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Complete mineralization d hazardous organic compounds to innacuous products can
be adieved using supercriticd water oxidation (SCWO). At typicd SCWO process
condtions (500 — 65C°C), freeradical chemistry has been shown to be the dominant reaction
path. Detalled Chemicd Kinetic Mechanisms (DCKM), consisting of elementary free-radical
readions, have been used to model the oxidation d a number of organics in supercritica
water, but with mixed success Thus, there is the need for experimenta verificaion d the
rates of some of the dementary readions that play a key role in the destruction d organic
spedes in supercriticd water. Using pulse radiolysis, we have measured the readivity of
hydroxyl radicds, which have been identified as one of the primary oxidizing spedes in
supercriticd water. In particular, we have measured the bimoleaular rate constants (ki) of the
hydrogen abstradion readion ketween hydroxyl radicd and methand. In DCKM modeling
of methanadl destruction in supercriticd water, this readion hes been shown to be one of the
most important elementary steps. We find that the hydroxyl abstradion readion follows
Arrhenius behavior from ambient to 390°C, bu the bimolealar rate @nstants, ky; | in the
supercriticd region are significantly greater than the values used in the DCKM modeli ng.

INTRODUCTION

Supercriticd water oxidation (SCWO) has been investigated extensively as a potential
waste treatment techndogy [1]. Oxygen istotally miscible with water at these condtions and
the relatively low temperatures compared to incineration suppress the formation d NOx.
High destruction efficiencies have been achieved for a wide variety of compounds, including
model organic compounds, typicd organic wastes, chemical weaponrs, explosives and
propellants[1].

A number of researchers have dtempted to model SCWO processes with elementary
freeradica readion medhanisms (e.g., [2,3]). Reseachers find that hydrogen abstraction
readions by hydroxyl radicd are a particularly important class of reactions [2,3]. These
readions are inevitably among the few rate determining stepsin SCWO.

Here we seek to determineif the rate constants for the important elementary readions,
taken from the @mbustion literature (gas phase measurements) with some solvent
corrections, redly refled the adual reaction rate constants under supercritica water (SCW)
condtions. Thus, we measure diredly the bimoleaular rate cmnstant for hydrogen abstradion
by hydroxyl radicd from methanod, a well-studed model compound [2-7], in water at
condti ons from ambient to supercriticd.

Since dired measurement of hydroxyl radical concentration is difficult and the
radicds formed by hydrogen abstraction from many compound of interest in SCWO are
difficult to deted, we monitor the hydrogen abstradion from methand by hydroxyl radical
using competitive kinetics, where hydroxyl radical addition to nitrobenzene is the probe



readion. We generate the hydroxyl radicd by pulse radiolysis. Previously, we and ahers
[8,9 have studied the aldition readion ketween nitrobenzene and hydroxyl radica in
subcriticd and supercriticd water.

We present experimentally measured bmoleaular rate constants of the hydrogen
abstradion readion o methand by hydroxyl radicd from ambient condtions to the
supercriticd region. The bimoleaular rate constants follow simple Arrhenius behavior. In
addition, we compare our measured values of the rate constants with those used for this
readionin the various e ementary readion models.

EXPERIMENTAL SECTION

| -MATERIALS, APPARATUS AND PROCEDURES

Nitrobenzene (Sigma-Aldrich, 99 + %) and methand (Fisher Scientific, Certified
A.C.S) were used as receved. Water was filtered to 16 MQ using a Milli pore Reagent Water
System at Notre Dame Radiation Laboratory. All solutions were saturated with N,O (Mittler,
99.0%, minimum) beforeirradiation.

The pulse radiolysis experiments were dore with the Notre Dame Radiation
Laboratory Titan Beta Model TBS-8/16-1S eledron linear accderator. The details of this
pulse radiolysis system and aur modificaion d the system to accommodate the high-
presaure, high-temperature opticd cell have been described elsewhere[9].

Experiments were performed with continuows flow of the single phase agqueous
solution to prevent the buildup d unwanted by products; this system has been described
elsawhere [9]. One modificaion is that the feed solution was nat degassed with N,O
continuowsly since methand is © vdatile. Rather, the methand was added to the degassed
solution and the feed vessel seded. All the experimental data were obtained at a presaure of
250 har, which ensures single phase operation. The highest concentrations of nitrobenzene
and methand used were just 7 and 3mM, respedively, at ambient condtions 2 the physical
properties of the aqueous lutions were esentially those of pure water. Nitrobenzene and
methanal are soluble in water at these low concentrations at both ambient and supercriticd
condtions.

