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ABSTRACT: An experimental and theoretical study of the pyrolysis and oxidation of paraben-
zoquinone has been performed. The experiments were conducted in an isothermal quartz flow
reactor at atmospheric pressure in the temperature range 600—1500 K. The main variables
considered are temperature, oxygen concentration, and presence of CO. A detailed reaction
mechanism for the pyrolysis and oxidation chemistry of parabenzoquinone is proposed, which
provides a good description of the experimental results. Both the experimental work and the
kinetic mechanism proposed for the pyrolysis and oxidation of parabenzoquinone represent
the first systematic study carried out for this important aromatic compound.

Our pyrolysis results confirm that the primary dissociation channel for p-benzoquinone
leads to CO and a CsH,O isomer, presumably cyclopentadienone. However, significant for-
mation of CO, during the pyrolysis may indicate the existence of a secondary dissociation
channel leading to CO, and a CsH, isomer. Under oxidizing conditions, consumption of p-
benzoquinone occurs mainly by dissociation at lower temperatures. As the temperature in-
creases interaction of OC,H,O with the radical pool becomes more significant, occurring pri-
marily through hydrogen abstraction reactions followed by ring opening reactions of the

OC4H,0 radical. © 1998 John Wiley & Sons, Inc. Int ] Chem Kinet: 30: 683-697, 1998

INTRODUCTION

Understanding of the detailed oxidation chemistry of
aromatic compoundsisstill amajor challenge. Despite
significant efforts during the last two decades [1-9]
large uncertainties remain in the reaction mechanism
for even the simplest aromatic species, such as ben-
zene. While the initial steps in benzene oxidation are
now better understood [4—6, 8—11], little is known
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about some of the intermediates formed during the ox-
idation process. A number of recent studies have
pointed to the importance of benzoquinone, OCH,O,
which appears to be an important product in the re-
action between phenyl and oxygen [12,13],

CeHs + O, — OCgH,O + H,

and may also be formed by reaction of the phenoxy
radical with oxygen atoms [14],

CeHsO + O == OCH,O + H.

In addition to being an important intermediate in ben-
zene oxidation, benzoguinone has been identified as a
potential pollutant from combustion facilities such as
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Figurel Diagram of thequartz-flow reactor. 1: Mainflow.

2: Gas injectors. 3: Mixing area. 4: Reaction zone. 5: Gas
outlet. 6: Cooling air inlet.

sewage sludge incinerators [15]. Despite the potential
importance of benzoquinone, very little is currently
known about the chemistry of this component. Two
isomers of benzoquinone may be of significance, par-
abenzoquinone (p-OCzH,0O, in this article just termed
0OC¢H,0O), and orthobenzoquinone (0-OCzH,0). It is
not clear at present which form of benzoquinone is
favored in the C;Hs + O, and C;H;O + O reactions,
but it is likely that both isomers play arole [16,17].
A limited amount of experimental data on the
chemistry of benzoquinone can be found in the liter-
ature. The only reaction specific work reported is a
shock-tube pyrolysis study of parabenzoquinone by
Frank et a. [12]. Further studies on p-benzoquinone
include flash-thermolysis experiments [18—20] and
thermal-hydrogenation experiments [21-25]. For o-
benzoquinone, to our knowledge only thermolysisdata
have been reported [26,27]. While the reported studies
on benzoguinone have provided important information
on the pyrolysis chemistry, no data are available on
the oxidation behavior. Furthermore, except for the
shock-tube study, none of these experiments have

been performed under well-defined reaction condi-
tions, making it difficult to derive reaction specificin-
formation.

It appears that the two isomers of benzoquinone
have different reaction characteristics, even though
little mechanistic information is available. Flash ther-
molysis of the two isomers at temperatures around
1100 K [18,19,26,27] indicate that the pyrolysis of p-
benzoqguinone and o-benzoguinone may proceed along
fundamentally different pathways, perhaps because
different C;H,O isomers are formed in the initia py-
rolysis step [18,19]. Parabenzoquinone is more ther-
mally stable [12] than orthobenzoquinone, which has
been reported to dissociate readily [26,28]. Thisisin
agreement with the general observation that o-qui-
nones are decarbonylated more readily than p-qui-
nones [23].

The objective of the present work is to perform an
experimental and theoretical study of parabenzoqui-
none pyrolysis and oxidation. Experiments are con-
ducted in aflow reactor in the temperature range from
600 to 1500 K at atmospheric pressure. Based on the
present data as well as results from the literature, a
detailed reaction mechanism for the chemistry of par-
abenzoquinone is proposed, that provides a good de-
scription of the experimental results under both py-
rolysis and oxidation conditions.

EXPERIMENTAL

The experimental installation basically consists of a
gas-feeding system, a gas-reaction system, and a gas-
analysis system. Pure gases from gas cylinders are
dosed with mass-flow controllers and fed into the re-
actor. The addition of p-benzoquinone together with
water vapor was done by passing a nitrogen stream
through a saturated solution of p-benzoquinone at a
temperature of 303 K.

The reaction system contains a quartz-flow reactor
which islocated inside an electrically heated oven that
alows us to reach temperatures up to 1500 K. The
reactor, which has been constructed following the de-
sign of Kristensen et al. [29], is shown schematically
in Figure 1. It has a reaction zone of 8.7 mm inside
diameter and 200 mm in length. Reaction conditions
are carefully controlled. The reactants are led sepa-
rately to the reactor and rapidly and efficiently mixed
at the entrance of the reaction zone. The temperature
is kept uniform along the reaction zone within 7 K.

The gas entering into the reaction zone consists of
a mixture of p-benzoquinone, water vapor, and nitro-
gen, with oxygen added in the oxidation experiments.
The reactants are very diluted in order to keep iso-
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thermal conditions along the reaction zone. At the out-
let of the reactor, the reaction is quenched using cool-
ing air.

The analysis of the products after conditioning is
performed by means of continuous analyzers for CO
and CO,, with an estimated uncertainty of the mea-
surements of 5%, but not less than 5 ppm. Further-
more, the products are analyzed using aFTIR (Fourier
Transform Infra-Red) analyzer. The reactor tempera-
ture is measured with aK thermocouple, and the pres-
sure with an absolute pressure transducer. Tempera-
ture control and data acquisition are performed in aPC
system.

