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Supercritical water (SCW) benzene oxidation data were modeled using a published, low-predsbes)(
benzene combustion mechanism and submechanisms describing the oxidation of key intermediate species.
To adapt the low-pressure, gas-phase benzene combustion mechanism to the lower tempé&@die ¢r

975 K) and higher pressure 220 bar) conditions, new reaction pathways were added, and quantum Rice
RamspergerKassel theory was used to calculate the rate coefficients and, hence, product selectivities for
pressure dependent reactions. The most important difference between the benzene oxidation mechanism for
SCW conditions and those for combustion conditions is reactions in SCW invol\igOO predicted to be

formed by GHs reacting with Q. Through the adjustment of the rate coefficients of two thermal decomposition
pathways of GHsOO, whose values are unknown, the model accurately predicts the measured benzene and
phenol concentration profiles at 813 K (540), 246 bar, stoichiometric oxygen, ane-3 s residence time.
Comparison of the model predictions to benzene SCW oxidation data measured at several different conditions
reveals that the model qualitatively explains the trends of the data and gives good quantitative agreement
with no further adjustment of the rate coefficients. For example, the model predicts the benzene reaction to
within £10% conversion at temperatures between 790 and 860 K (515 and®9%at 246 bar with
stoichiometric oxygen and at pressures from 139 to 278 bar at 813 K°Gy@ith stoichiometric oxygen.

Introduction and Background collider, does not interfere with reaction events through solvation

Supercritical water oxidation (SCWO) is a remediation effects. This hypothesis is derived from the evidence that water
process for treating aqueous organic wastes. The process usuallgbove its critical point closely resembles a nonpolar, dense
operates between 775 and 900 K and from 250 to 280 bar. Whengas®® At typical commercial SCWO conditions, water densities
organic compounds and oxygen are brought together in waterrange from 0.07 to 0.1 g/mL and the viscosity is about a factor
well above its critical point of 221 bar and 37€ (647 K), of 25 lower than at ambient conditiof$The static dielectric
organics are oxidized to carbon dioxide and water; heteroatomsconstant of water at 250 bar decreases from its room temperature
such as chlorine, sulfur, and phosphorus are converted to theirvalue of 78 to a value of-42 at 775 K As a consequence the
corresponding mineral acids and can be neutralized using aion product of waterKy, at 250 bar decreases with increasing
suitable base; and any nitrogen forms &t N,O.I NOy gases, temperature in the range of 72875 K from its subcritical value
typical undesired byproducts of combustion processes, are notof approximately 10 to 10723 indicating that water only
formed because these oxidation pathways are not favored atweakly dissociates and poorly solvates ions in its supercritical
the lower temperatures of SCWO. Reviews of the SCWO state!? Since supercritical water cannot support charged species
process can be found in Modéllester et al?,Gloyna and L in the fully supercritical region, free-radical reactions are
and Tester and Cline. assumed to dominate over ionic reactions.

The present working hypothesis maintains that SCWO  The free-radical reaction pathway hypothesis has received
proceeds by free-radical reactions and that the individual support by multiple attempts to model oxidation in SCW using
elementary reactions are similar to those which would take place low-pressure combustion mechanisms adapted to SCWO condi-
in combustion at the temperature and pressure of SCWO.tions. Previous modeling efforts yielded kinetic mechanisms
Furthermore, water, which serves as the reaction medium anddescribing the oxidation of simple compounds such as
participates in reactions both as a reactant and as a third-bodyhydrogerf—813-15 carbon monoxidég3methane;16-1’meth-
anol&9151821 and phenof? The model predictions have been
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differences between this low-pressure combustion mechanismcarbon dioxide, and other stable and radical species. Uncertainty
and that developed here for SCWO conditions can be found in was still present in the reactions involving €pecies, and, as
DiNaro et al?4 with the other benzene mechanismgHEwas overpredicted,

Several mechanisms have been developed to model benzenalthough by a lesser amount than in previous modeling attempts.
combustion at ambient to subambient pressures. The review Here, the low-pressure, gas-phase benzene combustion mech-
article by Brezinsk$f presented a qualitative mechanism for anism of Shandro3s%is adapted to SCW conditions and used
benzene oxidation. Bittk& expanded on that mechanism and to model our experimentally measured benzene SCWO data.
successfully predicted the trends and found good quantitative QRRK was used to calculate pressure dependent rate coef-
agreement with several of the composition profiles of Lovell et ficients, and new reaction pathways were included in order to
al27 and the ignition delay times of Burcat et?8lIEmdee et explain the experimental data. There are two reasons for the
al2® developed a mechanism for describing the oxidation of currentstudy: (1) to gain mechanistic insight into the oxidation
toluene to benzene near 1200 K. The model contained a 680f benzene in supercritical water and (2) to determine if existing
reaction benzene submechanism. Linstedt and Skedével- free-radical reaction network models of benzene oxidation at
oped a 395 reaction benzene oxidation mechanism with manyatmospheric, combustion conditions can describe benzene
reactions and rate coefficients taken from the benzene sub-Oxidation in SCW.
mechanism in the Emdee et al. model. They validated their ~The combustion mechanisms reviewed above successfully
model against the premixed benzemygen-argon flame data ~ predict the oxidation of benzene as well as many other stable
of Bittner and Howardt measured at 20 Torr and under fuel- and radical intermediates. The main shortcomings of these
rich, “near-sooting” conditions with a temperature profile which models are their overpredictions obls, CsHsO, and GHs-
ranged from ambient to 1900 K. Excellent agreement was OH. This inaccuracy is troubling since these species are the
obtained with the experimental profiles for benzene, carbon primary products of benzene oxidation. As noted by Chai and
monoxide, carbon dioxide, oxygen, and other radical and stable Pfefferle? the current benzene oxidation models, developed
species, but phenoxy §8s0), phenyl (GHs), and phenol (€Hs- primarily for temperatures above 1600 K and fuel-rich condi-
OH) were all overpredicted. Zhang and McKind®also used tions, are not useable outside of the temperature and stoichio-
the Emdee et al. benzene submechanism as a starting point anfnetric conditions for which they were adjusted, and the
developed a 514 elementary reaction mechanism for benzeneinderstanding of the detailed oxidation mechanism is particu-
oxidation which they, too, tested against the data of Bittner and larly poor at 906-1300 K and fuel-lean conditions.

