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Abstract—The kinetics of propane oxidation to carbon dioxide and water over Cr/y-Al,03,
Co/Cr/y-Al,05, and Au/Cr/y-ALO; were investigated within the temperature range 563-
593K at atmospheric pressure. The rate equations for all three catalysts were obtained in this
research. A best-fit reduction-oxidation mechanism was found for the reaction. On the basis
of the kinetic analysis, it is concluded that the existence of cobalt in Co/Cr/y-Al,0; can in-
crease the reducibility of chromium oxides; therefore, the reaction rate over Co/Cr/y-Al,O;
was more than that over Cr/»-Al,03. Gold in Au/Cr/y-Al,0; also enhanced the rate of pro-
pane oxidation; its initial activity was even higher than that of Co/Cr/y-Al,0;. However, due
mainly to coking, there was a significant decay problem on the surface of Au/Cr/p-Al,04
during the reaction. Moreover, the activation energies and the Arrhenius constants for the
reduction and the oxidation steps on Cr/y~Al,0; and Co/Cr/y~Al,O; during complete pro-
pane oxidation were obtained. The promotion effect from cobalt oxides on chromium oxides
with respect to the activation energies is discussed.
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INTRODUCTION

In the past, a considerable number of studies
have focused on the catalytic combustion of hydro-
carbons (Spivey 1987; Rota et al., 1996), for the
purpose of developing atmospheric pollution control
and more stringent environmental regulations. The
advantage of catalytic combustion is that VOCs can
be completely oxidized under relatively low tem-
peratures, thus preventing the formation of NOx.
Moreover, the generation of solid or liquid wastes by
a scrubbing process and by the adsorption or absorp-
tion processes can be avoided.

In previous studies, Morooka and Ozaki (1966)
and Morooka et al. (1967) investigated the catalytic
properties of various noble metals and transition
metal oxides for the oxidation of hydrocarbons. They
concluded that the catalytic activity of noble metals
(i.e., Pt, Pd) was higher than that of 1¥ raw transition
metal oxides. However, at high temperatures between
773 and 1173K, Pt and Pd sinter easily, and a reduc-
tion of catalytic activity results. Furthermore, it is
more expensive to use Pt and Pd as catalysts than to
use 1% raw transition metal oxides. In addition, some
compounds in VOC-containing streams can poison Pt
and Pd. Therefore, the catalytic combustion activity
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of transition metal oxides, which can avoid sintering
at high temperature and exhibit activity that is not
substantially lower than that of Pt or Pd, has been
studied by many researchers. Prasad et al. (1980,
1982) found that mixtures of transition metal oxides
exhibited better stability and activity than a single
oxide did, and a binary mixture of chromium and
cobalt oxides supported on alumina wash-coated ce-
ramic substrates was the most active catalyst. They
developed global kinetics for the catalytic combus-
tion; however, the intrinsic reaction rate equation and
the reaction mechanism were still not clear. Later, it
was found in our research (Kang and Wan, 1994) that
the cobalt phase in this chromium and cobalt oxide
mixture was present primarily as CoAl,O4, which
increased the reducibility and the catalytic oxidation
activity of chromium oxide.

Because the rate equations and the reaction
mechanisms for propane catalytic combustion over
Cr/y-Al,05 and Co/Cr/y-Al,O; were not investigated
in the past, one of the objectives of this research was
to obtain the reaction rate equations and to study the
reaction mechanisms on these catalysts. Moreover,
the effect of gold on Cr/#Al,O; was explored in this
research. Gold has been less frequently considered as
a catalyst due to its chemical inertness, although it is
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a cheaper noble metal than Pt or Pd. The reason for
using gold as a promoter is that gold oxides release
oxygen and reduce to metal easily (Morooka and
Ozaki, 1966; Lin et al., 2002). The existence of gold
may also further enhance the reducibility of chro-
mium oxide. A similar idea has been applied to pro-
mote the activity of Co304. It was found that Co;0,
co-precipitated with gold exhibited good catalytic
activity for the complete oxidation of methane (Wa-
ters et al., 1995).