REACTION MECHANISM

The reaction mechanism for benzoquinone pyrolysis
and oxidation developed in the present work consists
of an oxidation subset for C;—C, hydrocarbons,
listed in Appendix A, together with a C, hydrocarbon
subset, which includes C, hydrocarbon chemistry as
well as oxidation of CO/H,. The C, subset was
adopted without changes from Glarborg et al. [30].
The C;—C, reaction subset was largely taken from
work of Miller and co-workers [31,32]. Thermody-
namic data were taken from different sources
[30,33,34], and Appendix B lists thermodynamic
properties (AHy,gs, Sos and C,) for selected species.
Reactions of benzoquinone and the subsequent C, and
C; intermediates are discussed in detail below.

As stated in the introduction, very littleis currently
known about the detailed chemistry of benzoguinone.
Only pyrolysis and hydrogenation studies have been
reported in literature, and results from these studies
are not conclusive.

The thermal stability of parabenzoquinone was in-
vestigated in a shock-tube study by Frank et al. [12].
The temporal absorption of H, O, and CO was moni-
tored during the unimolecular decomposition of low
initial concentrations of p-benzoquinone. Frank et al.
[12] detected only CO in measurable quantities, with
[COlend/[OCsH,O], = 1.0 = 0.1 in the temperature
range 1550—1900 K. Based on this information and
assuming a high-thermal stability of C;H,O, they de-
duced that the reaction

OC4H,0 == C4H,0 + CO (R1)

was the only important dissociation channel. From the
pseudo-first-order increase of CO, they found a rate
constant for (R1) of 7.4 - 10** exp(— 29700/T) s~*.
Results of the present work, supported by thermal
decarbonylation studies of parabenzoquinone at

860 K in the presence of hydrogen by Sakai and co-
workers [21-24], point to a possible different inter-
pretation of the shock-tube results of Frank et al. [12].
We believe that a secondary pyrolysis channel may be
active,

OC4H,0 = C{H, + CO,, (R2)

with arate comparable to that of (R1) at high temper-
atures. This secondary channel was not detected by
Frank and co-workers, partly because they did not an-
alyze for the products of (R2) and partly because their
assumption of a high-thermal stability of C;H,O may
have been in error. As discussed in detail below,
we estimate rate constants for (R1) of 3.7 - 10
exp(—29700/T) st and (R2) of 35-10%
exp(— 33700/T) s, based on pyrolysisresultscarried
out in the present study as well as our interpretation
of the results of Sakai et al. and Frank et al. However,
the occurrence of reaction (R2), which would involve
the formation of a 1,4 bridge of O,, is presently only
a working hypothesis, and it needs to be confirmed
independently.

To our knowledge there are no data available in the
literature on reactions of benzoquinone with radicals.
The reaction of OC4H,O with H atoms presumably has
two product channels,

OCH,0 + H==CH,0 + CO  (R3)
OCeH,0 + H—>0CH:0 + H, (R4

For reaction (R3) we have assumed that the H addition
to an unsubstituted ring position was rate limiting and
we have chosen a rate of four times the value for a
position in phenol [35,36]. The H atom may also add
to the oxygen in OCzH,O, which following H atom
transfer and subsequent dissociation would result in
the same products as (R3). For the H abstraction chan-
nel the rate constant was estimated by analogy with
the CsHg + H reaction. Due to the lack of thermody-
namic data for the OCH,O radical, we have assumed
the reactions of this species to be irreversible.

The reaction of benzoquinone with O atoms was
also estimated by analogy with the corresponding ben-
zene reaction. The CHg + O reaction has two impor-
tant product channels, one forming a C;HO adduct,
which yields a phenoxy radical plus an H atom [37],
and an H abstraction channel leading to phenyl and
OH. By analogy we obtain for the OC,H,O + O re-
action,

OCH,0+O0—>CH 0, +H  (R5)

OC,H,0 + O —> OC,H,0 + OH.  (R6)
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The reaction of parabenzoquinone with OH can be as-
sumed to proceed as an addition reaction at low tem-
perature, similar to the addition to the > C=C <
double bond in 1,4-napthoquinone [38,39]. However,
under the conditions of the present work, the adduct
formed presumably dissociates rapidly back to reac-
tants. At higher temperatures we assume that the H
abstraction reaction,

OC¢H,0 + OH — OCH,0 + H,0, (R7)

is the only active channel. The rate for this reaction
can be estimated at 1050—1100 K from the present
work (see below), vyielding a vaue of
1.5 10" cm¥mole-s at 1075 K. We have extrapo-
lated this value, assuming a T? dependence. It is note-
worthy that the reaction is significantly slower than
the CsHs + OH reaction.

The OCgH,O radical is expected to react very fast
with H and O radicals, leading to ring opening

OCeH:0 + H——>2C,H, + 2CO  (R8)
OC4H;0 + O —> C,H, + HCCO + 2CO  (R9)

The C¢H;O; radica formed in (R5) with two

> C=0 < doublebondsanda > C—O < single
bond, presumably has a low-thermal stability; we ex-
pect it to dissociate rapidly in the ring opening step,

CeH,0, —> C,H, + HCCO + 2CO  (R10)

The fate of C;H,O formed in the primary dissociation
step of parabenzoquinone is not certain. There arein-
dications that cyclopentadienone dimerizes fast [28],
but results are not conclusive. A flash-thermolysis
study at 1580 K by de Champlain and de Mayo [20]
identified cyclopentadienone, isolated as the dimer, as
the main product. However, at lower temperatures,
down to 1420 K, the yield of the dimer progressively
decreased. In a similar study performed at 1120 K,
Hageman and Wiersum [18,19] failed to detect the cy-
clopentadienone dimer and concluded that under these
conditions a different isomer of (C;H,O), most likely
acyclopropanone, was the precursor of the major final
product, vinylacetylene.