Howard3! Most of the rate coefficients were taken from the ~ Applying a low-pressure benzene combustion mechanism to
literature, but somemost notably those involving cyclopen- SCW conditions may further the understanding of benzene
tadienyl (GHs) —had to be estimated. Some elementary combustion. Since the SCWO data are measured at lower
reactions were taken from Bittkef®model. Since the Bittner ~ temperatures (756860 K) and much higher pressures (339
and Howard! data were measured at 20 Torr, Zhang and 278 bar) than those for which the mechanisms were originally
McKinnon accounted for the pressure dependence of unimo-developed, the dominant oxidation pathways may differ. For
lecular (falloff) and bimolecular (chemical activation) reactions €xample, thermal decomposition pathways with high activation
using the quantum RieeRamspergerKassel, QRRK, metho#. barriers, which play important roles at combustion conditions,
Their resulting pressure-corrected mechanism gave good quanimay be inaccessible. Therefore, comparisons of the predictions
titative agreement for benzene and many other stable and radicaPf a current benzene combustion mechaffsiragainst SCWO
intermediate species. Like the Lindste@®kevis mechanism,  data will test the robustness of the mechanism and could further
however, their model overpredicted botgHg and GHsO. the understanding of the benzene oxidation mechanism.

Using net rate analysis, Shandrfs% evaluated the ability ) . .
of the LindstedtSkevis (LS), ZhangMcKinnon (ZM), and Adaptation to Supercritical Water Conditions
Emdee-Brezinsky-Glassman (EBG) models to predict his  The mechanism of Shandréé®was reduced to 41 reactions
experimental profiles of 44 species in a fuel-rich, 22 Torr, ysing an automatic sensitivity coefficient guided model reduction
laminar, premixed hydrogeroxygen-argon flame seeded with  g|gorithm4 an efficient, automated method for model reduction
benzene at temperatures up to 1940 K. He found that the threeyhereby individual reactions are removed on the basis of their
mechanisms strongly overpredicted phenol destruction at high sensitivity coefficients followed by simulation of the model to
temperatures. Using the ZM mechanism as a basis, Shandrosgnsure that predicted concentrations do not change outside of a
modified reactions of benzene and phenol, used bimolecular predetermined tolerance. Figure 1 compares concentration
QRRK and Rice-RamspergerKasset-Marcus (RRKM§3 profiles of GHs and GHsOH calculated by SENKIRE using
methods to account for the pressure dependence of ratethis reduced mechanism and the thermochemistry from Table
coefficients, and added new reactions. The modified mechanism1 with data measured at 813 K and 246 bar with stoichiometric
gave improved agreement with theMgOH chemistry, butthe  oxygen. The model overpredicts the oxidation rate of benzene
destruction rate was still overpredicted. The net rates of the otherand the concentration of phenol.
critical intermediates, gHs, CeHsO, and GHsOH, also were To improve the agreement between the model and the
not well predicted. experimental data, the reactions and rate coefficients in the

Tan and Frant developed a benzene oxidation mechanism reduced mechanism were evaluated and updated where neces-
built on an earlier model for combustion of methane to propane sary. The final reduced model is shown in Table 2. The rate
and their mixture$’ Reactions involving €and G were added coefficient for R11, the abstraction of H fromgids by OH,
with updated rate coefficients. The model relies heavily on the was updated to the recommended value of Baulch & ahijch
shock tube investigation of reactions between phenyl and oxygenis not significantly different from the value used by Shandféss.
by Frank et af® New reaction pathways leading to the formation The abstraction of the phenolic H from phenol by O (R17) was
of p-benzoquinone (§40,) and its subsequent reaction were updated to the value recommended by Baulch ét ahd used
included. Excellent agreement between model predictions andby Tan and Frank® At 813 K this rate coefficient is an order
experimental data was obtained for benzene, carbon monoxide of magnitude larger than that used by Shandf®3$ie thermal
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Figure 1. Comparison of experimental data (open symbols) and

DiNaro et al.

temperatures from 960 to 1200%R The rate coefficient for
R81 (GH3z < C;H, + H) was calculated usink, recommended
by Warnatz* (see Table IIIS). The resulting predicted rate
coefficient at 246 bar is close to the high-pressure limit. The
reaction of CO and O to form GJR84) was found to be in its
high-pressure limit at 246 bar (see Table IVS), and khe
reported by Tro® is used here.

The identity and formation rate of products of the reaction
between phenyl (§Hs) and oxygen (@ are a focus of
continuing study. Yu and L#¢ performed a direct study on the
reaction between s and Q at 297500 K and 26-80 Torr
and found that the reaction proceeds through the formation of
an energized phenylperoxy radicaltO0*). CsHsOO0* then
undergoes stabilization, isomerization, and/or dissociation to new
products. The dominant pathway depends on the temperature
and pressure. In the Yu and Lin study, the sole reaction product
was GHs0O.

