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The reaction kinetics of evolved carbon monoxide and carbon
dioxide during the temperature programmed oxidation (TPO) of
an industrially spent fluid cracking catalyst have been investigated.
Two pathways to CO and two to CO2 evolution, all involving ei-
ther undissociated or dissociated surface oxide complexes, were as-
sumed. Rate coefficient parameters and O2 reaction orders were
then optimized to simulate the TPO profiles recorded over a range
of conditions: heating rates of 2, 5 and 10◦C and O2 partial pres-
sures of 0.939, 1.11, and 5.0% in an atmosphere of N2. Evolution
rates of CO during TPO are independent of the O2 partial pressure,
whereas an order of 0.75 is indicated for CO2 formation. Because
of differences in assumed mechanisms and carbon substrates, cal-
culated preexponential factors and activation energies can not be
readily compared with literature values, although some compar-
isons are made. If the heating rate is high (≥5◦C min−1) and the
oxygen partial pressure is low (≤1%), the shape of TPO profiles for
highly saturated hydrocarbon coke deposited on cracking catalyst
are affected by changes in the rate-determining step with increasing
temperature. c© 1998 Academic Press

INTRODUCTION

The technique of temperature-programmed oxidation
(TPO) with either evolved-gas or gravimetric analysis is
often employed to investigate coke deposited on catalysts.
Details of the proximity of coke to metal and nonmetal sites
or the nature of coke are then inferred from the position
of peaks in the resultant TPO profiles. The shape of these
profiles can also be affected by coke particle size and mor-
phology (1). Recently, we have shown that the temperature-
dependence of the coke combustion mechanism can also af-
fect the shape of the evolved CO and CO2 TPO profiles (2).

Information on catalytic coke combustion mechanisms is
limited. Two factors have been shown to affect the appar-
ent kinetics: (i) combustion within the catalyst pores can,
under certain conditions, be diffusion limited (3–5), and
(ii) oxidation of the hydrogen component of coke, which
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precedes the carbon combustion, results in significant tem-
perature fluctuations (3, 6–8). The latter is a particular prob-
lem for hydrogen-rich coke. Perhaps as a consequence of
these factors, the individual steps involved in CO and CO2

evolution during coke combustion have not been investi-
gated in depth. However, much research has been carried
out, and many conflicting mechanisms have been reported
on amorphous carbon and coal char combustion. Despite
the confusion, there is overwhelming evidence that surface-
oxides are important precursors to both CO and CO2 for-
mation. The stoichiometry and mechanism of CO formation
at low temperatures has recently been determined by simul-
taneously monitoring the weight changes and evolved gases
during oxygen exposure to amorphous carbons and during
subsequent temperature-programmed desorption (9, 10).
Three elementary steps represent the heterogeneous elim-
ination of CO during carbon oxidation:

∗C+O2 ⇀↽
∗C+ (O2), [1]

∗C(O2)→ ∗C(O)+ CO, [2]

∗C(O)→ CO. [3]

Here, ∗C is a free carbon site, ∗C(O2) is a dioxygen sur-
face complex, and ∗C(O) is a stable oxygen surface species.
This mechanism indicates two pathways to CO, hence two
rate expressions. For CO2 evolution, two pathways may also
be assumed involving the two oxygen surface complexes
formed via Reactions [1] and [2] (9):

∗C+O2

∗C(O2)−−−→CO2 [4]

and

∗C+O2

∗C(O)−−−→CO2. [5]

In this paper, TPO of an industrial spent cracking cata-
lyst is used to investigate the kinetics of coke combustion
and the effect these kinetics have on the shape of the TPO
profiles. Typically, cracking catalysts consist of a USY ze-
olite in an active alumina, silica–alumina, clay, and rare-
earth oxide matrix. The majority of the coke deposited on
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this catalyst consists of highly unsaturated hydrocarbons.
To describe the oxidation kinetics of this type of coke, a
single-site model is developed.