Under the conditions of the present experiments,
we believe that the dimerization of C;H,O istoo slow
to compete with thermal dissociation or reaction with
radicals. Our results support the suggestion of Emdee
et al. [4], that C;H,O dissociates to C,H, and CO,

CH,0—> CH, + CH, + CO, (R12)

with a rate of 1.0-10%exp(— 39300/T) s1. Reactions
of CsH,O with H and O radicals are expected to lead
to ring opening,

CH,0 + H—> CH,CHCCH, + CO  (R13)
C4H,0 + O —> CH,CHCCH + CO, (R14)

We assume that C;H, formed in reaction (R2) is the
noncyclic 1,4 pentadiyne isomer. Reactions of this
component with the O/H radical pool presumably pro-
ceed as H abstraction reactions producing the C;H,
radical, which subsequently may react with O, feeding
into the C, hydrocarbon subset.

RESULTS AND DISCUSSION

The pyrolysis and oxidation of p-benzoquinone has
been studied in the temperature range 600—1500 K at
atmospheric pressure in a flow reactor. The experi-
ments were conducted keeping a constant mass flow
rate and varying the reaction temperature. This means
that the residence time in the reactor is a function of
temperature, being about 200 ms at 1000 K. The
model calculations were performed using Senkin [40],
a plug-flow code that runs in conjunction with the
Chemkin library [41].

Pyrolysis of p-Benzoquinone

The key issues in the pyrolysis of parabenzoquinone
are the branching fraction between the two potential
dissociation channels,

OCgH,0 == C,H,0 + CO (R1)
OC4H,0 = C,H, + CO,, (R2)

and the fate of C;H,O formed in reaction (R1). Frank
et a. [12] proposed, based on high-temperature shock-
tube results for p-benzoquinone dissociation, that (R1)
is the dominating dissociation channel, and that cyclo-
pentadienone is thermally very stable. Hydrogenation
studies by Sakai and co-workers [21-24] at 860 K
confirm that CO is the dominating pyrolysis product,
but aso significant amounts of CO, were observed.
Sakal et al. [22,24] suggest that the CO, is formed by
an intramolecular mechanism, i.e. (R2), since CO, was
not observed in the pyrolysis of reactants such as phe-
nol, 1-napthol, or fluorenone with only one oxygen
moleculein their structure and since in the case of 1,4-
naphthoquinone pyrolysis, the rate of CO, formation
was practically independent of the H, dilution ratio.
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Figure 2 (a) Comparison of experimental data and model predictions for CO and CO, formation in the pyrolysis of p-
benzoquinone. Symbols denote experimental data and lines denote model predictions. Inlet concentrations: 52 ppm OCzH,O;
50 ppm O,; 2.4% H,0; and balance N,. Pressure is 1.03 atm. Residence time (s) = 210/T(K). Solid lines: calculations made
with the mechanism of the present work (App. A). Short dashed lines: calculations made omitting reaction 2, with the reaction
rate recommended by Frank et a for (R1), and with areaction rate of 1.0 - 10*2exp(— 39300/T) for reaction (R12). Long dashed
lines. calculations made with a different product channel for reaction (R12), i.e., CsH,0 = CH,CHCCH + CO. (b) Inlet
concentrations: 108 ppm OCzH,O; 50 ppm O,; 5.1% H,O; and balance N,. Pressure is 1.03 atm. Residence time (s) =

202/T(K). The rest asin Figure 2(a).

Figure 2(a) and (b) show results from the present
study for CO and CO, in the pyrolysis of p-benzoqui-
none. Symbols denote experimental results and lines
model calculations. The decomposition of p-benzo-
quinone, evidenced by the onset of CO formation,
starts slowly at a temperature of approximately
950 K, and becomes faster for temperatures higher
than 1100 K. Formation of CO, is observed at tem-
peratures above 1050 K, and at 1400 K the amount of
CO, is comparable to that of CO.

Unfortunately, the interpretation of the results of
Figure 2(a) and (b) is complicated by the presence of
other sources of CO, than reaction (R2). Due to im-
puritiesin the N, gas cylinders and to the oxygen dis-
solved in the agueous solution of p-benzoquinone
through which the nitrogen stream is saturated, alittle
amount of oxygen can be present in the experiments.
We have estimated the O, impurity to be 50 =
10 ppm. Due to the presence of O,, an O/H radical

pool buildsup, and CO and other intermediatesformed
during the pyrolysis may lead to production of CO..
The presence of H,O may further enhance OH radical
formation at high temperatures.

The presence of oxygen in trace concentrations is
difficult to avoid experimentally. However, the oxy-
gen impurity is not directly associated with the p-ben-
zoquinone feed, and, therefore, the impact of the O,
impurity will decrease asthe concentration of OCzH,O
increases for similar experimental conditions. Unfor-
tunately, it was not possible to assess the significance
of the O, impurity in thisway, because experimentally
the p-benzoquinone level could not be raised suffi-
ciently. Figure 2(a) and (b) show results with 52 and
108 ppm of OCgH,O, respectively. At the higher p-
benzoquinone level (Fig. 2(b)), the CO,/OCH,O ratio
a high temperatures is diminished, suggesting that
some of the CO, formation can be attributed to the
presence of impurities.
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Figure 3 CO and CO, concentrations in the pyrolysis of
p-benzoquinone in presence of excess NH,. Symbols denote
experimental data and lines denote model predictions. Inlet
concentrations: 68 ppm OCH,O; 3850 ppm NH;; 50 ppm
0O,; 3.8% H,0; and balance N,. Pressure is 1.03 atm. Resi-
dence time (s) = 240/T(K). Solid lines: calculations made
with a simplified three reaction model, including OC,H,O
and C;H,O dissociation (R1, R2, R12). Short dashed lines:
calculations made with the mechanism of the present work,
plus a subset for NH; oxidation, and a rate constant for
C:H; + O, (R20) of 1.0 - 10%.