In most previous benzene mechanisth®,3%the products of
this reaction have been set to phenoxgHgD) and O with a
rate coefficient independent of pressure. Shandfd&salcu-
lated the rate coefficient for the pathway tgHgO and O to
account for the effects of temperature and pressure. A semiglobal
pathway to CO, gH, and GHs has been included in some
mechanismg!-33.34

Frank et aP8 studied the reaction of dEls with O, between
900 and 1800 K and from 1.3 to 2.5 bar and proposed two sets
of products: @HsO and O; ang-benzoquinone (§H4,0;) and
H. The second of these addition/elimination pathways was
necessary to explain their observation of fast initial H produc-
tion. Rate coefficients were measured for both pathways and
included in a mechanism by Tan and Frafk.

Since the reaction of ¢is and Q proceeds through the
formation of GHsOO*, the rate coefficients for the addition/

predicted benzene and phenol concentrations (dashed lines) using they|imination pathways measured by Frank ear used in low-

mechanism of Shandros3: = 813 K; P = 246 bar;® = 1.0; [CsHeo
= 0.6 x 103 mol/L.

decomposition of phenoxy (R23) was updated from the value
used in the ZM model to reflect the recently reported value of
Frank et aPf®

The rate coefficients of unimolecular and pressure dependent,
chemically activated bimolecular reactions were calculated for
a pressure of 246 bar and temperatures between 300 and 100
K using the QRRK analysis of De#has implemented by
CHEMACT“6 and CHEMDIS?* 48 A detailed discussion of the
governing bimolecular and unimolecular QRRK equations is
given in Westmoreland et 4f.and Dearf?

The input data necessary for performing the QRRK calcula-
tions can be found in Tables 18/S, but brief descriptions of
the reactions evaluated by this method follow. The reaction
between H and ©to form OH and O is one of the most
important chain-branching steps in low-pressure combustion.
The addition/elimination pathway proceeds through the forma-
tion of the activated intermediate H@hich can be stabilized
to HO, (R1) or dissociate to OH and O (R6). The relative
importance of the two pathways depends on pressure and
temperature with the H&forming pathway favored at higher
pressures. At 246 bar and 813 K, the reaction between H and
O, primarily forms the stabilization product HQvith a rate
constant close to the high-pressure linkit)(reported by Cobos
et al?® (see Table IS). The dissociation of®h to (OH), was
estimated using data fé& reported by Fulle et &t (see Table
IIS). The rate coefficient for R5 (OH HO, < H;0 + Oy)
was updated to the value used in a moist CO oxidation
mechanism developed for pressures from 1 to 9.7 bar and

pressure mechanis§g®30.32:3436 gre not applicable at SCWO
conditions. CHEMDIS was used to calculate the rate coefficients
for stabilization to GHsOO and addition/elimination toElsO
and O (see Table VS). The high-pressure rate coefficient for
CsHs0O0 formation was taken from Yu and L¥and the high-
pressure rate coefficient for dissociation gHgOO* to CsHsO
and O was estimated from microscopic reversibility and
ssuming the reverse reaction has a preexponential factor for
iffusion controlled reactionsy(= 102 cm?® mol~! s~1) and no
energy barrier, = 0). At 813 K and 246 bar, the calculated
stabilization rate coefficient is 2 orders of magnitude larger than
that for addition/elimination to gHsO and O. A comparison
between the predicted and measdfedte coefficients for the
addition/elimination pathway at 2.3 bar and from 1000 to 1200
K showed agreement to within £+@0%, indicating that the
estimated value df., for CsHsOO* dissociation to gHsO and
O may not be a source of significant error.

Since GHsOO was predicted to be the main reaction product
of C¢Hs and Q, bimolecular (R28-R31) and unimolecular
(R27,R32, and R33) reactions ofgHs00 were included in
the SCW benzene oxidation mechanism. The rate coefficients
of the bimolecular reactions were estimated as explained in the
footnotes of Table 2. The rate coefficient for R27

CH;:00~ CH,O+ O (R27)
was calculated in the QRRK analysis. The rate coefficient for
R32

CeH;00 <> C,H,0,+ H (R32)
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TABLE 1: Thermodynamic Data Used in the SCW Benzene Oxidation Mechanism

kcal/mol cal/(mol K)