EXPERIMENTAL

The apparatus constructed to monitor CO and CO2 evo-
lution continuously during oxidation has been previously
described in detail (2). A recent addition to this equip-
ment is a hygrometer situated between the reactor and the
carbon oxide detectors. This Model 95A Super Dry Hy-
grometer (Alpha Moisture Systems) records the ambient
dew point over the range 0 to−80◦C which corresponds to
water vapor pressures of 6000 to 0.5 ppm. It is calibrated
by decomposing accurately weighed quantities of Ca(OH)2

(>98% BDH). Carbon oxides produced during a linear
temperature-programmed oxidation of coke are split into
two streams. The first is mixed with hydrogen and then flows
through a ruthenium catalyst where complete conversion of
both CO and CO2 to methane occurs. The partial pressure of
methane is then quantitatively analyzed by a flame ioniza-
tion detector (FID). For the second stream, CO2 is removed
by passing through ascarite (Aldrich), whereas CO passes
unhindered and is mixed with H2, converted to methane
over ruthenium, and analyzed by a second FID. CO2 par-
tial pressure is then the difference between the two FID
responses. Both signals are calibrated using CO and CO2

standards (119± 2 ppm CO in N2 and 519± 10 ppm CO2

in N2). Reactor temperatures and resultant carbon oxide
partial pressures are transferred to a personal computer
by means of Strawberry Tree’s data acquisition hardware
and software. Conversion of partial pressures pFID (ppm)
to carbon oxide and water evolution rates [µmoles (g of
catalyst)−1 ◦C−1] involves consideration of the molar flow
rate ṅ (moles min−1) and the weight of catalyst wcat. Fur-
ther calibration is required to take into account the reaction
temperature and effective pumping rate S (11, 12). The rate
of CO, CO2, and H2O evolution is

Rate [µmole (g of cat.)−1 ◦C]

= 2× pFID(ppm)× pTotal(atm)× ṅ× S

wcat × β × R× T
.

R is the gas constant, β is the linear heating rate, and
pTotal is the pressure in the vicinity of the coked catalyst,
which was determined to be 1.2 atm for all experiments.
Effective pumping speeds were estimated by adjusting S
so that total carbon equaled the carbon measured using
a Carlo Erba CHNS-O elemental analyzer [i.e., for the
spent catalyst analyzed in this work wt% C= 0.84% g (g
of catalyst)−1]. Values of S were found to be weakly de-
pendent on the heating rate; 1.1± 0.1× 103 µmoles L−1

for 2◦C min−1, 0.95± 0.04× 103 µmoles L−1 for 5◦C min−1

and 0.93± 0.05× 103 µmoles L−1 for 10◦C min−1. The ef-

fective pumping speed for passage of H2O to the hygrom-
eter at a heating rate of 5◦C min−1 was calculated to be
0.94± 0.5× 103 µmoles L−1.

In addition to three heating rates, three oxygen partial
pressures were employed—0.939± 0.002%, 1.11± 0.01%
and 5.0± 0.2% all dilute in N2. Gases were supplied and
analyzed by BOC Gases. The spent cracking catalyst was
taken from the output of the catalytic cracker at the
Ampol Refinery, Lytton, Queensland, Australia. The N2

BET surface area of this substrate is 105± 5 m2 g−1. The
Si/Al ratio of the spent catalyst is 2.3 as determined by X ray
fluoresence (XRF). Other elements detected by XRF are
Ti (1.0 wt%), La (1.0 wt%), Nd (0.3 wt%), Fe (5600 ppm),
Ni (1544 ppm), Zn (265 ppm), and V (543 ppm). The total
carbon deposited on the spent catalyst is 0.84± 0.04 g%/g
of catalyst as determined both by a Carlo Erba CHNS-O
elemental analyzer and by a quantitative analysis of the
carbon oxide profiles during TPO.