In order to minimize the effect of side reactions
leading to CO,, a p-benzoquinone pyrolysis experi-
ment was carried out in the presence of alarge excess
of NH,. The amines act as aradical sink, reducing the
impact of side reactions. The results are shown in Fig-
ure 3. As the temperature increases from 1300 to
1480 K, CO, increases from 17 ppm to about
30 ppm, i.e., asignificant fraction of the benzoquinone
input. Still, comparison with the results of Figure 2(a)
and (b) shows that the presence of NH; suppresses
CO, formation considerably at higher temperatures. At
1300 K, the [CO,] ,../[OC¢H,Q];,, ratio decreases from
55—-70% to 25%, and the effect is even more pro-
nounced at higher temperatures. Furthermore, [CO +
CO,]o/[OCH,Q];, drops from 2.2-2.7 to 1.8 at
1300 K and from 3.4-3.8 to 1.8 at 1400 K.

We have investigated different possible routes to
CO and CO, formation under the reaction conditions
of Figure 3. It is noteworthy that the sum CO + CO,
remains constant within a few ppm in the whole tem-
perature range of 1300—1480 K in Figure 3. Further-
more, within the experimental uncertainty the sum cor-
responds to twice the inlet concentration of OC¢H,,O.
This suggests that formation of CO, (X = 1,2) arises

largely as release of CO/CO, from benzoquinone and
subsequent ring intermediates; little further oxidation
of carbon from the original ring structure takes place.

The recommendation of Frank et a. [12] with only
(R1) active as dissociation channel for parabenzoqui-
none and high-thermal stability for cyclopentadienone
leadsto a[CQO,],/[OCsH,O];, ratio of 1.0, unless sec-
ondary reactions of C;H,O produces CO/CO,. Even
with very fast rates, reactions of C;H,O with the O/H
radical pool leadsto insufficient formation of CO/CO,,
due to the low radical concentrations. Another poten-
tial consumption channel of CsH,O is dimerization.
The dimerization reaction has been suggested to be an
important reaction pathway for cyclopentadienoneun-
der pyrolysis and hydrogenolysis conditions [20,28].
In order to explain the observed CO, formation by this
pathway, assuming fast-thermal dissociation of the di-
mer to produce two CO molecules, adimerization rate
of about 3.0 - 10° cm3/mole-s is required at 1300 K.
From analogy with other Diels—Alder reactions [42]
we estimate an upper limit of 1.0 - 10%2exp(— 7550/T)
cm®/mole-s. This rate constant results in a value of
3.0-10° cm®¥/mole-s at 1300 K, i.e,, too slow to ac-
count for the observed results. For this reason, a high-
thermal stability of CsH,O appears to be in disagree-
ment with our experimental results. However, it
should be noted that a very fast dimerization rate for
C:H,0, 8.5-10" cm¥mole-s at 850 K, has been sug-
gested in literature [28] and further work is needed in
order to resolve this issue.

Reinterpretation of the shock-tube results of Frank
et a. [12] in terms of two dissociation channels for
parabenzoquinone, (R1) and (R2), with comparable
rates, followed by dissociation of C;H,0, suggeststhat
the measured rate applied to the following global re-
action,

1 1
OCgH,0 —> C;H, + CO + = Ce, + 5 CO,.

Therate constant for (R1) at high temperaturesis, thus,
roughly half of that determined by Frank et al. Adopt-
ing the activation energy suggested by the shock-tube
results, we obtain a rate constant for reaction (R1) of
3.7-10" exp(—29700/T) s 1, which is aso the value
listed in Appendix A. Based on the results shown in
Figure 2(a) and (b) and matching the concentration of
CO with the mechanism of Appendix A at 1100 K,
where no or very little CO, isformed, we obtain arate
for reaction (R1) of 1.9 s** for the results of Figure
2(a) and of 0.9 s~ for the results of Figure 2(b). From
these data, an optimum valueof 1.4 s~ for thereaction
rate at 1100 K is obtained. Within the uncertainty of
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the determination, this value agrees with the k; ex-
pression adopted in this work.

Routesto CO, other than direct dissociation of par-
abenzoquinone (R2) were evaluated. Due to the low
radical concentrations, little oxidation of CO to CO,
is predicted. Assuming that only CO is formed from
parabenzoquinone dissociation and that cyclopenta-
dienone further leads to release of CO/CO,, either di-
rectly through dissociation and/or reaction with the
radical pool or through a fast dimerization, the level
of CO, predicted at 1300 K for the conditions of Fig-
ure 2(a) is below 1 ppm, i.e, much lower than the
observed value of 17 ppm. Direct CO, formation from
dissociation of the dimer appearsto be unlikely, bear-
ing in mind the structure of the dimer [28].

We also performed a flash-pyrolysis experiment in
alaboratory atmospheric fluidized bed reactor at are-
action temperature of 1085 = 10 K. A flash-pyrolysis
experiment of solid p-benzoquinone is suitable for de-
termining the CO and CO, distribution when these
products are formed, since the solid p-benzoquinone
fed into the reactor reachesinstantaneously the desired
reaction temperature. A detailed description of the ex-
perimental setup used can be found el sewhere[43]. P-
benzoquinone particles with a diameter smaller than
0.5 mm were transported into the reactor at a feeding
rate of 1-2 g/min, using nitrogen as fluidizing agent
with a flow rate of approximately 1000 ml/min. Both
CO and CO, were detected and a CO/CO, ratio be-
tween 6.1 and 7.5 was found in this experiment.

From this discussion, we suggest that a secondary
dissociation channel for parabenzoquinone, leading to
CO,, isactive, i.e,

OC4H,0 == C,H, + CO,. (R2)

In order to estimate the rate constant for reaction (R2),
we have analyzed the results of Figure 3, the results
of the flash-pyrolysis experiment, as well as those of
the hydrogenation study by Sekai et al. [21-24] at
860 K and the shock-tube study by Frank et al. [12]
at 1550—1900 K.