species AH(298)  S(298) Cp(300) Cp(400) Cp(500) Cp(600) Cp(800) Cp(1000)  Cp(1500)  sourck
C/H 47.80 75.58 25.45 33.50 40.38 46.07 54.30 60.02 67.99 70
C/Hs 11.95 76.46 24.88 33.30 40.62 46.78 55.95 62.35 71.37 70
CeHs 19.81 64.37 19.92 27.09 33.25 38.38 45.87 51.05 58.31
CeHs 79.44 69.83 21.01 27.06 32.43 37.05 43.90 47.77 53.26 68
CeHsO 10.36 74.89 24.79 31.31 37.08 42.01 49.25 53.28 58.98 68
CeHsOH —23.06 75.39 24.86 32.53 38.71 43.65 50.76 55.62 62.81 71
CeH4O- —29.37 79.62 26.04 32.20 37.67 42.27 48.87 53.42 59.48 b
CeHsOO 37.04 85.62 26.76 34.25 40.07 44.82 51.76 56.48 68
CeHsOOH 0.94 85.40 28.81 37.09 43.62 48.91 56.48 61.45 68
CsHsO 42.94 72.73 20.60 27.20 32.60 36.99 43.44 47.73 54.07 60
CsH,OH 16.88 75.23 21.69 28.61 34.08 38.38 44.34 48.04 53.24 60
CsHs 31.26 65.50 18.23 24.76 30.15 34.59 41.25 45.81 52.50 60
CsHa 111.07 70.89 20.93 25.14 28.52 31.23 35.29 38.35 4292 b
CsH4O 7.40 66.71 19.50 25.73 30.87 34.78 40.31 44.27 49.40 60
CsHs 57.17 63.58 17.86 24.30 29.47 33.58 39.46 43.26 48.68 60
CsHs 135.42 70.54 21.05 24.28 27.00 29.23 32.47 34.91 38.45
CsHs01-2 23.14 75.73 20.84 27.24 32.35 36.29 42.39 46.69 59
C4Hs 34.97 68.17 18.80 22.74 26.39 29.69 35.17 39.30 45.45
C4Hs4 73.63 66.65 17.57 21.18 24.19 26.68 30.49 33.17 37.33
CH,CHCCH; 74.11 69.81 19.69 23.74 27.10 29.88 34.09 37.04 41.67
CH,CHCHCH 83.99 69.05 19.06 23.57 27.22 30.15 34.45 37.38 42.05 60
H,CCCCH 111.33 72.96 20.24 22.43 24.44 26.23 29.10 30.93 33.68
C=CCC=COH 7.18 85.00 25.04 32.22 38.11 42.79 49.59 54.34 61.52 59
COGC=CKET —31.02 84.13 28.43 34.43 39.29 42.26 46.62 49.94 54.31 60
C=CC=C=0 1.82 71.96 21.62 26.23 30.23 32.64 36.20 39.20 43.21 60
H,CCCH 83.05 61.49 15.84 17.74 19.47 21.01 23.43 25.00 27.55
CsHs 4.89 61.52 15.46 19.27 22.73 25.80 30.78 34.52 40.14
CsHs 40.75 63.02 14.96 18.61 21.75 24.43 28.67 31.74 36.33 60
CoH, 54.20 48.02 10.62 11.99 13.08 13.95 15.27 16.31 18.27
CoHs 68.42 55.33 9.57 11.19 12.78 14.31 16.98 18.75 21.26
CoH,4 12.54 52.38 10.23 12.79 14.94 16.83 20.05 2251 26.22
CH, —17.90 44.47 8.43 9.84 11.14 12.41 15.00 17.25 20.63
HCO 10.40 53.66 8.24 8.78 9.28 9.77 10.74 11.52 12.56
CHs 34.82 46.38 9.23 10.09 10.83 11.52 12.87 14.12 16.27
CH,O —27.70 52.25 8.40 9.50 10.50 11.47 13.36 14.88 16.97
CH; 101.51 45.10 8.07 8.30 8.60 8.98 9.85 10.61 11.83
Cco —26.42 47.21 6.95 7.03 7.14 7.27 7.61 7.95 8.41
COo, —94.06 51.08 8.91 9.86 10.65 11.31 12.32 12.99 13.93
H-0 —57.80 45.10 8.00 8.23 8.44 8.67 9.22 9.87 11.26
H.0; —32.53 55.66 10.41 11.44 12.34 13.11 14.29 15.21 16.85
H. .00 31.21 6.90 6.96 7.00 7.02 7.07 7.21 7.73
(0] 59.56 38.47 5.23 5.14 5.08 5.05 5.02 5.00 4.98
HO; 3.00 54.73 8.34 8.95 9.49 9.97 10.78 11.39 12.45
O, .00 49.01 7.01 7.22 7.44 7.65 8.07 8.35 8.72
OH 9.32 43.88 7.15 7.10 7.07 7.06 7.13 7.33 7.87
H 52.10 27.39 4.97 4.97 4.97 4.97 4.97 4.97 4.97

aTaken from Kee et a? unless otherwise notet Alzueta et af® (taken from Burcat and McBrid®.

was treated as an adjustable parameter in the present modelassumed ¢H,0, decomposed to 41,0 and CO, and §H,0
Another dissociation pathway 08500, which was proposed  to C4Hs and CO at their conditions. Here, we include the recently
by CarpenteY’ developed submechanism fprbenzoquinone oxidatiGh to
account for further reactions 0f8,0, (R34—R44, R46-R48,
CeHs00 — CsHs + CO, (R33) and R50-R53).

. . . The reactions and associated rate coefficients of the reactions
was also tested in the present model, again by treating the ratqnvolving C:Hs and GHg in the Shandross mechanism were
coefficient as an adjustable parameter. The effects of the taken from the EBG mechanisthEmdee et al. estimated the
inclusion of these two additional dissociation pathways will be abstraction of H from €Hs by HO,, OH, H, and O from the
discussed in detail in t_he analysis of the_ mechanism. analogous reactions with formalciehyo]e :emd based tié; C
. Two pathways leading to the formation o0, were submechanism on the outline presented by BreziA3k§ong
included. The first and Bozzelfk®®recently assembled submodels of cyclopenta-

CH:0 + O < CH,0,+ H (R23) diene (GHg) and cyclopentadienyl #ls) reactions with H, O,
OH, HO;, and Q for insertion in combustion mechanisms where

was proposed by Frank et #land used in the Tan and Frank these species are important. For the present mechanism,

benzene oxidation mechanigfiThe second pathway CHEMDIS was used to predict rate coefficients for the addition
and combination reactions ofs8s and GHe with H, O, OH,
CsH;00 <~ CH,0,+ H (R32) HO,, and Q at 246 bar from 300 to 1000 K using the

thermodynamic data, high-pressure rate coefficients, vibrational
is speculated to occur in the present work. Tan and Pfank frequencies, and Lennard-Jones parameters presented in these
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TABLE 2: Reduced Elementary Reaction Mechanism for Benzene Oxidation in SCW (Mechanism Developed for a Pressure of

DiNaro et al.

