 230  0.05+0.002
245 300 0940006 | 50 280 2313032
245 380 068+010 | 50 300 2341065
24.5 390 0.66+0.11 5.0 320 3.08+0.42

*Error on k not determined, only two data points.

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 presents a
slightly more pronounced curvature that is more easily ob-
served at temperatures below 420°C. However, above 420°C,
the plot converges with the plot for the 34.0 MPa data. The
data at 34.0 MPa fall in two straight lines, with a break in the
slope occurring near the critical temperature of water, indi-
cating 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, P = 5-34 MPa):

k,=10>°%%2exp[(—46+2 kJ/mol) /RT] (s™') (7)

and in the supercritical phase (T > 380°C, P = 24.5-34 MPa):

T (°C)
500 400 300 200
4 1 1 1 1
2_.
—_ .’0 & A A
e 0
.Muo -24
8
-4 ]
-6 T T T T T
1.2 1.4 1.6 1.8 2 2.2 2.4
1000/T (K- 1)

Figure 3. Arrhenius plot of In (k,) vs. the reciprocal of
the temperature.

The global 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 polyno-
mial fits to data: 5.00 MPa ¢; 10.0 MPa a; 24.5 MPa @;
and 34.0 MPa O.
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k, =100 exp[(— 18241 kI/mol) /RT] (s~1). (8)

In addition, a series of experiments was performed at 5.0 and
10.0 MPa to investigate the behavior of H,0O, decomposition
below the critical pressure of water (22.1 MPa). The results
are also shown 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. This can be ex-
plained 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 2 at 5.0 MPa to 841.9 kg - m 2
at 34.0 MPa (NBS Steam Tables, Haar et al., 1984). 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 con-
stant occurs for temperatures above 370°C. However, none of
the curves obtained at 5.0 and 10.0 MPa in the gas phase
follow an Arrhenius form. This observed deviation from an
expected Arrhenius behavior originates from surface reac-
tions effects and will be treated below.

Surface-effects measurements

The rate of decomposition of hydrogen peroxide on sur-
faces is known to be sensitive to the surface properties
(Cheaney et al., 1959; Hart et al., 1963; Hoare et al., 1967).
Surface effects may be important here and thus may impact
significantly the value of the overall rate constant measured
experimentally. To investigate this, experiments were per-
formed at different values of S/V ratios. The original reac-
tor, in which the experiments described earlier were con-
ducted, has an S/V ratio of 8.33 cm~. To obtain a higher
S/V ratio, seven 0.16-cm OD (1/16-in.) Inconel 625 tubes
were introduced in the 3/16-in. ID original reactor, such that
one tube was positioned in the center of the reactor and the
other six surrounded it. The S/V ratio thus obtained is 55.5
cm™, corresponding to almost a sevenfold increase. Using
this method, the surface of the reactor is increased signifi-
cantly by adding smaller tubes, while the reactor volume de-
creased only slightly (less than a factor of 1.5 in this case).
The dominant 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°C to 420°C.

Figure 4 shows the influence of the S/V ratio on the rate
constant, when the ratio is increased from 8.3 cm~2 to 55.5
cm ™1, This figure indicates that the slopes, and thus the rate
constants, are influenced by an increase in the S/V ratio. For
example, at 410°C, k increases from 1.4 s~! (at S/V=83
cm™!) to 29 s7! (at S/V=55.5 cm™!). The true homoge-
neous hydrogen peroxide decomposition rate constant corre-
sponds to the experimental rate constant when the S/V ratio
approaches zero. By assuming that the observed rate con-
stant varies linearly with the S/V ratio, extrapolation to zero
S/V will give the homogeneous decomposition rate constant
(Holgate and Tester, 1994a). Analytically, this method leads
to the following expression:

k=k,+k 5 9
= h+ W(V) ()
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Figure 4. Influence of the surface-to-volume ratio on the

global decomposition rate constant for the
hydrogen peroxide.