The results of Figure 3 were analyzed partly in
terms of the detailed chemistry, partly in terms of a
simple three reaction model including only benzoqui-
none dissociation (reactions (R1) and (R2)) and cyclo-
pentadienone dissociation (R12). In both models, the
rate constant for (R1) was the estimate of the present
work, i.e., half the value recommended by Frank et al.
[12], while k,, was taken from Emdee et al. [4]. The
detailed modeling involved two changes compared
to the Appendix A mechanism: a NH; reaction
subset was included [44], and the rate constant
for the CgH; + O, reaction was lowered to

1.0
o This work, full mech
0.9 .« This work, 3—-step mech
¢ This work, flash pyrolysis exp
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Figure 4 Branching fraction ky/(k, + k;) for dissociation
of OC¢H,O as a function of temperature. The values asso-
ciated with the work of Sekai et a. [21-24] and Frank et al.
[12] are based on our interpretation of their data, as ex-
plained in the text.

1.0-10% cm3/mole-s to avoid prediction of excessive
oxidation to CO and CO, at high temperatures. Pre-
sumably the C;H, radical reacts mainly with theamine
pool under the conditions of Figure 3. The FTIR spec-
tra obtained indicate the presence of CN bondsformed
from such hydrocarbon/amine interactions.

In the modeling only the CO, formation was con-
sidered. For each temperature the value of k, was ad-
justed to obtain the best fit between the predicted value
of CO, and the measurement. The resultsin Figure 4
show the branching fraction k,/(k; + k,) as function
of temperature. The values obtained with the 3-step
model can be considered upper limits for the branch-
ing fraction, since pathways to CO, competing with
(R2) were neglected. The results obtained with the full
mechanism are also uncertain, partly due to the un-
certainties in the parabenzoquinone pyrolysis subset,
partly because the amine pyrolysis chemistry isnot yet
well established [45]. However, the results obtained,
with a branching fraction increasing from 0.13 at
1085 K, and from 0.25—0.30 at 1300 K to 0.40-0.45
at 1500 K, are in reasonable agreement with the data
derived from the hydrogenation study of Sakai et al.
and the shock-tube study by Frank et a., as discussed
below.

The shock-tube study by Frank et al. [12] showed
that in the 1550—1900 K range, only CO was detect-
able as pyrolysis product (among CO, H, and O), and
[COled[OCsH,Ol, = 1.0 = 0.1. If the assumption
that CsH,O dissociates rapidly compared to OC;H,0
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at these temperatures is correct, these results indicate
that the branching fraction « is 0.5 = 0.05 under the
conditions of the shock-tube experiments.

The results of Sakai et al. [21—24] must be inter-
preted with care, partly because the purity of the p-
benzoquinone was not better than 80—90% and partly
because surface reactions may have had some effect.
Furthermore, a considerable formation of high molec-
ular weight substances was detected, and these may
conceivably also have been a source for CO,. Obser-
vations for anthraguinone and phenanthrenequinone
[23] indicate that silica-glass surface reactions act to
increase the overall conversion rate and may also cat-
alyze the formation of the high molecular compounds.
However, the effect of wall reactions on p-benzoqui-
none pyrolysis or hydrogenolysis has not been inves-
tigated.

Despite these uncertainties, the rate of formation of
CO and CO, in the hydrogenation experiments pro-
vides some information of the branching fraction of
the parabenzoquinone dissociation. Assuming that re-
actions other than the two dissociation steps (R1) and
(R2) can be neglected as sources of CO and CO, in
the early stages of reaction, we derive a vaue of
a = 0.10 * 0.05 at 863 K.

Figure 4 summarizes the results on the branching
fraction for parabenzoquinone dissociation. From the
data we have estimated a rate constant for reaction
(R2) of 3.5-10%exp(— 33700/T) s

The solid lines of Figure 2(a) and (b) denote model
calcul ations with the mechanism proposed in thiswork
(Appendix A). The agreement between model calcu-
lations and experimental results is fairly good, even
though at high temperatures CO is dightly overpre-
dicted and CO, is somewhat underpredicted. Despite
these differences, the model succeedsin predicting the
initiation temperature of p-benzoquinone thermal de-
composition as well as the concentrations up to tem-
peratures of 1250 K.

Our interpretation of the shock-tube parabenzoqui-
none dissociation data requiresthat cyclopentadienone
dissociates fairly rapidly, releasing CO. The rate and
product channel for C;H,O dissociation proposed by
Emdee et al. [4], i.e., that the dissociation proceeds as

CH,0— CH, + C,H, + CO, (R12)

with arate of 1.0- 10%%exp(— 39300/T) s, isin agree-
ment with this interpretation and is supported by the
present results, as evidenced by the solid line model
predictions in Figure 2(a) and (b).

The short-dashed linesin Figure 2(a) and (b) denote
model predictions carried out according to the rec-
ommendation of Frank et a., i.e., with arate constant

CH,
coO CO,

Figure 5 Reaction path diagram for p-benzoquinone py-
rolysis.

of 7.4-10%exp(—29790/T) st for reaction (R1),
omitting reaction (R2), and assuming a high-thermal
stability for cyclopentadienone, corresponding to a
dissociation rate of 1.0-10%2exp(— 39300/T) s1. To
avoid significant CO production from dissociation of
CsH,O (below 10% of the total CO formation) under
the shock-tube conditions, the rate of (R12) must be
three orders of magnitude lower than estimated by
Emdee et a. The predictions conducted with these as-
sumptions imply very little formation of CO, and a
considerably lower CO formation at temperatures
higher than 1150 K than is observed experimentally.

We aso tested another product channel for C;H,O
dissociation, i.e.,

C4H,0 == CH,CHCCH + CO  (R12a)
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Figure6 Comparison of experimental dataand model pre-
dictions for CO and CO, formation in the oxidation of p-
benzoquinone. Symbols denote experimental data and lines
denote model predictions. Inlet concentrations: 81 ppm
OCH,0O; 0.1% O,; 1.8% H,0O; and balance N,. Pressure is
1.03 atm. Residence time (s) = 240/T(K).
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Figure7 Comparison of experimental dataand model pre-
dictions for CO and CO, formation in the oxidation of p-
benzoquinone. Symbols denote experimental data and lines
denote model predictions. Inlet concentrations: 64 ppm
OC¢H,0; 4.1% O,; 1.8% H,O; and balance N,. Pressure is
1.03 atm. Residence time (s) = 197/T(K).

