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Pathways of aromatic fuel oxidation have revealed the importance of phenol chemistry and motivated this
study to obtain the very first stable intermediate species profiles for the atmospheric pressure oxidation of
phenol near 1170 K over a range of equivalence ratios,-01643. Under these conditions, cyclopentadiene

was found to be a major reaction intermediate. Other major species observed included carbon monoxide,
carbon dioxide, acetylene, benzene, 1,3-butadiene, ethene, and methane. Minor species were allene,
methylacetylene, propene, ethane, methylcyclopentadiene, and naphthalene. The reaction intermediates are
consistent not only with the findings of a cyclopentadiene oxidation study previously performed in this
laboratory but also with reactions in the postulated mechanism of phenol oxidation. A complementary study
of phenol pyrolysis indicated that carbon monoxide, cyclopentadiene, and benzene were major reaction
intermediates, also consistent with an earlier study of phenol pyrolysis in this laboratory. Carbon monoxide
yield was once again found to exceed that of cyclopentadiene. However, trace species not detected in the
prior study were observed and now shown to account for the difference in formation of carbon monoxide and
cyclopentadiene. These data and the associated mechanistic analysis should be instrumental in the further
validation of benzene oxidation models and will prove essential to the understanding of the whole of aromatics

fuel chemistry.

I. Introduction TABLE 1: Experimental Conditions for Phenol Experiments
Recent analysés* of the pathways of aromatics oxidation eqf;‘t’if‘)'ence t'(e}gp reSid(i?g)e time f”e(' 'Oﬁging

reveal the critical role that both phenol and phenoxy radical ¢_ PP

play in the oxidation process. Nonetheless, only a few high- ~ Pyrolysis 1173 131 1004

temperature phenol studies have been reporfeahd no gas- 182 ﬂgg gg ggg

phase oxidation data are available in the archival literature. 0.64 1169 126 533

Therefore, the primary intent of the present investigation was
the acquisition of experimental oxidation data over a range of TABLE 2: Maximum Intermediate Species Mole Fractions

stoichiometries as well as complementary phenol pyrolysis data. Reached in Phenol Experiment$

The data consist of intermediate species mole fractions as a pyrolysis ¢=173 ¢=1.03 ¢ =0.64
function of reaction time obtained from atmospheric pressure  species (ppm) (Ppm) (ppm) (ppm)
flow reactor experiments near 1170 K. As in previous flow co 134 434 616 1078
reactor studies of aromatic compourifisi? the data are most CsHs 93 41 36 28@=70
useful when viewed in the context of reactions of importance geﬂe <ig ég ;:_1)3 1?2
. . . . H,
in the development of a detailed chemical kinetic model. 13-CH 19 28 32 @t = 98
CHy 11 <10 14 26
Il. Results and Discussion Cs <10 <10 14
. . L . CioHs <10 11 <10 <10
The experimental conditions for the oxidation and pyrolysis  cH,C.Hs <10 <10 <10 <10
experiments are given in Table 1,and a summary of the species C,H, <10 <10 23
mole fractions obtained is given in Table 2. These experiments CzHe <10
120 135 204

were performed in an atmospheric pressure flow reactor that C©
previously has been extensively describ&d? The species aUnless otherwise noted, maximum mole fraction corresponds to
profiles, mole fractions with respect to reaction time, are residence tiména~ 130 ms.

presented within the context of the subsequent discussion.