246 bar and Temperatures around 813 K; the Rate Coefficient Used Is Identical to That Used by Shandrd$s® If “Unchanged”
Follows the Reference)

no. reaction A (cm®mol s) n E. (cal/mol) ref
H,/O, reactions
1 H+ O, = HO, 2.07x 10'8 —1.69 890 QRRK
2 O, + HO, = HO, + O, 2.22x 104 0. -1629 a (unchanged)
3 H,0, + OH <= H,0 + HO, 7.83x 10%2 0. 13314 42 (unchanged)
4 OH+ OH <= H,0, 2.96x 1078 —5.26 2980 QRRK
5 OH+ HO, < H,O0+ O, 1.91x 10 -1.0 0 53
6 H+ 0, 0OH+ O 2.10x 10 -0.3 20 200 QRRK
7 OH+ OH<= O+ HO 1.50x 10° 1.14 99.4 42 (unchanged)
8 O+ HO, < OH+ O, 3.25x 108 0. 0 42 (unchanged)
C7H7 reactions
9 CsHs + CoHp <= C/H7 3.72x 104 0. 8 300 32 (unchanged)
10 GHs + OH < C;H7; + H,O 1.26x 1013 0. 2583 29 (unchanged)
CeHs reactions
11 OH+ CgHg = CeHsOH + H 1.34x 108 0. 10592 69 (unchanged)
12 OH+ CgHg = CgHs + H.O 1.63x 10° 1.42 1454 42
13 O+ CgHg = CeHsO + H 2.40x 108 0. 4668 74 (unchanged)
CgHsOH reactions
14 H+ CeHsO = CeHsOH 2.50x 10" 0. 0 69 (unchanged)
15 OH+ CgHsOH < H,0 + CgHsO 1.39x 108 1.43 —962 34 (unchanged)
16 GHsOH + O <= C¢HsO + OH 1.28x 1013 0. 2891 36, 44
17 GHsOH + HO, < CgHsO + H,0, 3.00x 108 0. 15 000 26 (unchanged)
18 GHsOH + CH,CHCHCH <« C4Hg + CsHsO 6.00x 10%? 0. 0 29 (unchanged)
19 GsHsOH + CH,CHCCH, < C4H¢ + CsHsO 6.00x 10%? 0. 0 29 (unchanged)
20 GsHsOH + CgHs < CHs + CsHsO 4.91x 10%2 0. 4400 29 (unchanged)
CeHsO reactions
21 CﬁHsO + C5H6‘=’ C5H5 + C5H5OH 3.16x 104 0. 8 000 29 (unchanged)
22 GHsO < CsHs + CO 7.40x 104 0. 43 853 38
23 GHsO + O = CgH402 + H 3.00x 108 0. 0 36
CeHs reactions
24 GHs + O < CsHs + CO 9.00x 10%3 0. 0 38
25 GHs + O, < CgHsO + O 2.57x 1072 12.73 —5699 QRRK
26 GHs + O, = CsHs00 1.85x 10% -0.15 —159 QRRK
CesHsOO reactions
27 GHs00 <= CeHsO + O 4.27x 10 -0.7 33027 QRRK
28 GHs00 + H < C¢HsOO0H 2.50x 10% 0. 0 b
29 GHsO + OH < C¢HsOOH 1.00x 10%? 0. 0 c
30 GsHs00 + CgHsOH <« CsHsOOH + CgHsO 1.00x 1015 0. 6961 d
31 GHsO0 + HO, < CsHsOOH + O, 1.87 x 10%? 0. 1540 e
32 GHs00 <= CeH4O, + H 4.00x 10° 0. 0 f
33 GHs00 < CsHs + CO, 1.60x 1C° 0. 0 f
CeH40, reactions
34 GH40, = CsH4O + CO 3.70x 104 0. 59 000 58
35 GH402 = CsH,+ CO, 3.50x 10* 0. 67 000 58
36 GH402 + H <= CsHsO + CO 2.50x 104 0. 4700 58
37 GsH402 + H= C¢H30, + H> 2.00x 10+ 0. 8100 58
38 GsH402 + OH = CgH30, + H,0 1.00x 10° 2.0 4000 58
39 GH40, + O= C¢H30; + H 1.50x 10 0. 4530 58
40 GH40, + O = C¢H30, + OH 1.40x 101 0. 14 700 58
CgH30, reactions
41 GH3z0, + H= 2C,H, + 2CO 1.00x 10" 0. 0 58
42 GH30, + O= C;H, + HCCO+ 2CO 1.00x 10" 0. 0 58
43 GH303= C,H, + HCCO+ 2CO 1.00x 102 0. 50 000 58
CsHsO reactions
44 GHs0 < CH,CHCHCH+ CO 7.50x 101 0. 43900 58
CsH,40 reactions
45 GH4sO < C;Hs+ CO 1.00x 10% 0. 0 36
46 GH4sO+ O0=C4Hs+ CO; 1.00x 10 0. 2 000 58
47 GH40 + H < CH,CHCCH, + CO 2.50x 104 0. 4700 58
48 GH40 < 2CH, + CO 1.00x 10 0. 78 000 58
59 GH4sOH <= CsH, O+ H 2.13x 108 0. 48 000 29
CsH4 reactions
50 GHy+ H < CsHz+ H; 1.00x 1¢° 25 5000 58
51 GHy+ O <= CsHz + OH 1.00x 10° 25 3000 58
52 GHs+ OH < CsHz+ H,0 1.00x 107 2.0 0 58
CsHs reactions
53 GHs+ O,<= C,H,+ HCCO+ CO 1.00x 10%? 0. 0 58
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TABLE 2 (Continued)
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no. reaction A (cm®mol s) n E. (cal/mol) ref
CsHg reactions
54 GHet+ H < CoHy+ CsHs 7.14x 1073 15.1 14 617 59, QRRK
55 GHet+ H <= CsHs+ Hy 1.20x 1 25 1492 59
56 GHg+ O < CsHsO1 2+ H 1.00x 10 -0.6 3669 59, QRRK
57 GHg+ O < CsHs+ OH 4.77x 10 2.7 1106 59
58 GHg+ OH <= C=CC-C=COH 4.40x 10 0.82 2914 59, QRRK
59 GHg+ OH < CsHs+ H0O 3.10x 10° 2.0 0 59
60 GHg+ O, CsHs+ HO, 4.00x 108 0. 37150 59
61 GHes+ HO, = CsHs + H0» 1.10x 10 2.6 12 900 59
62 GHg+ HCO < CsHs+ CH,O 1.10x 10° 1.9 16 000 59
63 GHg+ CHz <= CsHs+ CH, 0.18 4.0 0 59
64 GHe+ CoHz < CsHs + CoHy 0.12 4.0 0 59
65 QHG“F C3H5 A CsHs + C3H5 0.20 4.0 0 59
66 GHe+ CH,CH CHCH< CsHs + C4Hs 0.12 4.0 0 59
67 GHg+ CsHs <= CsHs + CgHs 0.10 4.0 0 59
68 GHs + CH,CHCCH, < CsHs + C4Hs 6.00 x 10%? 0. 0 29 (unchanged)
CsHs reactions
69 GHs+ H < CsHs 3.20x 10 0.0 0 60, k)
70 GHs+ O < CsHsO 5.20x 10%© —5.96 3445 60, QRRK
71 GHs+ O« CsH, O+ H 4.25x 101 —0.56 1230 60, QRRK
72 GHs+ O < CH,CHCHCH+ CO 1.45x 10 3.76 2213 60, QRRK
73. GHs+ OH < CsH,OH + H 3.63x 10748 18.18 —3853 60, QRRK
74 GHs+ HO, < CsHsO + OH 6.19x 10731 13.81 —4 130 60, QRRK
75 GHs+ HO, < CsH40 +H,0 9.46x 10732 13.13 —4 803 60, QRRK
76 GHs+ O, <= COC=CKET + H 4.35x 107 1.08 16 737 60, QRRK
77 GHs+ O, = C=CC=C=0 + HCO 1.31x 1073 4.41 16 472 60, QRRK
C,reactions
78 CHCHCCH, + O, = C4H,4 + HO, 1.20x 104 0. 0 29 (unchanged)
79 CH; + OH < H,CCCCH+ H,O 7.50x 10° 2.0 5000 75 (unchanged)
C, reactions
80 GHs + O, < CH,O + HCO 4.00x 102 0. —250 75 (unchanged)
81 CGH,; + H<e C,Hs3 7.85x 10% -0.22 1770 QRRK
C, reactions
82 CHO + OH < HCO+ H,O 3.43x 1015 1.18 —447 75 (unchanged)
83 HCO+M<=H+ CO+ M 2.50 x 104 0. 16 802 75 (unchanged)
84 CO+0«=CO, 1.80 x 10 0. 2438 49, 55K,)
85 CO+OH<=CO+H 3.09x 101 0. 735 76 (unchanged)