The results with (R124) replacing (R12) are shown in
Figure 2(a) and (b) as long-dashed lines. At tempera-
tures higher than 1250 K, discrepancies for CO and
CO, areimportant, indicating that the product channel
suggested by Emdee and co-workersisthe most likely.
However, uncertainties in the CH,CHCCH oxidation
subset may partly be responsible for the observed dif-
ference, and more work is needed to verify the rate
and product channel for cyclopentadienone dissocia-
tion.

The importance of the dimerization channel was
aso investigated. Calculations were performed using

OC,H,0
-0\
CH,,

HCCO

+0,0H ﬁ

CeH,0,

the estimated upper limit for the dimerization reaction
(1.0-10%?exp(— 7550/T) cm®/mole-s), and assuming
the dimer to dissociate thermaly to CH;C,H; +
2CO with arate of 1.0-10%exp(— 30000/T) s1. The
results roughly coincided with the results obtained
with the mechanism listed in Appendix A. Even with
the high dimerization rate and assuming irreversible
reactions, the dimerization process has little impact
under the present experimental conditions.

Figure 5 shows a reaction pathway diagram of p-
benzoquinone pyrolysis for a temperature of 1050 K,
based on the present mechanism. At low temperature,
p-benzoquinone is mainly consumed through the re-
action OC¢H,0 = C,H,O + CO (R1), but asthetem-
perature increases, also the secondary dissociation
channel, OC;H,O = C,H, + CO, (R2), becomesim-
portant. Cyclopentadienone is mainly consumed by
thermal decomposition, leading to acetylene and car-
bon monoxide. The C;H, formed through reaction
(R2) is thermally stable. In the presence of radicals,
caused by the oxygen impurity, C;H, may by reaction
with the O/H radical pool be converted to the C;H,
radical, which presumably feeds into the C, hydrocar-
bon pool.

Oxidation of p-Benzoquinone

Figures 6 and 7 show resultsfor CO and CO, obtained
in p-benzoquinone oxidation experiments with two
different oxygen concentrations. The onset of reaction
as well as the oxidation of p-benzoquinone at lower
temperatures are roughly independent of the O, con-
centration. The formation of CO is initiated at a tem-
perature of approximately 1050 K and reaches its
maximum concentration at around 1150 K. Above
1250 K all the CO is converted to CO,. Even though
the oxygen level has little effect on the CO profiles, it

Figure8 Reaction path diagram for p-benzoquinone oxidation.
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is seen that an increase in oxygen concentration results
in a shift of the onset of CO, formation towards lower
temperatures.

The model predictions, carried out with the mech-
anism in Appendix A, are in good agreement with the
experiments. Through analysis of the calculationsit is
possible to identify the rate limiting processes in the
benzoquinone oxidation. Figure 8 shows a reaction
pathway diagram for the benzoquinone oxidation.

Independent of the oxygen level, OC,H,Oislargely
consumed through thermal dissociation at lower tem-
peratures. At thelowest oxygen concentration, thermal
decomposition dominates at temperatures up to
1150 K. As the temperature is increased, the radical
pool is replenished and reactions between OCzH,O
and the O/H radical pool eventualy become signifi-
cant. At higher temperatures, coinciding with the onset
of CO oxidation to CO,, these reactions become re-
sponsible for a large fraction of the conversion of p-
benzoquinone. At high oxygen concentrations this
shift occurs at lower temperatures, since the presence
of O, promotes the radical formation.

The interaction of p-benzoquinone with the radical
pool proceeds mainly trough the following reactions:

OC¢H,0 + OH == OC,H,0 + H,0 (R7)
OCH,0 + 0—>CH,O, + H  (R5)
OC4H,0 + O —> OC,H,O + OH.  (R8)

Subsequently, we assume rapid ring opening of the
OC¢H;0 and C4H,0, radicals by reaction with therad-
ical pool (R8, R9) or by thermal dissociation (R10).
These reactions feed into the C, hydrocarbon pool,
which is quickly oxidized under the conditions stud-
ied. For the O, concentration of 4%, this reaction se-
guence becomes important at temperatures of around
1050 K, while for the low oxygen concentration it be-
comes significant above 1100 K.

In order to obtain an estimate of the reaction of
OC¢H,O with OH, the effects of CO on the oxidation
of p-benzoquinone were studied. The results are
shown in Figure 9. The presence of CO enhances the
consumption of OCgH,O significantly, due to the
chain branching sequence

CO+OH—=CO, + H
H+ O,——0 + OH,
which contributes to replenish the radical pool. As

conseguence of that, the oxidation regime of p-ben-
zoquinone is shifted to lower temperatures, about
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Figure9 Comparison of experimental dataand model pre-
dictions for CO and CO, formation in the oxidation of p-
benzoquinone in presence of CO. Symbols denote experi-
mental data and lines denote model predictions. Inlet con-
centrations: 40 ppm OC¢H,O; 140 ppm CO; 3.8% O,; 1.6%
H,0; and balance N,. Pressure is 1.03 atm. Residence time
(s) = 220/T(K). Solid lines denote calculations made with
the mechanism of the present work. Short dashed lines: cal-
culations made with a rate for reaction (R7) ten times faster
than the constant used in the present work. Long dashed
lines: calculations made with a rate for reaction (R7) ten
times slower than the constant used in the present work.

100 K, compared to the absence of CO. P-benzoqui-
none is completely oxidized at 1100 K under the
present reaction conditions. Calculations reveal that
the major pathways for OCzH,O oxidation in the pres-
ence of CO are similar to those when CO is absent,
even though they occur at lower temperatures.