EXPERIMENTAL RESULTS

The shapes of TPO profiles and the effect of altering heat-
ing rates has been described previously (2, 13). Figure 1
illustrates the TPO evolved CO, CO2, and H2O profiles ob-
tained for the industrial spent cracking catalyst in 0.939%
O2 with a heating rate of 10◦C min−1. Carbon monoxide
evolution shows a single symmetric peak for all heating
rates and oxygen partial pressures, although the height of

FIG. 1. Experimental evolution rates of CO (◦), CO2 (•), and H2O
(–) during TPO of a spent cracking catalyst in 0.939% O2 with a heating
rate of 10◦C/min.
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FIG. 2. Experimental evolution rates of CO (◦), and CO2 (•) during
TPO of a spent cracking catalyst in 0.939% O2 with a heating rate of
5◦C/min.

this peak is substantially decreased in the 5% O2 TPO
(Fig. 2). At 10◦C min−1, carbon dioxide evolution has a
shoulder at ca. 620◦C and a maximum rate at ca. 725◦C,
whereas at 5◦C min−1, this shoulder and peak are reversed
(Fig. 3b). In 5% O2, CO2 formation dominates. Low lev-
els of H2O evolution relative to carbon oxide formation, as
shown in Fig. 1, are indicative of aromatic coke or highly
unsaturated hydrocarbons. The overall H/C ratio is 0.42,

FIG. 3. Experimental evolution rates of (a) CO and (b) CO2 during TPO of a spent cracking catalyst in 0.939% O2 with heating rate of 5◦C/min.
Lines under the TPO profiles represent simulated peaks associated with Reactions [2]–[5]. Crosses are the difference between experimental and model
data.

which is clearly too small for alkane or simple alkene com-
ponents. Because of such low levels of hydrogen, the overall
apparent reactivity is assumed, in the kinetic analysis, to be
independent of this element. In addition, H2O evolution
beyond 850◦C is higher than the combined CO and CO2

rates, indicating that adsorption on the reactor walls is af-
fecting the intrinsic kinetics. As a consequence, the H2O
rates have not been modeled.

KINETIC MODEL FOR CARBON OXIDE EVOLUTION

A single-site kinetic model is developed to describe the
observed structure of evolved carbon oxides during TPO of
coke consisting of highly unsaturated hydrocarbons. That
is, all carbons associated with this type of coke are taken to
be equivalent.

The first step upon exposure of the coked catalyst to oxy-
gen is the formation of undissociated surface oxide com-
plexes (Reaction [1]). This initial exposure occurs at low
temperatures (200◦C) when evolved carbon oxide species
are not observed. Under these conditions, the exothermic
formation of ∗C(O2) should not have as great an impact on
the substrate temperature as occurs at higher temperatures
when the loss of translational energy upon adsorption is
significant. Also the choice of a spent catalyst with a high
unsaturated hydrocarbon content was to ensure that hy-
drogen oxidation and hence temperature fluctuations are
minimized. The temperature recorded by the thermocou-
ple situated adjacent to the catalyst is therefore taken to
be the temperature of the catalyst. We also assume that at
the lowest temperatures, before evolution of any carbon
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oxides, the surface becomes saturated with undissociated
oxide complexes. That is, the concentration of oxygen on
the carbon or catalyst surface and the equilibrium between
molecular oxygen complexes and free oxygen is indepen-
dent of the oxygen partial pressure. The metastable oxide
complexes which form are the Type A species described by
Brown et al. (10). As a consequence, the concentration of
∗C(O2) may be set equal to the concentration of ∗C. This
also means that temperature fluctuations at all tempera-
tures, high as well as low, during TPO should be minimal
because exothermic adsorption steps are negligible at high
temperatures.

Carbon monoxide evolution then occurs via the undis-
sociated surface oxide complex which rearranges to form
a stable surface oxide [∗C(O)] and CO (Reaction [2]). The
stable surface oxide may then desorb (Reaction [3]) and
hence also contribute to measured carbon monoxide. By as-
suming that the rate-determining steps are a rearrangement
of the complex for Reaction [2] and a direct desorption for
Reaction [3], then the total temperature-dependent rate of
CO evolution is

d[CO]
dT

= k2

β
[∗C(O2)]pn2

O2
+ k3

β
[∗C(O)]pn3

O2

= k2

β
[∗C]pn2

O2
+ k3

β
[∗C(O)]pn3

O2
. [6]

Hence n2 and n3 are the orders with respect to the oxygen
pressure but are predicted to be zero order, and hence both
rate coefficients are unimolecular.