The values for k, are the observed global rate constants for
the decrease in f»{zoz determined from fits to k, = —d In
[H,0,Vdt. Pressure =24.5 MPa. The different tempera-
tures are: 300°C @; 350°C O; 390°C m; 400°C O; 410°C ¢;
420°C ©.

where k, and k,, are rate constants, respectively, for the ho-
mogeneous decomposition and for the catalytic decomposi-
tion on the wall. The global heterogeneous decomposition
rate can thus be determined as follows:

(k)1—(k)2
5)-)
Vi \V),
where the indices 1 and 2 represent, respectively, experi-
ments run in the reactor with low and high S/V ratios. The
data show that, at supercritical water conditions, k,, follows

the Arrhenius form and the following expressions were deter-
mined by linear regression:

k, (cm-s~1)= (10)

k, =10%3+%3exp[(—62.5+4.4 kI/mol) /RT] for T >T,
a1

for T <T,.
(12)

k,, =103 exp[(—40.8 kJ/mol) /RT]

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

k, =10137%+12exp[(—180+ 16 kJ/mol) /RT] for T > 380°C
13)

for T <350°C.
4)

k, =10%6%03 exp[(—49 + 3 kl/mol) /RT]

After correction for the surface effect, the rate constant of
homogeneous H,0, decomposition in the supercritical water
region at 24.5 MPa (see Eq. 13) agrees very well with the
expression found at 34.0 MPa (see Eq. 8). We conclude that
the rate constant in,the supercritical water region is thus
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pressure independent. The rate constant k,, represents only
about 20% of the global rate constant, and appears to have a
decreasing influence at higher temperature relative to the
homogeneous term. In fact, the normally configured reactor
S/V ratio is sufficiently small to require only a minor extrap-
olation from the global rate to the homogeneous rate. The
magnitude of this correction is near the experimental accu-
racy.

In the liquid phase, the rate constant described by Eq. 14
is very similar to the one without correction from the wall
surface, implying that wall surface does not alter significantly
the global rate constant in the liquid phase, again reflecting a
decreased influence of surface reactions at higher fluid densi-
ties.

Reaction mechanism of H,0, 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 H,0, dissoci-
ation, which as will be seen, can be derived from the mea-
sured homogeneous rate constant. Earlier, hydrogen perox-
ide decomposition was described by the decomposition reac-
tion

kp
H,0, — H,0+1/20,. 15)
It has been suggested (Giguére and Liu, 1957; Tagaki and
Ishigure, 1985) that this reaction proceeds by the pathway:

ky

H,0, +(M) — 20H+(M) (R1)
ky

OH+H,0, — H,0+HO, (R2)
ks

OH+HO, ™ H,0+0, (R3)
ky

HO, +HO, — H,0,+0,. (R4)

The collision partner in reaction R1 is H,O, which is in
large excess. Moreover, the parentheses surrounding the col-
lision partner in reaction R1 indicate that at lower pressures
the rate for hydrogen peroxide unimolecular dissociation re-
quires a collision. For the densities in the supercritical re-
gion, RRKM calculations indicate (Tsang and Hampson,
1986) 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 ex-
periments of Meyer et al. (1969), who observed that the
high-pressure falloff region begins at about 2.0 MPa. In addi-
tion, rate constants data obtained at 24.5 and 34.0 MPa (see
Figure 3) show that these rate constants are independent of
the pressure, supporting the fact that the reaction rate is at
the high-pressure limit in the supercritical region. Under the
conditions of the present work, the collision partner in reac-
tion R1 is thus omitted.

According to reactions R1-R4, the expression of the rate
of disappearance of [H,0,] is written as:
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Table 2. Different Values for H,0, Thermal Decomposition Rate Constants*

log A E (kJ mol™1) Temp. range (°C) Remarks .
Supercritical Region
This work 134+1.2 180+ 16 380-450 P =24.5-34.0 MPa
Holgate (1993) 14.9 209 400-600 P =24.6 MPa
Vapor Phase
Giguere and Liv (1957) 13.0 201 400-500 P=3x10"°-3Xx10"3 MPa
Meyer et al. (1969) 135 207 677-1177 k=k,
Baulch et al. (1994) 14.5 203 730-1230 k=k,
Aqueous Phase
This work 36403 4943 150-350 P=5,...,34MPa
Takagi and Ishigure (1985) 5.8 71 100-250 At least up to 4 MPa**

*These values are given for different states of water. The rate constant k is of the form k = A exp(— E/RT). k., accounts for the high-pressure,

second-order limit.

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

d[H,0,] 2
——— = k,[H,0,]- k,[OHI[H,0,]+ k,[HO,I".

(16)

Using the steady-state assumption for [OH] and [HO,] we
obtain

d[H,0,]
- —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 dis-
cussed at the end of this section.