The competition between parabenzoquinone and
carbon monoxide for OH affects the chain branching
in the system and thereby the oxidation rate. If the
OCH,O + OH reaction (R7) is fast, the CO induced
chain branching becomes less significant, and the on-
set of CO oxidation is shifted to higher temperatures.
On the other hand, if reaction (R7) is very slow the
CO oxidation will be largely unaffected by the pres-
ence of OCH,O. From the experimental resultsit is,
thus, possible to obtain an estimate of k;. From the
results shown in Figure 9, we have derived avalue for
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REACTION MECHANISM

A 8 E, Source
1. OCsH,O+=CsHO+CO 3.7E11 0.00 59000 see text
2. OCsH,O=CsHy+CO, 3.5E12 0.00 67000 see text
3. OCsH4O+ H —» CsH5s0+CO 2.5E13 0.00 4700 est, see text
4. OCe¢H40 + H — OCgH30 + Hy 2.0E12 0.00 8100 eest, a
5. OCe¢HsO+ 0 — CgH303+ H 1.5E13 0.00 4530 eest, a
6. OCsH40O+ 0 —= OCsH30 +0OH 1.4E13 0.00 14700 est, a
7. OCsH4,O+ OH — OCgH30 + H,0 1.0E06 2.00 4000 see text
8. OC¢H30+ H — 2C;H, +2C0O 1.0E14 0.00 0 est
9. OCe¢H30+ 0O — CeHy+ HCCO+2CO 1.0E14 0.00 0 st

10. CegH303 — CyHy+ HCCO +2CO 1.0E12 0.00 50000 est

11. CsHsO=CH,CHCHCH +CO 7.5E11 0.00 43900 [4,12] est

12. Cs5H40 — C3Hy + CoHy + CO 1.0E15 0.00 78000 [4] est

13. CsH4O+ H - CH,CHCCH,+CO 25E13 0.00 4700 est, ki

14. CsH40+0 - CH;CHCCH + CO, 1.0E13 0.00 2000 est

15. CsHy4+ H = CsHs + Hy 1.0E06 2.50 5000 est,b

16. CsHs4+ 0O =2 CsHs+ Hy 1.0E06 2.50 3000 est, b

17. CsH4+ OH & CsH3z + H,0 1.0E07 2.00 0 est,b

18. CsH3+ 0, = CyHy+ HCCO+ CO 1.0E12 0.00 0 est,b

19. CH;CHCHCH(+M)=CH,CHCCH + H(+M) 1.0E14 0.00 37000 [32]
Low pressure limit: 1.0E14 0.00 30000
Enhanced third-body efficiencies:

HQO:«S

20. CHyCHCHCH+ H = CH,;CHCCH,+ H 1.0E14 0.00 0 [32]

21. CH;CHCHCH+ H « CH,CHCCH + H,4 3.0E07 2.00 1000 ([32]

22. CH,CHCHCH+OH &« CH,CHCCH + H,0 2.0E07 2.00 1000 [32]

23. CH;CHCHCH+ 0Oy — CyH, +CH,O+ HCO 1.0E12 0.00 0 est

24. CH,CHCCHy(+M)=CH,CHCCH + H(+M) 1.0E14 0.00 50000 ([32]
Low pressure limit: 2.0E15 0.00 42000
Enhanced third-body efficiencies:

HzOIS

25. CH;CHCCH.;+ H=CH3+ H,CCCH 1.0E14 0.00 0 [32)

26. CH;CHCCH;+OH = CH,CHCCH + H,0 3.0E13 0.00 0 [32]

27. CH;CHCCH+ H+= HCCHCCH + H, 2.0E07 2.00 15000 [32]

28. CHy,CHCCH+ H = H;,CCCCH + H,4 3.0E07 2.00 5000 [32]

29. CH,CHCCH+OH <= HCCHCCH + H,0 7.5E06 2.00 5000 [32]

30. CHy;CHCCH+ OH = H,CCCCH + H,0 1.0EO7 2.00 2000 ([32]

31. HCCHCCH(+M)= Cy4Hy+ H(+M) 1.0E14 0.00 36000 ([32]
Low pressure limit: 1.0E14 0.00 30000
Enhanced third-body efficiencies:

H2025
32. HCCHCCH+ H = H,CCCCH+ H 1.0E14 0.00 0 [32]
33. HCCHCCH+ OH = C4Hy + H,0 1.0E13 0.00 0 est

693

Appendix A Mechanism Subset Describing the Oxidation of C;— Cg Hydrocarbons. Rate Constants are Expressed as k =
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694 ALZUETA, OLIVA, AND GLARBORG

REACTION MECHANISM (con’t)

34. H,CCCCH(+M)= CsHy+ H(+M) 10E14 000 55000 [32]

Low pressure limit: 2.0E15 0.00 48000

Enhanced third-body efficiencies:

HZO:5
35. H;CCCCH+ H = C4Hy + Hy 5.0E13 0.00 0 [32]
36. HoCCCCH+ O = CHyCO+ CyH 2.0E13 0.00 0 [32]
37. H,CCCCH+O= H,C,O+ H 2.0E13 0.00 0 [32]
38. HyCCCCH+OH = C4H, + H,0 3.0E13 0.00 0 [32)
39. HyCCCCH+0;=CHy;CO+ HCCO 1.0E12 0.00 0 [32]
40. HoCCCCH + CH; = C3H4+ C2H 2.0E13 0.00 0 [32]
41. C4Hy+ H=C4H + H, 2.0E07 2.00 2000 [32]
42. C4H;+ 0= C3H:+CO 1.2E12 0.00 0 [32]
43. C4H+OH = H,C,O+ H 6.7E12 0.00 -410 [32]
44. C4Hy;+ OH = C4H + H,0 1.0E07 2.00 1000 ([32]
45. HyC40+ H = CyH, + HCCO 5.0E13 0.00 3000 [32]
46. HyC4O0+OH = CH,CO+ HCCO 1.0E07 2.00 2000 [32]
47. C4H+ 0, =2 CO+CO+ CH 1.0E13  0.00 0 [32]
48. Cs3H4+ H=C3H,P+ H 1.0E13 0.00 5000 [32]
49. CsHs+ H<= H,CCCH + H, 3.0E07 2.00 5000 [32]
50. C3H4+OH = H,CCCH + H,0 2.0E07 2.00 1000 [32]
51. C3H4P+ H <= H,CCCH + H, 3.0E07 200 5000 [32]
52. C3H4P+ H <= CH3+ CyH, 1.0E14 0.00 4000 ([32]
53. C3H4P + OH = H,CCCH + H,0 2.0E07 2.00 1000 [32]
54. H,CCCH+ H(+M) = C3H,(+M) 1.0E17 -0.82 315 [32]