Thle _therma_LI decor_nposmon of pt;gnol exa’.“'”ed th_rougrr: of oxidation. This subset of pyrolysis intermediates then can
pyrogss stutj_|esc|;>roy|r]dehs a EUbS.et 0 Lntermedmpe sr[])emgs thale used to infer the chemical changes due to oxygen addition.
can be associated with the chemistry that occurs in the a SenCEfAccordingly, pyrolysis data are presented and discussed first
as a prelude to and context for the presentation and analysis of
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Figure 1. Profile reconstructed by summing the carbon contained in Figure 2. Carbon monoxide, cyclopentadiene, and benzene profiles
all other observed species, subtracting the sum from the initially known from the pyrolysis of phenol at 1173 K.

carbon loading, and dividing by the number of carbons per molecule

of phenol® Note that this technique precludes an independent deter- (—6240) cm® mol~t st andkg) = 2.21 x 10 exp(—3990/
mination of a carbon balance. T) cm® mol~1 s71. Their results indicate that displacement is
favored over abstraction far < 1360 K, which has important
implications for aromatics oxidation. Overall reaction progress
is hindered by displacement, since it results in the unoxidized
product benzené OH produced in the displacement reaction
will abstract H from phenol to form water:

diene. Minor species observed included benzene, acetylene
naphthalene, methane, and methylcyclopentadiene.

CsHsOH Consumption.The phenol decay profile is shown
in Figure 1. The destruction of phenol will most likely occur
initially via the thermal decomposition
CH.OH — CH.O" + H @ CgHsOH + OH — C;H;O" + H,O (5)
He et al’ found the rate constant for reaction of OH with phenol
to be 6x 102 cm? mol~t st at 1032 K. The authors concluded
that this result must correspond to abstraction of the phenolic
H, since the previously determin€d®rate constant for attack
on the ring is a factor of 10 smaller.

CO and GHs. The phenoxy radical produced through
reactions 1, 3, and 5 decomposes unimolecularly to CO and
the cyclopentadienyl radic&42:

A rate constant for the reverse reaction was determined by He
etal’ to be 2.5x 10" cm® mol~1s~1. This value is consistent
with earlier observatiot§that rates of recombinations involving
resonance-stabilized radicals seem to be especially large.

A recent high-temperature shock-tube study of phenol py-
rolysis'” addressed another possibility for phenol destruction.
Horn and Frank’ measured, through optical techniques, H atom
and CO concentrations as a function of time. To model the
time profiles of these species, it was necessary for the research-
ers to hypothesize that phenol underwent a direct molecular
elimination:

CeHsO"— CO+ CH," (6)

The parent species cyclopentadiene is derived via reaction of
CgHOH— CO+ CH, (2) the radical GHs* with a hydrogen donor, e.g., the initial fuel:

With the inclusion of this step, their pyrolysis model predicted CiHs + CgHsOH — CgHg + CHO (7)

very well the measured CO profiles. H atom profiles were also

well predicted by the inclusion of subsequent reactionsspisC ~ Phenoxy decomposition, reaction 6, when combined with
The inclusion of reaction 2 in a model of phenol pyrolysis would reactions such as reaction 7, would lead in flow reactor
be consistent with the benzene oxidation modeling effort of experiments to the same observable products of CO ghid C
Zhang and McKinnot who also postulated the importance of ~as does the direct product from phenol (reaction 2).

this step. Shandross et lhowever, found that there was no ~ Carbon monoxide and cyclopentadiene profiles are shown
basis for including this step in any model of benzene oxidation, in Figure 2. Both the CO ands8s profiles are linear in time.
and their analysis has left the significance of this reaction still Also, the CO yield exceeds thelds yield by a factor of roughly
uncertain. Flow reactor data cannot resolve this uncertainty, 1.4. These observations are consistent with those of Lovell et
since, as will be discussed below, either decomposition reactional® who found that over a range of experimental conditions the
1 or reaction 2 leads ultimately to the same detectable stablerate of CO formation was always significantly greater than that

species, CO and 4Els. of CsHe. However, reactions 1 and=3¥ taken alone predict
Following initiation, phenol consumption most likely proceeds nearly equal rates of formation for CO and cyclopentadiene.
via reactions with the H atom: Lovell suggested the occurrence of a reaction that would remove
Cs species from the system without an equivalent restriction of
CgHsOH + H— CH;O" + H, 3) CO production. Naphthalene and indene, presumably derived
from two cyclopentadienyl radicals, were observed by Lovell,
Ce¢HsOH + H — CgHg + OH (4) but their yields were too small to constitute a major sink for

CsHs'.  Thermal decomposition of £Sspecies was ruled out,
He et al’ determined the rate constafgg = 1.15x 10 exp- since the expectedsHs* pyrolysis products (methaneg'§, and
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Figure 3. Methane and acetylene profiles from the pyrolysis of phenol Figure 4. Comparison of carbon monoxide and sum ofHE
at 1173 K. derivatives from the pyrolysis of phenol at 1173 K.