The stabili ty of nitrobenzene and methanad in subcritical and supercriticd water was
tested by flowing the aqueous feed solution through the reador system, withou radiolysis,
and analyzing the dfluent by gas chromatography. These tests asaured that there was no
significant thermal degradation d either compoundin the short residence times (on the order
of 1-2 minutes) required for the experiments.

II —ANALYSISOF COMPETITION KINETICS
Hydroxyl radical reacts with methanal to form water, asindicated by equation 1.

CH.,OH + "OH [I* ~ CH;OH + H,0 (1)
None of the species in reaction (1) has any significant absorbance in the ultraviolet-visible
region. Therefore, we use competitive kinetic techniques, which require that ‘OH readivity
with a probe moleaule, whose product can be detected easily, to determine the k;. Here we
choacse nitrobenzene & the reference solute since we have studied hydroxyl radical addition
to nitrobenzene to form the eaily detected hydroxycyclohexadienyl radicd (equation 2 in
subcriticd and supercriticd water [9].

C,H.NO, + "OH ¥ . "OHC,H.NO, 2)
Nitrohydroxycyclohexadienyl radicd, "OHCsHsNO,, is detedable and hes been characterized
in subcriticd and supercriticd water [9]. In the aurrent study, varying amounts of methanol



were alded to the feed solution, while maintaining a particular probe ncentration. The
observed rate of disappeaance of hydroxyl radicd has three ontributions. the desired
readion d "OH with methand (equation 1), the reaction d "OH with the probe moleaule

(nitrobenzene) (equation 2, and any natural decay (k) (equation 3.

"OH 1Y - solvent decay ©)
Thus, the rate of disappearance of ‘OH is siown in equation (4), and the pseudo-first-order
rate aonstant (Kops) for hydroxyl radical disappearanceis snown in equation (5), where k" = k'
+ kz[CGHsoH]

- LA = KT OH + G HNOIT O] + K [eH.OH] OH] @

K, =K +k,[C;HOH] +k[CH,OH]=k" +k [CH,OH] (5)
Using the growth in the @sorbance of the product, “OHCHsNO,, as a function d time, we
are dle to oktain the pseudofirst-order observed rate wnstants at each temperature and
presaure using standard kinetic analysis of the growth kinetics. The desired himoleaular rate
constant, k;, for this addition readion at each state point was obtained from a linea plot of
Kobs @ afunction d methana concentration, as suggested by equation 5.

RESULT SAND DISCUSHSON

Measurements of the bimoleaular rate nstants for the hydrogen abstradion o
methand by "OH were onduwcted at 250 kar and temperatures from 22 to 390 T. This
resulted in a density decrease of pure water from 0.9971g cm™> at 25 “C and 1 tar to 0.2157g
cm® at 390 C and 250 lar. Mixture densities shoud be quite simil ar to these values sncethe
highest nitrobenzene and methanad concentration used was just 7 and 3mM at ambient
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Figure 1: The effect of temperature on the bimoleaular rate constant of the éstradion
readion d methana by the hydroxyl radicd at 250 lar.



condtions, respedively. Vaues of k; for the reaction d "OH with CH3;OH were obtained
from the slopes of the kqs Versus CH3OH concentration curves, according to equation 5.For a
given temperature and presaure multi ple data were taken at eat ntrobenzene mncentration.
All data were used to determine the k; values from the slopes of the quenching plots. The
uncertainty in the experimental bimoleaular rate wnstants was determined from the 95%
confidence intervals on the slopes of the quenching plots. The fina results, the bimoleaular
rate constants (k; is labeled as ky; in the figures), are shown in Figure 1, aong with the
uncertainty at each temperature indicated by error bars. Our measured himoleallar rate
constants from 22to 390 T clealy followed Arrhenius behavior, as s1own in Figure 2.
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Figure 2: Arrhenius plot of the bimoleaular rate constants for hydrogen abstraction from
methanadl in water, compared to values used in various modeli ng eff orts (see text).

Design, control and ogimization d SCWO readors requires an understanding of the
kinetic medhanism. Therefore, numerous researchers have used detailed chemical kinetics
models and a variety of lumping strategies to describe overall destruction efficiencies of
various organic compound [2-7]. As mentioned above, hydrogen abstradion by ‘OH is
frequently identified as an important class of readions in SCWO, and this is cetainly the
case for methand destruction [2-7]. Thus, we compare the measured vaues for the rate
constants of the hydrogen abstraction from methand by hydroxyl radicd with those used in
the various kinetic models of the oxidation d methanad in supercritical water.