Formation of CO2 proceeds via either the undissociated
surface oxide complex or the dissociated surface oxides pro-
duced in Reaction [2]. Reactions [4] and [5] both indicate
CO2 forms following interaction between the respective
surface oxides and molecular oxygen. The total rate of CO2

evolution is therefore given by

d[CO2]
dT

= k4

β
[∗C(O2)]pn4

O2
+ k5

β
[∗C(O)]pn5

O2

= k4

β
[∗C]pn4

O2
+ k5

β
[∗C(O)]pn5

O2
. [7]

The orders with respect to oxygen (n2 − n5) for Reac-
tions [2]–[5] are determined later by simulating the TPO
data obtained under different partial pressures of O2.

Model Parameters

The temperature-dependent carbon concentration
[∗C(Tj )] is calculated by subtracting the available carbon
which has been oxidized via Reactions [2] and [4] from the

initial concentration of carbon sites [∗C0], as shown by

[∗C(Tj )] = [∗C0]− 2×
j∑

i=1

k2

β
[∗C(Ti−1)]pn2

O2
1T

−
j∑

i=1

k4

β
[∗C(Ti−1)]pn4

O2
1T. [8]

Carbon concentrations on the right-hand side of Eq. [8]
are the totals calculated following the preceding tempera-
ture increment. The sum of the rates of CO evolution via
Reaction [2] must be multiplied by 2 because two carbons
are lost for each observed CO; one forms the stable surface
oxide [∗C(O)].

The only source of [∗C(O)] in the entire combustion pro-
cess is assumed to be via Reaction [2]. For each CO pro-
duced by this reaction step, one ∗C(O) forms, and this con-
centration is reduced by subtracting the sum of the rates of
Reactions [3] and [5] multiplied by the temperature incre-
ment. Hence the temperature-dependent concentration of
stable surface oxides is given by

[∗C(O)(Tj )] =
j∑

i=1

k2

β
[∗C(Ti−1)]pn2

O2
1T

−
j∑

i=1

k3

β
[∗C(O)(Ti−1)]pn3

O2
1T

−
j∑

i=1

k5

β
[∗C(O)(Tj−1)]pn5

O2
1T. [9]

An obvious constraint on Eq. [9] is that the total concentra-
tion of stable surface oxides is equal to zero when all coke
has been removed, that is, [∗C(O)(Tj )] = 0 when the rate of
carbon-oxide evolution becomes zero. In all TPO profiles,
the area under the peak corresponding to Reaction [2] is
greater than the area associated with Reaction [5]. Hence,
Reaction [3] has been introduced to ensure a mass balance
of stable surface oxides is achieved.

By replacing rate coefficients in Eqs. [6] and [7] with
Arrhenius expressions, evolved CO and CO2 rate equations
become

d[CO]
dT

= A2

β
exp
(−E2

RT

)
[∗C]pn2

O2

+ A3

β
exp
(−E3

RT

)
[∗C(O)]pn3

O2
[10]

and

d[CO2]
dT

= A4

β
exp
(−E4

RT

)
[∗C]pn4

O2

+ A5

β
exp
(−E5

RT

)
[∗C(O)]pn5

O2
. [11]
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The complete rate equations follow when eqs. [8] and [9]
are substituted into eqs. [10] and [11]. TPO-evolved carbon
oxide data may be simulated by adjusting nine parameters;
log A2, E2, log A3, E3, log A4, E4, log A5, E5, and [∗C0]. The
unit used in the calculations for partial pressure of oxygen
is the percentage of the O2 in the nitrogen as reported by
the manufacturer. Hence the units of the preexponential
factors are min−1 %O−n

2 , where n is the O2 order. Structure
in the evolved gas profiles, particularly the CO2 curve, and
data obtained at different heating rates provide sufficient
independent information to allow an accurate determina-
tion of the nine parameters.

Following optimization of the nine parameters using
the 0.939% O2 data, the order of the O2 partial pres-
sure for each of the four reactions [2]–[5] was determined
by simulating the experimental TPO curves obtained us-
ing the higher partial pressure of oxygen. The best-fit
rate parameters calculated for the low O2 pressure pro-
files were held constant for the 1.11 and 5% O2 data,
and only the four orders with respect to O2 (i.e., for Re-
actions [2]–[5]) and the free carbon concentration were
optimized.