Low pressure limit: 3.5Eb5 -4.88 2225

Troe parameters: 0.7086 134 1784 5740
Enhanced third-body efficiencies:

H,0=8.6
55. HyCCCH+ H(+M) = CsH4sP(+M) 1.0E17 -0.82 315 [32]
Low pressure limit: 3.5Eb5 -4.88 2225

Troe parameters: 0.7086 134 1784 5740
Enhanced third-body efficiencies:

56. Ho.CCCH+ H <= C3Hs+ H, 5.0E13 0.00 1000 [32]
57. H,CCCH+ O = CH,O+ CyH 1.4E14  0.00 0 [32]
58. HyCCCH+ OH = C3Hy + HyO 2.0E13 0.00 0 [32]
59. HeCCCH+ 0, = CH;CO+ HCO 3.0E10 0.00 2868 [32]
60. C3Hy+0O = CyHy+CO 1.0E14 0.00 0 [32]
61. C3H,+OH =2 CyHy+ HCO 5.0E13 0.00 0 [32]
62. C3Hy4+ 0O, =HCCO+CO+H 2.0E12 0.00 1000 [32]

a: Estimated as % of the corresponding reaction of CgHg

b: Estimated by an isoelectronic analogy with the corresponding reaction of C3Hg
Appendix A (Continued)
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Thermodynamic properties for selected species

Species AH 298 S208 Cpzoo  Cpaoo  Cpsoo  Cpeoo  Cpsoo  Cprooo  Cpisoo  Source
OCgH4O -29.37 79.62 26.04 3220 37.67 42.27 48.87 53.42 59.48 [34]
CsHsO 43.35 71.37 21.16 27.44 32.67 37.00 43.54 47.98 54.07 [4]
CsH40 -1.59 66.49 19.70 25.79 30.69 34.62 40.25 43.90 49.00 [34]
CsHa 111.07 70.89 20.93 25.14 28.52 31.23 35.29 38.35 42.92  [34]
CH,CHCHCH 86.09 73.06 19.38 2347 27.21 30.54 35.76 38.89 43.16  [32,33}
CH.,CHCCH, 74.14 7531 19.49 23.12 26.47 29.48 34.32 37.37 41.84 [32,33]
CH.CHCCH 69.14 6733 1732 2061 23.62 2630 30.53 33.20 37.25  [32,33]
HCCHCCH 129.88 69.06 18.02 20.82 23.29 2541 28.56 30.46 33.46 [32,33]
H,CCCCH 111.32 7294 20.24 2243 2444 2623 29.10 30.93 33.68 [32,33]
C4H, 111.70  59.77 1774 20.03 21.85 23.24 25.10 26.61 28.96 [32,33]
CsH 155.08 60.89 14.10 1537 16.56 17.66 19.59 21.15 23.44  [32,33]
H,CsO 54.59 6643 17.27 19.62 21.79 23.73 26.81 28.73 31.51 [32,33]
CaHy 47.63 5794 14.25 16.97 1946 21.71 25.45 28.20 32.06 [32,33]
CsH4P 45.77 5889 14.51 17.06 19.40 21.54 25.16 27.90 31.79 [32,33]
H,CCCH 83.04 6148 15.84 17.74 19.47 21.01 23.43 25.00 27.55  [32,33]
CsH» 129.60 64.81 1493 16.10 1691 17.55 18.72 19.74 21.22  [32,33]

Appendix B Thermodynamic Properties for Selected Species. Units are cal, mole, and Kelvin

k; of 1.5-10' cm¥mole-s at 1075 K. Unfortunately,
the observed CO and CO, profiles are only sensitive
to this competition in a fairly narrow temperature
range between 1000 and 1100 K. This fact, together
with uncertainties in the reaction mechanism used,
limits the accuracy of this determination. The model
predictions shown as solid linesin Figure 9 are carried
out with an extrapolated vaue for k, of
1.0-108- T2exp(— 2000/T) cm3/mole-s. The sensitivity
of the resultsto the rate of thisreactionisalso seenin
Figure 9, where calculations with a reaction rate 10
times faster (short-dashed lines) and slower (long-
dashed lines) are represented.

CONCLUSION

A combined experimental study of the pyrolysis and
oxidation of parabenzoquinone has been performed in
the temperature range 600—1500 K. A detailed reac-
tion mechanism for oxidation and pyrolysis of para-

benzoquinone has been proposed, which provides a
good description of the experimental results obtained
in this work.

A key issue in the pyrolysis and oxidation of par-
abenzoquinone is the branching fraction between the
dissociation channels OC,H,0 = C;H,0 + CO, and
OC¢H,0 = C,H, + CO,, and the fate of C;H,O. Our
results indicate that an intramolecular channel to CO,
is active, increasing in importance with temperature.
However, the data interpretation depends on assump-
tions of thermal stability and dissociation productsfor
CsH,0 as well as the potential importance of dimeri-
zation of this species.

Under oxidizing conditions and at high tempera-
tures, the interaction between parabenzoquinone and
theradical pool becomes significant. Under the present
conditions, the most important step isthe H abstraction
by reaction with OH, leading to the OCsH;O radical
with subsequent ring opening.

The experimental and theoretical work presented
here constitute the first systematic study of paraben-
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zoguinone chemistry. Parabenzoquinone may be im-
portant intermediate species in the oxidation of aro-
matic compounds such as benzene, and the results
obtained extend the knowledge of parabenzoquinone
behavior under pyrolysis and oxidation conditions.

The work is carried out as part of the combustion research
programs at the Department of Chemical and Environmental
Engineering of the University of Zaragoza and at the De-
partment of Chemica Engineering of the Technical Univer-
sity of Denmark (CHEC). The CHEC research program is
cofunded by the Danish Technical Research Council, Elsam,
Elkraft, and the Danish Ministry of Energy. The authors
wish to thank Dr. J. Ruiz for his help with the flash-pyrolysis
experiment, and Dr. P. Frank for helpful discussions con-
cerning p-benzoquinone pyrolysis.
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