aHippler et al’” fit to single exponential for temperatures around 80® Estimated from gHsO + H < CgHsOH.%° ¢ Rate coefficient assumed
to have a preexponential factor for diffusion controlled reactighs=(10'2 cm?® mol~! s%) and no energy barrieEg = 0). ¢ Estimated from the
reaction of poly(peroxystyrl)peroxyl radical with phenol using the measurement=o10’ cm® mol~* s—* at 65°C "8 and assumed = 10'*5to
infer E,. ¢ Estimated from H@ + HO, < H,O, + 0,42 fTreated as adjustable parameters.

papers. The reactions betweegHg and GHg with O, and the were found not to cause significant differences in the model
radical species with the highest rate coefficients at 813 K and predictions as long as the rate coefficient of R33 was 40% of
246 bar are included in the SCW benzene oxidation mechanismthat of R32. Ifk; 33is larger than 40% o 3., the model predicts
(R54—R67 and R69-R77). The rates of the H abstraction too slow a reaction rate of benzene and vice versa. Without
reactions of GHg by H, O, OH, HQ, and Q given by Zhong inclusion of R32 or R33, the mechanism overpredicts the
and Bozzelf® are generally faster than the predicted rates of benzene oxidation rate and the reaction delay is too small (short-
the addition/elimination pathways. Resonantly stabilizeld:C dashed line). The dashed-and-dotted line represents the slowest
instead, reacts exclusively via combination or addition/elimina- benzene oxidation rate that can be achieved through adjustment
tion pathways. of ki 32 (without including R33).

) o As seen in Figure 3, the predicted phenol concentration is in
Comparison of Model Predictions to Benzene SCWO agreement with the experimental measurements with the inclu-
Data sion of R32 alone or both R32 and R33 in the mechanism.