Four different research groups have studied the destruction d methand during
SCWO and modeled the processwith a series of detailed elementary chemicd readions [2-
7]. These researchers model the hydrogen abstraction readtion from methanal by "OH with an
Arrheniusfit of the form:

Ea
k=AT" exp-— 6
Xp( RT) (6)

The SCWO studies were dore a temperatures higher than those investigated in the arrent
study. We were limited by poa signal quality at higher temperatures  some extrapolation
was necessary. All of the SCWO experiments and modeling were dore & presaures between
240and 250 lar, which is smilar to the 250 kar chosen for the arrent investigations.



Each o the four detailed chemica kinetics models for methand destruction by
SCWO contain more than 56 elementary reactions. A wide variety of tedhniques are used to
acount for solution nondedity but al identify hydrogen abstraction from methand by
hydroxyl radicd as a key reaction. The Arrhenius parameters used for the hydrogen
abstradion from methanad by hydroxyl radical in thase modeling studies are shown in Table
1, dong with those determined experimentaly for the same readion in this work. Webley
and Tester [7] used an adivation energy less than half that obtained here, and their pre-
exporential fador was only abou a third of that measured here. This is shown clearly in
Figure 2, which gives our data on an Arrhenius plot, as well as the rate mnstants predicted by
the model of Webley and Tester [7] over the temperature range they investigated. Also
shown isthe Arrhenius fit of our data (solid line), extrapolated to slightly higher temperatures
(dashed line). Clearly, the rate @nstants used in the detailed chemical kinetics model of
Webley and Tester [7] are significantly lower than thase measured here. Also shown in
Figure 2 are the rate nstants used by Brock and Savage [2], Alkam et a. [4], and Dagaut et
a. [3]. Inal cases, the bimolealar rate cnstants used in the models are significantly lower
than those measured in this gudy. The Arrhenius parameters for these other models are dso
shown in Table 1. In fad, the rate mnstants used by al four research groups at supercriticd
temperatures are not much higher than the well-known values at room temperature (see
Figure 2).

Table 1. Comparison d the Arrhenius parameters for the hydrogen abstradion reaction o
methanal by hydroxyl radical.

Pre-exporential | Activation Energy, n Temperature
fador, A, M* st E. kdJ/mol Range, °C
Current Work 1.4F+11 13.3 0 22 — 390
Elli ot and
McCradken, [10] 1.05%=+10 4.8 0 20-80
[BGC]’OCk and Klein, 3.3E+08 16.1 0 300
Webley and
Tester, [7] 5.01E+09 5.5 0 450- 550
[Bzr]o“k andSavage, | 1 3110 7.9 0 450- 650
Alkam et al., [4] 17.7 -3.7 2.7 453- 544
Dagaut et ., [3] 14.2 3.7 2.65 450- 550

Klein and coworkers have used a lumping strategy that assumes every elementary
readion step belong to one of eight readion families, ore of which is hydrogen abstraction by
radicds, in modeling oxidation d organic compounds in supercriticd water [5,6]. Fitting the
model to the experimenta data, these researchers obtain a single pre-exporential factor for
ead reaction family and use Evans-Polanyi relationships to correlate the activation energies
with heds of readion. Their Arrhenius parameters for hydrogen abstradion from methanal
by hydroxyl radicd are shown in Table 1, aswell. While their adivation energy is smilar to



that obtained in this work, the pre-exporential fador is svera orders of magnitude lower,
yielding correspondngly low rate mnstants (1.14x 10" M*s™* at 300 C, compared to 1.13x
10 M™s?, which is the value that would be expeded from the Arrhenius fit to our data).

CONCLUSIONS

The bimolealar rate cnstants for the hydrogen abstraction readion d methand by
"OH were measured in water at temperatures between ambient and 390 T and at a pressure
of 250 kar. "OH was generated using pulse radiolysis and the kinetics determined by
monitoring the growth o the nitrohydroxycyclohexadienyl radicd. The measured
bimoleaular rate constants showed Arrhenius temperature dependence from ambient to the
supercriticd region. The bimoleaular rate mnstants for hydrogen abstradion from methanadl
by hydroxyl radicd measured here (extrapolated to the slightly higher temperatures sudied
by the other reseachers where necessary) are severa orders of magnitude higher than those
predicted by the models used by the other researchers. Since hydrogen abstraction by
hydroxyl radicd has been identified as a key readion in SCWO, this may explain the mixed
successthat has been olserved when using the freeradicd mechanism models for the SCWO
process This suggests that that the atempts used in the detailed kinetic medhanism models
to correct for the lower temperature and nonded solution condtions present at slightly
supercriticd condtions are likely not adequate, and this introduces sgnificant uncertainty
into those models.
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