C4's) were not observed. Ultimately, the addition reaction As stated earlier, benzene may be formed directly from phenol
via displacement of OH by an H atom, although there appears

CgHsO" + CHg" — CgH;OCH, (8) to be few pathways for the production of H and consequently
) ) very little H atom available for the displacement reaction. Trace
was proposed to explain the imbalance of CO antleC It methylcyclopentadiene<2 ppm) observed in the present study

was postulated that thegBs0CsHs product would go unob-  suggests an additional benzene formation route. Methylcyclo-

served, since large oxygenated aromatics (with low vapor pentadiene and its radical are likely formed by reactionssbfsC
pressures and high boiling points) are difficult to detect by and CH;
sample trapping and batch analysis.

On the basis of the present experimental results, which differ CHs" + CH;— CH,C.H,” + H (13)
somewhat from those of Lovell, an alternative analysis is given
below for the observed difference in the rates of formation of C.He + CH;— CH,C.H: — CH.CH, +H  (14)

carbon monoxide and cyclopentadiene.

CsHe Decomposition.On the basis of the absence of methane The methylcyclopentadienyl radical can lead to the formation
and G species, it was concluded in Lovell's study that the of benzene through isomerization and hydrogen #6s%:
decomposition of g€species did not occur. However, acetylene,
an expected product of cyclopentadiene pyrol¥sisas report- CH,CH, — CHg + H (15)
edly observed. In the present study, owing to improved analytic
techniques, both acetylene and methane were detected andherefore, some fraction of the observed benzene may in fact
measured (Figure 3), suggesting that the decompositions of C be derived via @Hs* rather than from phenol directly. This
species did occur. route is consistent with the observations of Buflevho found

Acetylene and the allyl radical may be derived via H addition benzene to be a major product in the pyrolysis of cyclopenta-
to cyclopentadiene followed by ring opening and decomposition diene at similar temperatures.

of the resultant linear &1 radical? COIGsHs Balance. The above discussion implies a balance
between CO and the sum otlds" derivatives. Derivatives of
H + CiHg — c-CH’ ()] CsHs' include GHg, CHsCsHs, naphthalene, acetylene, and some
fraction of the total benzene. Naphthalene, derived from two
c-CsH; — n-CH/ (10) CsHs" radicals, is counted twice in the tally. Acetylene is
weighted by a factor of one-half, since the thermal decomposi-
n-CgH,” — C,H, + H,C=CH—CH,’ (11) tion of a single G ring will yield two C,H, molecules.

The CO/GHs comparison is illustrated in Figure 4. Near-
Subsequent reaction of allyl may yield acetylene and the methyl perfect agreement between the CO agH4Zurves is obtained
radical23 if all of the observed benzene is assumed to be formed via
CH3CsHy, thus supporting the conjecture that very few H atoms
H,C=CH—-CH,"— C,H, + CH, (12) are available for benzene formation by the displacement of OH
from phenol. Nevertheless, more detailed reaction modeling
in which the methyl reacts in part to form methane. Admittedly, must be undertaken in order to establish whether these deduc-
reaction 12 is energetically less favored than the decompositiontions are valid for the conditions of the present study.
of allyl to allene and H. However, no allene was observed (B) Oxidation. Species profiles obtained from the oxidation
among the reaction products and the above reaction steps forf phenol near 1170 K are shown in Figures13. Although
the production of acetylene and methane are consistent withno prior high-temperature phenol oxidation studies have been
the data. Nevertheless, reactions1® are still a speculative  reported, the oxidation of cyclopentadiéhbas been investi-
explanation for the data and remain to be demonstrated. gated in the Princeton atmospheric pressure flow reactor.
CeHs. Benzene yield is shown in Figure 2. Consistent with Reaction intermediates observed in the phenol experiments were
the observations of Lovell et dl.the profile is linear in time. consistent with the findings of the cyclopentadiene study. Major
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Figure 5. Reconstructed fuel decay profiles from the oxidation of
phenol at 1169 K.