The solid line in Figure 2 represents the best possible fit Reaction R32 provides an alternate to R27 fogHEOO
between the predicted and experimental benzene concentratiotonsumption, thereby preventing excessi§O formation. All
profile using the mechanism in Table 2 with the rate coefficients reactions which lead to phenol formation involveHgO with
of the dissociation reactions 08500 to GH40O, and H (R32) the exception of R11. Given that R11 is not competitive with
and GHs and CQ (R33) treated as adjustable parameters. The R12 at these conditions, as is discussed shortly, the fact that
reverse rate coefficients of R32 and R33 were calculated by the experimental and predicted phenol concentrations are in
microscopic reversibility using thermochemical data in Table agreement indicates that thesHzO concentration is now
1. For reference, the predicted profiles from Figure 1 are also properly predicted assuming theHzO/CsHsOH chemistry is
shown (long-dashed line). Both the length of the induction time correctly represented in the model.
and the shape of the predicted benzene concentration profile Figure 4 shows the CO and G@oncentration predictions
agree very well with the experimental data with the inclusion after incorporating R32 but without R33. Both CO and LO
of R32 and R33. The absolute values of the rate coefficients are underpredicted by the model by up to 2 orders of magnitude.
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Figure 3. Effect of modifications to the low-pressure benzene oxidation

: f consistent with the incorporation of the overall reaction gfi§
meF:haﬂlsm.On predEted benze;‘e concentraﬂbrg 813 K;P =246 and Q to GH40, and H in the benzene mechanism of Tan and
ar; ® = 1.0; [GHg]o = 0.6 x 10~2 mol/L. Symbols: ©) experimental 26 o . .
data; ¢ —) from Figure 1; () mechanism in Table 2 including R32 ~ Frank™ Since the reaction betweentds and Q predominantly
CeHsOO < CeH40; + H with ks = 4.0 x 108 s~ and R33 GHsOO forms GHsOO at 246 bar and 813 K, R32 was used in place
< CsHs + CO, with kizs= 1.6 x 108 s7%; () mechanism in Table 2 of this addition/elimination reaction. 840, has also been
without R32 or R33; { -- —) mechanism in Table 2 including only  detected during benzene combustion at both fuel-rich and fuel-
R32 withkz, = 4.0 x 10° s, lean conditions at similar temperatures (9300 K)3° The
dissociation reaction of 8100 to CQ and GHs (R33) was
More importantly, the model predicts that the £&@ncentration included in order to account for early G@rmation. Several
remains below that of CO, while the data clearly show that the other observations of prompt G@rmation appear in both the
opposite is true for all measured residence times. By including SCWO and the combustion literature. Chai and Pfeftérle
R33 in the mechanism (Figure 5), the model properly predicts measured high amounts of @@t low benzene conversions
the CQ concentration to exceed that of CO. The model still during their study of benzene combustion between 900 and 1300
underpredicts CO and GCroncentrations due to a lack of K and postulated C®production by routes other than the
adequate reactions to describe the complete oxidation of allreaction of OH and CO. Savage et al. observed @élds that
intermediates to CO and GOA large fraction of the carbon  always exceeded those of CO in their SCWO studies of ph&nol
remains as §H40,, and GH30,, CsHs0, CHa4, and HCCCCH and substituted phendt’;%* and they too speculated about
are also significant. pathways for C@ formation which do not involve CO. In an
The rate coefficients given here for R32 and R33 are independent study Krajnc and Le¥ealso reported Coyields
semiempirical and were chosen to improve the fit between the which always exceeded those of CO during phenol SCWO, even
model predictions and the experimental SCWO data. Thus, theat the lowest phenol conversions.
rate coefficients for R32 and R33 are specific to this mechanism, Our theoretical calculations using density functional analysis
and any attempt to use them in other models should be pursuedshow that all final products used here from the reactiongbfsC
with caution. Reaction R32 was included to account for the and Q (CgHsO, GH4O,, and GHs) involve one common
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isomerization path through a dioxetane cyclic intermediate. After  If R32 and R33 are not incorporated into the mechanism,
this first isomerization, a path tosH40, + H is present through ~ R27 is the dominant 500 destruction channel:

a ring-opening intermediate. A second series (unzipping process)

is also present along with another isomerization series. The rate CHs:00 = CH;O0+ O (R27)
controlling step to C@involves a 3,2,0 bicyclic (four plus five ] ) )

member ring) tight transition sta&86:67CO, results from the With O formed by R27, excess OH is generated directly by
unimolecular decomposition of this bicyclic. —R7

Discussion of the Model O+ H,0< OH+ OH (—=R7)

The net rates of formation or destruction of key species by gnd indirectly by the following series of reactions:
the individual reactions in the SCW benzene oxidation mech-

anism were calculated to determine the controlling reactions at CiHg+ O CH;O+H (R13)
813 K and 246 bar with stoichiometric oxygen. By comparing
the net rates of all reactions involving a single species, the H+ O, HO, (R1)
primary destruction and formation pathways were determined.
Benzene was found to react almost exclusively by R11 and HO,+ HO,< H,0,+ O, (R2)
R12
CiHg+ OH <~ CH.OH + H (R11) H,0,=> OH + OH (-R4)

R12 proceeds too quickly, and the present mechanism over-
predicts the benzene oxidation rate.
Including R32 with a higher rate constant than R27 eliminates

. . the rapid formation of O and the subsequent overproduction of
benzene at 813 K and 246 bar. Although R11 is recognized to OH by —R7. Since R32 generates H, OH formation proceeds

prqceed by a chemically activated pqthv@&g;ven the fe'a“"e through R1, R2, ane-R4, and R32 alone cannot decrease the
unimportance of R11 the rate coefflc_le_n_t used here is the SaMehanzene oxidation rate sufficiently to bring the model into

as that used by Shandrd8$henol is initially fO”T‘ed by Rll’ agreement with the data. Including R33 slows the benzene
destroyed by R18, and then re-formed by R21 in an equimolar oxidation rate, since #s is relatively unreactive, while

exchange: providing a pathway for C®formation, thus accounting for

C¢H-OH + CH,CHCHCH< CH.0 + C,H, (R18) the experimental observation that £@lelds exceed those of
CO for all measured residence times and reaction condiffons.