EXPERIMENTAL

Cr/y-Al,O; and Co/Cr/y~Aly,O; catalysts were
prepared through the co-impregnation of aqueous
solutions of Co(NOs),-6H,O (Riedel DeHaén) and
Cr(NOs);-9H,0 (Merck) on y-alumina (Merck). The
incipient-wetness impregnation method was applied.
All of the samples were dried at 333K and calcined
in air at 1073K for 4 h for the later characterization
and reaction studies. The metal contents measured
using a GBC 906 atomic absorption unit were 2.2
wt% of Cr in Cr/y~Al;05 and 2.2 wt% of Cr and 0.92
wt% of Co in Co/Cr/y~Al,03, respectively. The pro-
cedure for the preparation of Au/Cr/y-Al,05 was as
follows: Cr/p~Al,O3 was added into a IN NaNQOj; so-
lution with stirring; then, IN of HNO; solution was
used to adjust the pH of the solution to 6. After fil-
tration, and drying at 333K, the sample was added
into a 500 mL pH 6 chloroauric acid (HAuCls-3H,0,
Merck) solution. It was heated to 353K and main-
tained at this temperature for 16 h. After filtration,
the resulted Au/Cr/4~Al,05 sample was washed with
500 mL de-ionized water to remove Cl™ ions, and
then dried in air at room temperature. The metal
contents of this resulted sample were 2.2 wt% of Cr
and 1.9 wt% of Au in Au/Cr/7-Al,Os.

Propane combustion was carried out in a fixed
bed differential type reactor (12-mm-o.d. quartz
tube). The flow rates of propane, nitrogen and oxy-
gen were controlled and read by mass controllers and
meters (Brooks 5850 and 5878). The reaction tem-
peratures were controlled in the range 563K-593K
using a PID temperature controller. For the Cr/y-
Al,05 and Co/Cr/y-Al,0O; catalysts, each catalyst was
pretreated under air flow at 803K for 2 h before each
run. Au/Cr/y-Al;O5 catalyst was pretreated under air
flow at 803K for 2 h, then under Ny/H; (9/1) flow at
523K for 2 h for the reduction of gold compounds to
gold metal. A Shimadzu GC-8A gas chromatograph
with a Carboxy-2000 column was used to separate
carbon dioxide, carbon monoxide, nitrogen and oxy-
gen. Another Shimadzu GC-14A gas chromatograph
with a SP-1700 column was used to separate carbon
dioxide and propane.

In the reaction kinetic measurements, the catalyst

containing 0.0022 g of Cr and a total flow rate of 70
mL/min were used. The partial pressures of propane
were adjusted within 0.01-0.1 atm and those of oxy-
gen were adjusted within 0.2-0.5 atm. Due to the fact
that the conversion of each reactant was maintained
at less than about 8% in this research, the combustion
rate of propane (—#) was calculated from the reaction
rate in a differential reactor, —r = FX/W, where F is
the mole flow rate of propane at the inlet, X is the
propane conversion at the outlet, and ¥ is the weight
of chromium in the reactor.

RESULTS

Figure 1 shows propane conversions over Au/Cr/y-
ALO;, Co/Cr/yAl0;, and Cr/p-Al,0s at 593K, as a
function of time on stream. Only products of carbon
dioxide and water were observed at the outlet of the
reactor. It was found that although Au/Cr/y-Al,O;
exhibited the highest propane oxidation activity, the
activity decayed during the reaction test. In order to
check whether the decayed activity of Au/Ct/y-AlLO4
can be recovered, a regeneration process, which was
carried out under air flow at 803K for 2 h, was ap-
plied. Figure 2 shows that the activity can be recov-
ered partially, although it was not as high as that of a
fresh sample. However, it still decayed during the
reaction at 593K. On the other hand, as shown in Fig.
1, Cr/yAl,05 and Co/Cr/9-Al,03 needed an induc-
tion period to achieve a conversion at a steady state.
There was no apparent decay problem during the re-
action tests for these two catalyst systems.