Figure 6. Cyclopentadiene profiles from the oxidation of phenol at
1169 K.

species included carbon monoxide, carbon dioxide, acetylene, 120
cyclopentadiene, benzene, 1,3-butadiene, ethene, and methane. A
Minor species were allene, methylacetylene, propene, ethane, 100 ::;i a
methylcyclopentadiene, and naphthalene. M:M N
CeHsOH Consumption.Phenol decay profiles for a range of
equivalence ratios are shown in Figure 5. In addition to the
phenol consumption reactions-b discussed above, the reaction
of phenol with molecular oxygen

> o0

CsHs;OH + O, — CHO" + HO, (16)

40 -

Mole Fraction x 10° (ppm)
o

>
>
o
o

must be considered. No measured rate for this reaction has been
reported. However, a rate may be estimated by analogy with
the reaction

C4H<CH; + 0, — C;H,CH, + HO, (17)

Time (ms)
since the phenolic ©H bond and the benzylic€H bond are
roughly equal in strength. In a flow reactor study of toluene
oxidation, Emdee et dl.determined that the toluene profile ~Gopalan and Savage estimated 1.0 x 102 exp[-10000 cal
predicted by their model was most sensitive to reaction 17. At mol~%(RT)] for reaction 18 based on the rate constant for
that time, no direct determination of its rate was available in abstraction of the aldehydic H from acetaldehyde {CHO +
the literature. Therefore, the rate was initially estimated and HOy).
then adjusted for a better fit to the experimental data to yeld CsHg Oxidation. Cyclopentadiene profiles are shown in
= 3.00 x 10" cm® mol~! st and E; = 41.4 kcal/mol. To Figure 6. The profiles exhibit the expected oxygen dependence
model the oxidation of phenol in supercritical water, Gopalan with the most significant consumption o&&s observed at the
and Savag€ estimated the rate of reaction 16 using Emdee’s leanest condition. Cyclopentadiene oxidation products including
A factor for reaction 17. The activation energy was estimated acetylene, 1,3-butadiene, methane, andsg@zcies are shown
from the heat of reaction plus a barrier of 1.31 kcal/ni®)for in Figures 7-10. Yields of these species increase with decreas-
HO, + allyl radical — propene+ O.). A recent study ing equivalence ratio (more oxygen available). With the
conducted over the temperature range-6733 K28 however, exception of 1,3-GHs, the observed cyclopentadiene oxidation
suggests that the preexponential of reaction 17 is actually a factorproducts do not undergo subsequent conversion on the time scale
of 100 smaller,~2 x 10'2. However, an even more recent of these experiments.
shock-tube study conducted at higher temperatures, 1650 The decomposition of &1 via H addition and subsequent
1400 K, supports very strongly the estimate of Emdee ét al. ring opening was described above. In an oxidation system,

for the rate constant parameters of reaction 17. Clearly, rate gqdition of O and OH must be considered as well. Radical
coefficients for reactions 16 and 17 will require better evaluation recombination reactions of s8s* with O and HQ are also

before more definitive mOde|II’]g of the oxidation of phenol and expected to play a role in the conversion of thg rmg to

even toluene can be accomplished. N noncyclic products. These reactions are detailed by Bozzelli
HO, chemistry plays a role under the conditions of the present gt 5122 and Butler's Analogous reactions can be described for
study (1 atm,T ~ 1170 K). Thus, the relevant reaction with  methylcyclopentadiene.

phenol is

Figure 7. Acetylene profiles from the oxidation of phenol at 1169 K.