CgHg+ OH < C;Hg + H,0 (R12)

with R12 accounting for over 97% of the oxidation rate of

C¢HsO + C;Hg <> C;H;OH + CiHg (R21) ) .
Model-Data Comparison at Other Conditions
Given that R18 and R21 are the principal reactions involving  The solid line in Figure 2 represents the best possible fit of
both GHsO and GHsOH and that @HsOH is minor compared  the model to the experimental benzene concentration profile at
to GeHs as a benzene decomposition produc#€D is also 813 K and 246 bar and with stoichiometric oxygen using the
not a key intermediate in the SCW benzene oxidation mecha- mechanism in Table 2 with the rate coefficients for the
nism. Phenyl radical (§1s) formed by R12 reacts completely  dissociation of @Hs00 to GH4O, and H (R32) and to §Hs
through R26: and CQ (R33) treated as adjustable parameters. As a test of
the robustness of the mechanism, the model predictions were
CeHs + O, <> CeHs;00 (R26) compared to experimental benzene SCWO data measured at
varying reactor condition® No further adjustments were made
to the mechanism to improve modelata agreement in
performing this comparison. The rate coefficients of R32 and
R33 were treated as temperature independent and maintained
at their values given in Table 2.
Temperature Variations. Figure 6 shows a comparison of

The fate of GHsOO is the most critical unknown. Comparisons
with the data suggest that the radical-forming, chain-branching
loss channel to g0 and O (R27) can only be a minor channel.
Under SCWO conditions, mosts8s00 appears to decay via
the two thermal pathways:

CeH-00< CH,0,+ H (R32) the model predictions to experimental benzene conversion data
measured as a function of temperature at 246 bar with
CH;00 < C,H,+ CO, (R33) stoichiometric oxygen and a residence time of 6.2 s. The model
and data are in excellent agreement across the entire temperature
p-Benzoquinone formed by R32 undergoes oxidation as de- fange. . . o ] )
scribed by the mechanism of Alzueta eflvhile CsHs formed Fuel Equivalence _Rat|o V_anatlons.ln Figure 7 the predlct_ed
by R33 reacts primarily by R74: benzene concentration profiles are compared to the experimental
data measured at 813 K and 246 bar as a function of residence
CsHg + HO, < C;H;0 + OH (R74) time with fuel equivalence ratios®) of 0.5 (100% excess

oxygen), 1.0 (stoichiometric oxygen), and 2.5 (40% of oxygen
CsHs0 then undergoes ring opening reactions leading eventually demand). The experimental and predicted residence times
to CO and CQ. profiles at® = 1.0 are those from Figure 2. The model
Since the oxidation of benzene proceeds mainly by the qualitatively captures the trend of benzene conversion, increasing
H-abstraction channel (R12), the reaction delay (or induction with the increasing oxygen concentration, and quantitatively
time) and subsequent rate of benzene reaction is determined byagrees with the data measured at fuel-lean conditions. The
the rate of OH radical generation which, in the present experimental data for the fuel-rich conditions appear to exhibit
mechanism, is primarily by R74. a more moderate oxidation rate than the model predicts.
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g 4E0 B\ especially with that of the 1.2 mM data, is poor.
j \\ ‘ A Density Variations. As a final test, Figure 9 compares the
§SE 04 Q predicted benzene conversion with experimental data at four
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~ i . ) . . .
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Figure 7. Comparison of predicted (lines) and measured (symbols)
benzene concentrations at three fuel equivalence rahipsl, — —)
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Supercritical water (SCW) benzene oxidation data were
modeled using an available low-pressure, gas-phase benzene

bar; [GHs]o = 0.6 x 1073 mol/L.

100

combustion mechanism and submechanisms describing the
oxidation of key intermediate species in benzene oxidation. The
important modifications necessary to adapt the benzene combus-

o - tion mechanism to the lower temperatures and higher pressures
I - of SCWO were as follows: (1) the adaptation of the following
<% /// unimolecular and bimolecular recombination reactions for
LI | - ressure
S " /// .0 P
280 SN H+ O, HO, (R1)
g 50 4 ® o
38 . OH+ OH < H,0, (R4)
2 40| , /e
Saf p/. A4 H+O,<0OH+0O (R6)
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D o0l // Y CH,+H<CH, (R81)
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o ¥ CO+ 0« CO, (R84)
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(2) the inclusion of a pressure-correctegHg CsHg submecha-
nism; (3) use of the reaction pathways and rate coefficients
predicted by CHEMDIS for
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Figure 8. Comparison of predicted (lis¢ and measured (symbols)
benzene conversions at three different initial benzene concentrations
(W, ——) [CeHelo = 0.4 mM, ©, —) [CeHglo = 0.6 mM, and

C¢Hs + 0, CH;,O+ O (R25)
(®, — - =) [CeHelo = 1.2 mM: T = 813 K; P = 246 bar;® = 1.0.
CgHs+ O, C;H;00 (R26)
Benzene Concentration VariationsFigure 8 compares the
predicted and experimental conversions with initial benzene CsH;00+ C;H,O+ O (R27)

concentrations of 0.4, 0.6, and 1.2 mM. The predicted benzene

conversion profile and experimental data withsig]o = 0.6 (4) the insertion of bimolecular reactions involvingHzOO;
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O need for reactions which will form CQearly in the oxidation

MOH€ o oo N process. The good agreement achieved between the model

He GHOH | predictions and the experimental SCWO data may be fortuitous,

: but the fact that the model both qualitatively and quantitatively
CGH‘;HQO | reproduced the experimental data is encouraging given that the
1+ * ! data were gathered at very different temperature, pressure (den-

CH00 CoHeOztH — > H+Om=HO: ! sity), and oxygen concentration conditions than those for which

HO:4+HO:=H0:+0: | the original benzene combustion mechanism was developed.

:\ H:0:=OH+OH -~ =
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Figure 10. Representation of the major oxidation pathways in the final
SCWO benzene combustion mechanism.
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