From our data, in the supercritical region the rate constant
k, becomes

k;=10"34+12exp[(—180+ 16 kJ/mol) /RT].  (18)
Likewise, in the aqueous phase, the rate constant k, is
k;=1033+03exp[(—49+3 kJ/mol) /RT 1. (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 Ishigure (1985). Yet, the lower activation energy found in
this study is counterbalanced by a higher preexponential fac-
tor. For these two works, the absolute values of the rate con-
stant are found to be of the same order of magnitude in the
temperature range 150-350°C. Our results can then be con-
sidered to be 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 rate con-
stants in the vapor phase determined by others. This compar-
ison is shown in Figure 5, where each expression is repre-
sented in its temperature range. The commonly accepted ex-
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pression for the gas-phase rate constant is the one recom-
mended by Baulch et al. (1994). The rate constant of Holgate
(1993) at 24.6 MPa was determined from RRKM calculations
and was found to be very close to the high-pressure limit.
The expression derived by Holgate is in fact very close to the
expression of Baulch et al. and represents an extrapolation of
Baulch values to the temperature range 400—-600°C. There-
fore, the rate constants of Meyer et al. (1969) are an esti-
mated lower limit of k,, and the rate constant of Giguére
and Liu (1957), determined at pressures below 3 kPa, was
well below the high-pressure limit. Therefore, the values of
Meyer and Gigucre represent a lower estimate of the hydro-
gen peroxide decomposition rate constant in their tempera-
ture range.

The rate constant determined in the present work, k=
10'*# exp(—180,000/RT), has an error limit, A log k,, equal
to 0.1. By extrapolating the expression of Baulch et al. (1994),
whose error limit is 0.5, to 450°C, it is found that log k, ranges

T (°C)
1200 800 600 500 400
15 1 - 1 1 1 1
. % &—— Baulchetal.
N
10+ AN
= } N This work
& 57 Meyeretal N ~ e
~ N
= S
01 Holgate et al. \
. S
-5 Giguere et al. AN
0.6 0.8 1 1.2 1.4 1.6
1000/T

Figure 5. Comparison between different values of rate
constants for H,0, thermal decomposition.

Each line is drawn for its corresponding temperature range,
except for the thin dashed line, which represents the extrap-
olation of the present work at higher temperatures. Holgate’s
work and the present work correspond to supercritical con-
ditions. The rate constants suggested by Baulch et al. and
Meyer et al., correspond to the high-pressure limit, k.
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Table 3. Detailed Reaction Mechanism for the System O-H*

Reactions A B T* Source
1 O+H+H,0(=)OH+H,0 471E +18 —-1.00 0.0 1
2 O+H,{(=)H+OH S5.13E +04 2.67 3,160.0 2
3 H+0,{=)0+O0H 9.75E +13 0.00 7,470.0 3
4 0+HO,(=)OH+0, 1.75E +13 0.00 ~200.0 1
5 0+H,0,(=)OH+HO, 9.63E +06 2.00 2,000.0 1
6 2H+H,(=)2H, 9.78E +16 —0.60 0.0 3
7 H+20,{=)HO, +0, 641E +18 ~1.00 0.0 1
8 H+0, +H,0(=)HO, +H,0 9.42E +18 -0.76 0.0 4
9 H+OH+M(=)H,0+M 221E+22 —-2.00 0.0 1
10 H+HO,{=)O0+H,0 3.01E +13 0.00 866.0 3
11 H+HO,(=)0, +H, 427E +13 0.00 710.0 3
12 H+HO,(=)2 OH 1.69E +14 0.00 440.0 3
13 H+H,0,{=)HO, +H, 1.69E +12 0.00 1,890.0 3
14 H+H,0,(=)OH+H,0 L02E +13 0.00 1,800.0 3
15 H, +H,0(=)2H+H,0 843E +19 —-1.10 52,530.0 1
16 OH+H,{(=)H+H,0 2.16E +18 1.51 1,726.0 5
17 2 OH(=)0O+H,0 1.52E +09 1.14 50.0 3
18 OH+HO,(=)H,0+0, 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, +O} 5.28E —35 14.06 ~9,605.0 6
21a H,0,(=)OH+OH" 228E+13 0.00 21,650.0 7
21b H,0,{=)OH+OH 3.00E +14 0.00 24,400.0 3
2 H,0,*H,0+1/2 0, 13E —02x(S/V)'t 0.50 0.0 7

..Mechanism applied here in the case of hydrogen peroxide decomposition. Rate constant = AT exp(— T*/T) (units of mol, cm3, s, K).

Simplified rate form in the temperature range 673-773.
tDetermined in supercritical water conditions.
™In the present work, S/V = 8.33 cm L.