The influence of propane partial pressure on the
catalytic complete oxidation rate over Au/Cr/y-Al,0;
at 593K and over Cr/y-Al,05; and Co/Cr/#Al04 at
different reaction temperatures was examined, and
the results are presented in Figs. 3 and 4, respectively.
Only one temperature (i.e., 593K) was used in the
case of Au/Cr/»-Al,03 because of the decay problem
of this catalyst. It had to be extra-plotted to time zero
to obtain the initial rates for the later kinetic study.
Therefore, it was found that at lower propane partial
pressures, there were linear relationships between the
reaction rate of propane and the propane partial
pressure for all three catalyst systems. This suggests
the existence of first-order reactions to propane par-
tial pressure. Nevertheless, at higher propane partial
pressures, all of the catalyst systems showed less de-
pendence of the reaction rate on the propane partial
pressures. The reaction rate orders gradually de-
creased to zero-orders when the propane partial
pressures are increased. On the other hand, the in-
fluence of oxygen partial pressure on the catalytic
complete oxidation rate over Au/Cr/y-Al,Os, Cr/y-
Al,0s, and Co/Cr/y-Al,0s5 is presented in Figs. 5 and 6,
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Fig. 1. The reaction extent as a function of the reaction
time for (&) Auw/Cr/-Al,04, (O) Co/Cr/y-AlLOs,
and (A) Cr/y-Al,0;, a total flow rate = 70
mL/min, propane pressure = 0.006 atm, I =
593K, and 0.0022g Cr.
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Fig. 2. Propane combustion conversion on Au/Cr/y-
AlLO; before and after regeneration. (&) before
regeneration, and (A) after regeneration. The
total flow rate = 70 mL/min, propane pressure =
0.01 atm, T = 593K, and 0.0022g Cr. Au/Cr/y
Al,O; was regenerated at 803K under air flow
for 2 h.

respectively. Approximately linear relationships be-
tween the reaction rates and the oxygen partial pres-
sures always existed in different catalyst systems at
different temperatures. Nevertheless, the slopes of
these linear lines are small, and the intercepts are not
close to zero. These results indicate that the reaction
rates over these three catalysts system may be close
to zero order to oxygen partial pressure.
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Fig. 3. Influence of propane partial pressure on the
propane complete oxidation rate over Cr/p
AlLO;. Total flow rate = 70 mL/min, oxygen
pressure = 0.2 atm: (O) 593K, () 583K, (D)
573K, and (<) 563K.

5.0E-3

4.0E-3 —

-1

. =1

r {molmin 'g )
CaHg

3.0E-3

2.0E-3

1.0E-3 —

0.0E+0

0.00 0.04 0.08 0.12

P (atm)

C3Hg

Fig. 4. Influence of propane partial pressure on the pro-
pane complete oxidation rate over Co/Cr/y-
ALO; and Au/Cr/y-AlO;. Total flow rate = 70
ml/min, oxygen pressure = 0.2 atm; Co/Cr/y-
ALO;: (O) 593K, (CJ) 583K, (A) 573K, and ()

563K; Au/Cr/y-ALOs: (+) 593K.

KINETIC MODEL DEVELOPMENT

The data of the reaction rates in relation to reac-
tant partial pressures from different catalyst systems
at different reaction temperatures are listed in Table
1, Table 2, and Table 3. The kinetic models and the
rate equations were developed so as to fit these data
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Fig. 5. Influence of oxygen partial pressure on the pro-
pane complete oxidation rate over Cr/y~Al,0;.
Total flow rate = 70 mL/min, propane pressure
= 0.02 atm: (O) 593K, () 583K, (A) 573K,
and () 563K.
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Fig. 6. Influence of oxygen partial pressure on the pro-
pane complete oxidation rate over Co/Cr/y-
AL O3 and Auw/Cr/y-AlQ;. Total flow rate = 70
mL/min, propane pressure = 0.02 atm, Co/Cr/y-
ALO5: (O) 593K, () 583K, (A) 573K, and (<)

563K; Au/Cr/y-Al,04: (+) 593K.

Table 1. Experimental data of the propane combustion rate on Cr/y~Al,O; at different reactant partial pressures.