Minimization Procedures

The Solver module within Excel 5 was used to optimize all
parameters. This module performs nonlinear least-squares
curve fitting and applications to kinetic systems have been
reported in the literature (14, 15). For each TPO, four
columns of modeled rates, corresponding to two sources
of CO (Eq. [10]) and two for CO2 evolution (Eq. [11]) are
listed adjacent to the two columns of experimental data
and temperatures in an Excel spreadsheet. Two columns
of data representing the temperature-dependent coke and
stable surface oxides are also listed. The sum of the squares
of the difference between experimental rates and model
values is then minimized, using the Solver module, by ad-
justing the parameters. The constraint that Eq. [9] is zero
when all carbon has been removed is incorporated into the
minimized value by adding the square of Eq. [9] calculated
at the final temperature.

Errors are not automatically calculated by the Excel
Solver module, but methodology suggested by Billo (15)
has been adapted to determine the standard deviation for
all optimized parameters. The procedure ultimately used to
optimize the Arrhenius parameters was to simultaneously
model six TPO-evolved CO and CO2 profiles recorded with
heating rates of 5◦C/min and 10◦C/min in an oxygen partial
pressure of 0.939%. For the 1.11 and 5% O2 partial-pressure
TPO profiles, the 0.939% O2 optimized rate parameters
were used, and the oxygen orders varied to fit the data. Re-
ported errors are, for the Arrhenius parameters, calculated
standard deviations from the 0.939% O2 data, and for the
orders calculated standard deviations from the 1.11 and 5%
O2 pressure profiles.

TABLE 1

Optimized Rate Coefficient Parameters, O2 Reaction Orders, and
Total Carbon for Reactions [2] [5] Observed During the TPO of a
Spent Cracking Catalyst a

Parameter Value

CO evolution:
log A2 6.4± 0.2
E2 (kJ mol−1) 131± 5
n2 0.16± 0.06
log A3 0.4± 0.2
E3 (kJ mol−1) 36± 3
n3 0.2± 0.2

CO2 evolution:
log A4 4.2± 0.3
E4 (kJ mol−1) 98± 5
n4 0.80± 0.06
log A5 7.0± 0.2
E5 (kJ mol−1) 151± 3
n5 0.7± 0.1

[−C0] (µmole g−1)
Highly unsaturated coke 644± 5
Residual coke 56± 5

a Residual coke is the area consisting of the difference between the
experimental and model data. The range of TPO conditions employed in
the analysis were oxygen partial pressure 0.939–5% and heating rates of
2–10◦C min−1.

Model Results

Optimized parameters required to model evolved carbon
oxide species during TPO of coke deposited on the spent
cracking catalyst in 0.939% O2 and with a heating rate of
5◦C/min are listed in Table 1. Figure 3 illustrates the fit to the
TPO of the spent catalyst in 0.939% O2 and with a heating
rate of 5◦C/min.

A complication in the modeling is the small low-
temperature peak in the TPO of catalytic coke which has
been associated with nonaromatic coke or coke formed in
the vicinity of metal sites. Alternatively, the exothermic for-
mation of water from aromatic coke, which occurs at low
temperatures (13), may cause a fluctuation in the catalyst
temperature and cause the premature evolution of some of
the aromatic coke. This peak, which represents less than
10% of the coke, is shown in Fig. 3 by the crosses, the differ-
ence between the experimental and the modeled data. In
order to overcome this complication, the low-temperature
experimental data which are affected by this peak are not
included in the minimization. The temperature below which
data were excluded depended on the heating rate and oxy-
gen partial pressure but was in the range 500–550◦C.

It was not possible to fit precisely the 10◦C min−1 pro-
files at the highest oxidation temperatures. This is partially
because the furnace was unable to maintain this high heat-
ing rate beyond 850◦C. Also, however, under these con-
ditions, the coke survives to higher temperatures where
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restructuring of the catalyst would occur and so affect the
rate of elimination of the coke. At a heating rate of 5◦C
min−1, all coke has been removed by 820◦C, and accurate
simulations were possible. The catalyst generally experi-
ences only temperatures up to 800◦C in the regenerating
unit of the cracker. As a consequence, only data measured
up to 850◦C were included in the minimization.