Sources: (1) Tsang and Hampson (1986); (2) Sutherland et al. (1986); (3) Baulch et al. (1994); (4) GRI-Mech 1.2; (5) Michael and Sutherland (1988); (6)
Hippler et al. (1990); (7) this work. The species thermochemistry data are those from the GRI mechanism.

from —0.68 to 0.32. A similar calculation using the expres-
sion k, determined in the present work, shows log k; ranging
from 0.29 to 0.45. There is only a slight overlap between the
values of k; derived from the Baulch expression and those
from the expression of this work, indicating that the rate con-
stants determined in the present work are measurably higher
than the values determined by extrapolation of the Baulch
expression, to the temperature range of 380—450°C. The ef-
fect of the wall surface was taken into account in the experi-
mental determination of the rate constant, and thus cannot
explain the difference between rate constants experimentally
determined in the present work and those calculated from
RRKM theory. This suggests that, on a molecular scale, the
nature of H,0, dissociation may be explicitly affected by the
presence of water, resulting in additional buffer concentra-
tion dependencies not calculable by way of the RRKM
method, at least in the vicinity of the critical point of water.
However, extrapolation of the expression found in the pres-
ent work to the temperature range valid for the Baulch ex-
pression gives good agreement between our values and those
recommended by Baulch et al., as seen in Figure 5.

Because the determination of k; was based only on the
four irreversible reactions R1 to R4, kinetic calculations were
performed to check this assumption. Using Chemkin (ideal
gas EOS) and Chemkin-Real-Gas (Alkam et al., 1996), calcu-
lations were done for different mechanism configurations: (1)
the detailed mechanism as shown in Table 3; and (2) a sim-
plified mechanism consisting of only the four reactions (R1 to
R4) considered as either reversible or irreversible. The re-
sults show that, in all cases, the change in H,O, concentra-
tion vs. time is identical up to nine orders of magnitude of
conversion, at which point, reversibility in reactions R1-R4
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permits establishment of equilibrium. This indicates that, not
only are the four irreversible reactions R1 to R4 sufficient to
describe the kinetics, but that effects due to a nonideal EOS
(Peng-Robinson) are unimportant in the determination of k;.

The determination of k,; according to Eq. 17 also hypothe-
sizes a steady-state approximation for [OH] and [HO,]. To
check this assumption in the supercritical region, the value of
k, found in Eq. 18 was incorporated in the mechanism pre-
sented in Table 3, and the variation of the natural logarithm
of [H,0,], [OH], and [HO,] vs. time is shown in Figure 6.
The variation of [OH] vs. time is negligible, and thus the
steady-state assumption for OH is valid. The concentration

[H,0,]

-104

In [C]
|
|

-15 -

-20q

0 5 10 15
time, s
Figure 6. Evolution vs. time of the logarithm of [H,0,],
[HO,], and [OH] concentrations; calculation
done from the mechanism presented in Table
3.
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of [HO,] decreases with time somewhat, implying that HO,
does not follow the steady-state assumption. Yet, the slope of
the straight line, In [H,0,] vs. time, is still twice the value of
k1, indicating that Eq. 17 is satisfied. In fact, in the tempera-
ture range considered here, reaction R3 is negligible com-
pared to reaction R4. Considering only reactions R1, R2, R4,
and invoking the steady-state assumption only for OH, yields:

d
— (H,0,]+1/2[HO, ) = —2k,[H,0,].  (20)

Since the concentration of HO, is negligible relative to the
H,0, concentration, Eq. 20 is equivalent to Eq. 17. Thus Eq.
17 is satisfied, even though the steady-state assumption for
HO, is not valid.

Surface-effects modeling

In the supercritical region, at 24.5 MPa, it has been seen
that. surface effects are small but not negligible near 7, in
our experimental system. The “Surface-effects Measure-
ments” section shows that the rate constant for the catalytic
decomposition on the wall is well approximated by an Arrhe-
nius expression. The Arrhenius parameters were determined
accordingly (see Eq. 11).

Simple kinetic theory of gases gives the following expres-
sion for the surface reaction rate constant (Hoare et al., 1967):

r > —kT 21)
(V)v 27m’

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,0O, molecule. Unfortunately, an
attempt to fit our data at supercritical conditions to the theo-
retical expression of Eq. 21 failed. In particular, the tempera-
ture dependence of our experimental values of k,, is much
greater than can be described by Eq. 21. This suggests that
this theoretical expression is not valid at supercritical water
conditions for H,O, surface decomposition. Indeed, Eq. 21
is characterized by a relatively weak temperature depend-
ence: k,, is proportional to T2,

In Figure 3, however, the data shown in the vapor phase at
5.0 and 10.0 MPa do present only a weak temperature de-
pendence. 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 pos-
sibility, simulation of the gas phase process was done using
Arrhenius plots at 5.0 and 10.0 MPa, following the mecha-
nism shown in Table 3 in which the surface-effect rate con-
stant satisfies Eq. 21. The adjustment of the H,0, efficiency
parameter to the data at 10.0 MPa leads to the fitted value of
I'g,0,=2.1X% 10~°. From Eg. 21, the reaction rate of the cat-
alytic decomposition of H,O, on the wall is then expressed
as:

k, (cm-s71)=1.3x10"2x T3, (22)
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5(1)0 4?0 400 350
1 1

Homogeneous
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Figure 7. Results from the elementary reaction model in
Table 3 vs. 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 kg. The dashed
line —— represents In (2k;) and the dashed line ——-—-
represents In (k,) according to Eq. 22.