CeHs. In the absence of oxygen, the benzene profile was
found to be linear in time. As shown in Figure 11, the benzene

CeHsOH + HO, — CgH:O" + H,0, (18) profile is also linear under oxidation conditions; the slope (i.e.,



8618 J. Phys. Chem. A, Vol. 102, No. 44, 1998

Brezinsky et al.

35 35
A
30 i A a A a A A 30 4 O ¢=1.73 A
A A o O ¢=1.03 /N
- . o -~ A ¢ A
= s N 13-CH, o = s 6=0.64 . A
a s] a. 66
& a &
=2 a a = A A
A [u] <
= 20 o o S = 20 4 A
> A o o o PaN .
g o o g o O
3 1s{ & o O © 3 15 4 s o
& o o © 8 A [a] o
T o = A g GO o
2 o o © o o ©
S 10 o ° S 104 a o o © o
= o = A a o o
o O ¢=1.73 A o S
o o <
5 1 O ¢=1.03 s 4 @ g o
A 9=0.64
0 —& T T T T T 0 T T L T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (ms) Time (ms)

Figure 8. 1,3-Butadiene profiles from the oxidation of phenol at 1169 Figure 11

. Benzene profiles from the oxidation of phenol at 1169 K.

K.
1200
30
=173 A
1000 1 A
2 O ¢=173 A O ¢=1.03
] O ¢=1.03 A ~ A
z 0=0.64 A g 800
~ A
& 20 < A co
- CH, A = A
2 = 600 4 A ]
x A A .S A - . B
= 15 3] A n
~§ N = & | at LI *
1] [ ]
= B ° R I NI e
< 10 a o O B ¢ o o ¢ °
5 Iy < re4 co
A a o o < 200 4 A ‘A A
u] a] A A A a
5 1 . ¢ ° 8086 56 & 5 686 8 & 886 & &
0 T T T T T —
OJ_&a_a_'_a_e_re o VDN 0 20 40 60 80 100 120
0 20 40 60 80 100 120 Time (ms)
Time (ms) Figure 12. Carbon monoxide and carbon dioxide profiles from the

Figure 9. Methane profiles from the oxidation of phenol at 1169 K. ©xidation of phenol at 1169 K.

12

16
<o
14 4 O ¢=1.73 a N O ¢=1.73 o
O ¢=1.03 A a 10 1 O ¢=1.03 o 0
: A
124 A ¢=0.64 A 2 A ¢=0.64 o o
£ A a o
S A & 37 o o o
S 10 4 a G ) o o O
2 a g © = g o o
x A a = 64 o
S 8- A o 2 CioHg
S o 2 o g
o g O 2 o 4
£ 6 “ o ® i« | s & & & 4 4 a4
s | A& o O < L 4 g a a
° o <o [}
=, ] = 8 N
a o o o 0 © o ©° 24 8
2{o o © °
0 o . . . ‘ . 0 T T T — T T
o 2 0 PA % 100 120 0 20 40 60 80 100 120
Time (ms) Time (ms)
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Figure 13. Naphthalene profiles from the oxidation of phenol at 1169
propene+ allene+ methylacetylene. K.

prior to the first sampling point) followed by a period of near-
the rate of benzene production) increases with decreasingzero growth that persists over most of the $A®7 ms reaction
equivalence ratio. Trace methylcyclopentadiene was observedime. This observation is indicative of a rapid, early production
again suggestive of the formation of benzene viasCiHi,". of CO,, which is terminated prior to the first sampling point.
CO and CQ. CO and CQ profiles are shown in Figure 12. The present data suggest that the chemistry in the initial region
The CQ profiles are characterized by a rapid, early growth (i.e., of the flow reactor is more rapid than would be expected for a
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