DISCUSSION

Rate Parameters and Reaction Orders

The most significant data listed in Table 1 are the acti-
vation energies and O2 reaction orders. Interpretation of
the observed preexponential factors are difficult because
of the unknown order with respect to the carbon concen-
tration and the unknown O2 collision frequency within the
catalyst. However, a comparison of the rate coefficient pa-
rameters obtained for the two CO2 evolution peaks indi-
cates agreement with the compensation effect (16). That is,
the larger the preexponential factor, the larger the activa-
tion energy. This is also the case with the CO parameters for
Reactions [2] and [3], but as discussed later the mechanism
for Reaction [3] is uncertain.

Orders with respect to the O2 partial pressure are infor-
mative. Both carbon monoxide evolution peaks proceed
with a zero-order dependence, whereas both carbon diox-
ide rates depend on a 0.75 oxygen order. Zero-order reac-
tions indicate that desorption is rate determining (17) and
independent of the O2 concentration, as was proposed in de-
veloping the rate expression Eq. [6]. Blyholder and Eyring
(18) demonstrated that a 0.75-order process is an intrinsic
half-order reaction with respect to oxygen but occurs in-
side the pores of the substrate. They were concerned with
an apparent 0.75 order for CO evolution and concluded
that oxygen atoms are in a mobile state on the surface and,
upon forming ∗C(O), quickly decompose to form CO. These
dynamics are unlikely to describe the processes involved in
CO2 evolution as –C(O) formation has been found to be in-
dependent of the O2 pressure. A Langmuir isotherm, which
involves reversible dissociative adsorption of oxygen within
the micropores of the catalyst, can, however, explain the
observed 0.75 orders (17, 19). In the case of Reaction [4],
this adsorption occurs in the vicinity of a ∗C(O2) complex,
whereas for Reaction [5] it occurs near the stable ∗C(O)
surface species. The rate-determining step could then be
the adsorption or desorption of O2 or the rearrangement
and subsequent desorption of CO2.

The activation energy for Reaction [2] of 131± 5 kJ
mole−1 is in agreement with the highest characteristic ac-
tivation energies calculated by Brown et al. (10) for for-
mation of stable surface-oxides ∗C(O) on an amorphous
carbon. The rate of formation of ∗C(O), via Reaction [2],
should be equal to the rate of evolution of CO via this re-
action step. The magnitude of the characteristic activation

energies was determined from the temperature, O2 pres-
sure, and exposure time and are reported as a distribution
of energies ranging from 50 to 140 kJ mole−1. The largest
values in the range of energies indicate that high O2 pres-
sures and temperatures combined with long exposure times
are required to form the complexes. In the single-site model
developed in this paper, a single activation energy for each
reaction step is assumed, and the conditions involve rel-
atively high pressures and temperatures so the activation
energy for Reaction [2] should correspond most closely to
the highest values reported by Brown et al. A comparison of
the activation energies may not be significant because the
earlier study assumes a first-order O2 dependence, rather
than the zero-order dependence determined in the present
analysis. The difference in order is related to the type of
experiments; Brown et al. used isothermal oxidation tech-
niques, whereas in this work TPO is employed. Reported
activation energies may differ because of the barriers to
O2 adsorption to and desorption from the carbon surface
which must be overcome during isothermal oxidation. In
addition, different types and environments of carbon are
investigated in the two studies.