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 7. This figure shows the transition be-
tween decomposition controlled by the surface effects to de-
composition controlled by homogeneous reactions. Figure 7
suggests that, under the conditions examined here, the exper-
imental data at 10.0 and 5.0 MPa reflect essentially hydrogen
peroxide decomposition on the wall surface.

Comparison between Eq. 11 and Eq. 22 shows that the wall
surface decomposition is much more important in the gas
phase than in the higher density supercritical phase. For ex-
ample, the rate constant of the wall effect, k,,, at 400°C is
0.34 m-s~! in the vapor phase (at 10.0 MPa) and 0.03 cm -s ~*
under supercritical conditions. Apparently, at the higher den-
sity supercritical conditions, the efficiency of the inhomoge-
neous process is significantly lower, perhaps due to signifi-
cantly 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 MPa to 34 MPa. However, experi-
mental limitations, especially due to very fast reactions, pre-
vented us from measuring the homogeneous H,0O, decompo-
sition rate directly in the vapor phase at higher temperature.

H,0, decomposition and methanol oxidation in SCWO

This research originated from the observation that hydro-
gen peroxide decomposition plays a key role during the oxi-
dation of methanol in supercritical water (Rice et al., 1996).
It was found that the model of Schmitt et al. (1991) repro-
duces Rice’s experimental data fairly well, but predicts rates
too slow for temperatures below 490°C. It is 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 H,O, decomposition
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Figure 8. Experimental results for methanol oxidation in
supercritical water (Rice et al., 1996) (open
symbol) vs. 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); tempera-
tures: 440°C <; 450°C O; 470°C O; 490°C A.

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 experi-
mental data. This comparison is shown in Figure 8. The new
values of the H,0O, decomposition rate parameters improve
the prediction of the model considerably at 440 and 450°C,
that is, in the temperature range of the present work. Extrap-
olations to temperatures above 450°C provide good agree-
ment with the experimental data, although at 470 and 490°C
the rate of methanol disappearance is predicted to be slightly
too fast.

Conclusions

The decomposition rate of hydrogen peroxide is deter-
mined experimentally for pressures ranging from 5.0 to 34.0
MPa and temperatures up to 450°C. It is found that H,O,
decomposition in water follows first-order kinetics in the
aqueous, vapor, and supercritical phases. The homogeneous
dissociation rate of hydrogen peroxide is found to be inde-
pendent of the dissociation on surfaces of the reactor. The
important factor determining the homogeneous rate of hy-
drogen peroxide thermal decomposition in water is the water
density. The catalytic decomposition of H,O, at a surface is
also determined and is found to vary with water density; its
importance decreases when the density increases. In the lig-
uid phase, where the density is the highest, the influence of
surface reactions is small, whereas in the gas phase surface
reactions can dominate, especially at low temperatures. Due
to higher fluid densities, surface reactions have a smaller ef-
fect under supercritical conditions than in the subcritical
high-pressure steam phase.

By considering the surface effect, the true homogeneous
rate of H,0, decomposition is determined and found to equal
1034%12 exp[(—180+ 16 kJ/mol)/RT] in the supercritical
region at 24.5 and 34.0 MPa. In the temperature range con-
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sidered here (380-450°C), this rate leads to values higher than
those found from RRKM calculations. In addition, results for
experiments conducted in the gas phase at 5.0 and 10.0 MPa
reflect essentially the hydrogen peroxide decomposition on
the reactor’s surface, which allows us to determine the corre-
sponding reaction rate based on a simple theoretical expres-
sion derived from the kinetic theory of gases. However, this
theoretical expression fails in describing the surface effect in
the supercritical region and an empirical Arrhenius-form ex-
pression was found to be more relevant. Finally, at supercriti-
cal water conditions, and for temperatures below 470°C, the
reaction rate for hydrogen peroxide thermal decomposition
determined in the present work improves significantly the ac-
curacy of the methanol oxidation model studied by Rice et al.
(1996).
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