For Reaction [3], the optimized activation energy of
36± 3 kJ mole−1 is difficult to interpret. One possible inter-
pretation of this result is desorption of ∗C(O) sites which
are adjacent to or which diffuse to active centers such as
metal deposits and rapidly desorb. Previous studies on CO
desorption from amorphous carbons have determined a
distribution of much higher activation energies. For exam-
ple, Tucker and Mulcahy (20) reported 292+ 80 (1− θ) kJ
mole−1, where θ is the coverage, while Du et al. (21) cal-
culated a mean activation energy of 292 kJ mole−1 with
standard deviation of 33 kJ mole−1. Thus a second possi-
bility is that the corresponding small peak predicted in the
TPO of catalytic coke could be represented by a distribu-
tion of high-energy peaks. A third interpretation is that CO
evolution does not proceed via Reaction [3] but is a result
of two molecules of carbon monoxide produced from a sin-
gle molecular oxygen complex with different reactivity to
the surface intermediate involved in Reaction [2]; in other
words,

∗C(O2)→ 2CO. [12]

If this is the case, a single-site mechanism is not appropri-
ate, and calculated rate parameters can be, when optimized
assuming separate sites and independent of the ∗C(O) con-
centration, similar in magnitude to those listed in Table 1
for Reaction [2]. A detailed analysis of rate parameters as-
sociated with Reaction [12] was not carried out because
the amount of coke, which corresponds to the difference
between the CO produced via Reaction [2] and the CO2

produced via Reaction [5], is small and not resolved in the
TPO profiles. It is not obvious whether these coke species
desorb at the high or low temperature ends of the CO curve
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or continuously throughout the CO evolution. As a conse-
quence, optimized rate parameters assuming Reaction [12]
would have very large errors. In the single-site model, this
CO peak is dependent on the ∗C(O) concentration and so
is constrained to the high temperature end of the observed
CO profiles.

The two optimized activation energies for CO2 evolution
of 98± 5 and 151± 3 kJ mole−1 indicate a distinct differ-
ence in activity for the two reaction pathways. This obser-
vation is in agreement with others who have shown that
the presence of ∗C(O) complexes retards the combustion
rate (22, 23). By assuming that, for both modes of CO2

formation, the rate-determining step is a rearrangement
of the adsorbed species with concomitant CO2 desorption,
then the activation energies reflect the relative stabilities
of the intermediates. That is, a complex for Reaction [5],
which would consist of three oxygen atoms, is more stable
than a complex for Reaction [4], which would consist of
an undissociated O2 and two oxygen atoms. In most cases,
it is not possible to compare activation energies reported
in the literature on carbon combustion as different mech-
anisms are often assumed. For example, Ahmed et al. (24)
proposed a dual-site model and listed three activation en-
ergies (270, 150 and 33 kJ mole−1) for three pathways to
CO2 formation. It is not obvious which of these should be
compared with our modeled parameters. In addition ac-
tivation energies would be dependent on whether or not
reaction is occurring within the pores of the substrate or on
the external surface. Du et al. (21) have proposed a simi-
lar step to Reaction [4] for evolution of CO2. They report

FIG. 4. Heating-rate dependence of simulated evolution rates of (a) CO and (b) CO2 during TPO of a spent cracking catalyst in 0.939% O2.

a single intrinsic activation energy of 119.7 kJ mole−1 for
this step, which is higher than the 98± 5 kJ mole−1 listed
in Table 1. Tucker and Mulcahy (20) calculated an activa-
tion energy of 180 ± 8 kJ mol−1 for steady combustion
when oxygen atoms are adsorbed to a graphite surface.
This process is equivalent to Reaction [5], but the value
we report of 151± 3 kJ mol−1 is again lower. Taking into
account that these reactions are occurring within the pores
of the catalyst with intrinsic reaction order of 0.5 then the
intrinsic activation energies are 139 and 214 kJ mole−1 for
Reactions [4] and [5], respectively (25). That is, they are
both now higher than reported amorphous carbon com-
bustion energies. This is despite the conclusion by Moljord
et al. (26) that coke combustion is catalyzed by acidic
sites in the vicinity of the coke. However, considering the
different experimental and theoretical methodologies re-
quired to determine these parameters a ca 15% difference is
reasonable.

Kinetic Effects on Structure of TPO Spectra

Figure 4 shows the modeled data for total CO and CO2

evolution during TPO of highly unsaturated hydrocarbon
coke at three different heating rates. Carbon monoxide
peaks, for all heating rates, are single symmetric curves.
For a single decomposition pathway, rather than the com-
plex competition between four pathways, the peak heights
should decrease and the widths broaden with increase in
heating rate. The result would be a constant area under
the three curves. Peaks heights for CO evolution clearly
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FIG. 5. Oxygen partial-pressure dependence of simulated evolution rates of (a) CO and (b) CO2 during TPO of a spent cracking catalyst at 5◦C/min.

decrease in Fig. 4a but the areas under the curves also de-
crease. Obviously the CO2 evolution reactions are compet-
ing for carbon sites and are more successful at the higher
heating rates. The CO2 simulated curves shown in Fig. 4b
have a more complex structure, with a peak and shoulder
for each of the three heating rates. The large first peak at
2◦C min−1, which corresponds to Reaction [4], decreases in
height as the heating rate increases until it becomes a shoul-
der at 10◦C min−1. At the same time, the small shoulder at
2◦C min−1, which corresponds to Reaction [5], increases to
a large peak in the 10◦C min−1 curve.

The effect of O2 partial pressure is demonstrated in Fig. 5
for CO and CO2. The CO evolution rate decreases dramat-
ically with increase in percentage oxygen, whereas the op-
posite is observed for CO2 formation. This is a reflection of
the sensitivity of the competing mechanistic steps to the O2

reaction order. The 0.75 order for the CO2 rate compared
with the zero order for CO evolution means that at higher
O2 pressures the majority of the carbon is removed by Reac-
tion [4] before the temperature is high enough for Reaction
[2] and hence Reactions [3] and [5] to become competitive.

Combined CO and CO2 evolution profiles at three heat-
ing rates for the 0.939% O2 TPO are shown in Fig. 6.
The 2◦C min−1 curve is symmetric, but at 5◦C min−1 a
small shoulder appears which becomes more distinct at
10◦C min−1. Increasing the O2 partial pressure causes a loss
of any structure in the profiles due to the reaction mecha-
nism. Therefore for heating rates greater than or equal to
5◦C min−1 and for O2 partial pressures less than or equal to

1% there is a mechanism dependence on the structure of
the TPO of coked cracking catalysts. TPO profiles of coke
deposited on supported metal catalysts (1, 27) show that all
the coke is removed at much lower temperatures (<600◦C)

FIG. 6. Heating rate dependence of the combined CO plus CO2 evo-
lution rates during TPO of a spent cracking catalysts in 0.939% O2.



        

KINETICS OF CO AND CO2 EVOLUTION 283

than that observed using similar conditions to those re-
ported for cracking catalysts, and that no CO evolution
is apparent. Here, only Reaction [4], which would be cata-
lyzed by the metal, is likely to be the dominant process, and
structure in the TPO profiles can then be assigned to coke
location and type as well as depend on coke particle size
and morphology.

CONCLUSIONS

TPO profiles of an industrially spent cracking catalyst
were investigated to extract information on the kinetics of
catalytic coke combustion. A mechanism for CO and CO2

evolution was assumed based on four reaction steps and a
single type of coke site. Observed peaks and shoulders in the
TPO evolved-gas profiles of the high-aromatic coke content
of the spent catalysts were then modeled using nonlinear
regression. The following conclusions were reached based
on this analysis:

i. Two reaction steps for CO formation and two for CO2

formations provide an excellent simulation to the range of
experimental data.

ii. Both rates of CO evolution are independent of the
O2 partial pressure while both rates of CO2 formation in-
dicate a 0.75-order O2 dependence. The latter is explained
as the rate-determining step being dissociative, reversible
adsorption of O2, but occurring within the micropores of
the catalyst.

iii. It is difficult to compare optimized rate parameters
with literature values, for each of the reaction steps, be-
cause of different proposed mechanisms, techniques, and
substrates. However, activation energies for Reactions [2],
[4], and [5] compare favorably with reported values on
amorphous carbon combustion.

iv. When interpreting TPO evolved-gas profiles of spent
cracking catalysts, it is recommended that the linear heating
rate be less than 5◦C min−1 and the O2 partial pressure
be greater than 1%. This should eliminate interference to
the structure of the profiles caused by changes in the rate-
determining steps.
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