PR
T(K) YC,H, (mol.n.lm g~ Cr) . — Po, (atm) Pe, u, (atm)
Measured Eley-Rideal * Reduction-Oxidation
7.87E-4° 5.93E-4 6.96E-4 0.198 0.009
1.26E-3 1.07E-3 1.22E-3 0.197 0.020
1.91E-3 1.73E-3 1.90E-3 0.196 0.048
593 245E-3 2.24E-3 2.39E-3 0.195 0.100
1.40E-3 1.61E-3 1.40E-3 0.297 0.020
1.47E-3 2.15E-3 1.51E-3 0.397 0.020
1.56E-3 2.69E-3 1.59E-3 0.497 0.020
4.89E-4 4.06E-4 4.68E-4 0.199 0.010
7.50E-4 6.65E-4 7.48E-4 0.198 0.020
1.16E-3 1.07E-3 1.15E-3 0.198 0.048
583 1.46E-3 1.37E-3 1.44E-3 0.197 0.101
8.61E-4 10.01E-4 8.64E-4 0.298 0.020
9.29E-4 13.37E-4 9.36E-4 0.398 0.020
9.66E-4 16.46E-4 9.85E-4 0.498 0.020
3.22E-4 2.67E-4 2.98E-4 0.199 0.010
4.74E-4 4.25E-4 4.68E-4 0.199 0.020
7.00E-4 6.50E-4 7.00E-4 0.199 0.048
573 8.67E-4 8.06E-4 8.56E-4 0.198 0.101
5.36E-4 6.38E-4 5.47E-4 0.299 0.020
5.75E-4 8.52E-4 5.97E-4 0.399 0.020
6.11E-4 10.65E-4 6.32E-4 0.499 0.020
1.97E-4 1.59E-4 1.80E-4 0.200 0.010
2.95E-4 2.48E-4 2.81E-4 0.199 0.020
4.34E-4 3.72E-4 4.20E-4 0.199 0.049
563 4.92E-4 4.53E-4 5.09E-4 0.199 0.101
3.24E-4 3.72E-4 3.29E-4 0.299 0.020
3.36E-4 4.96E-4 3.60E-4 0.399 0.020
3.56E-4 6.21E-4 3.82E-4 0.499 0.020

? Propane combustion rate predicted by the Eley-Rideal model.

® Rate predicted by the Reduction-Oxidation model.
* Read as 7.87 x 107
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Co/Cr/Al, 03, and Au/Cr/yAl, 0,

Table 2. Experimental data of the propane combustion rate on Co/Cr/y-Al,0j at different reactant partial pressures.

re,u, (mol-min”"-g™! Cr)
TE Measured Eley-Rideal® Reduction-Oxidation® Fo, (atm) Pey, (atm)
1.08E-3¢ 0.76E-3 0.93E-3 0.198 0.009
1.59E-3 1.46E-3 1.71E-3 0.197 0.020
2.95E-3 2.58E-3 2.85E-3 0.194 0.048
593 4,01E-3 3.62E-3 3.77E-3 0.192 0.100
1.71E-3 2.21E-3 1.91E-3 0.297 0.020
2.03E-3 2.94E-3 2.03E-3 0.396 0.020
2.23E-3 3.54E-3 2.02E-3 0.495 0.019
7.33E-4 5.33E-4 6.03E-4 0.199 0.009
1.10E-3 0.97E-3 1.09E-3 0.198 0.020
1.71E-3 1.61E-3 1.76E-3 0.197 0.048
583 2.39E-3 2.11E-3 2.27E-3 0.195 0.100
1.20E-3 1.46E-3 1.23E-3 0.298 0.020
1.25E-3 1.95E-3 1.31E-3 0.397 0.020
.1.30E-3 2.44E-3 1.37E-3 0.497 0.020
4.65E-4 3.94E-4 4.21E-4 0.199 0.010
7.08E-4 6.09E-4 6.53E-4 0.199 0.020
9.53E-4 8.91E-4 9.57E-4 0.198 0.048
573 1.16E-3 1.08E-3 1.16E-3 0.198 0.101
7.43E-4 9.13E-4 7.68E-4 0.298 0.020
7.92E-4 12.19E-4 8.42E-4 0.398 0.020
8.17E-4 15.25E-4 8.95E-4 0.498 0.020
2.95E-4 2.42E-4 2.72E-4 0.199 0.010
4.33E-4 3.77E-4 4.19E-4 0.199 0.020
6.14E-4 5.63E-4 6.17E-4 0.199 0.049
563 7.44E-4 6.82E-4 7.41E-4 0.199 0.101
4.67E-4 5.67E-4 4.94E-4 0.299 0.020
5.14E-4 7.56E-4 5.43E-4 0.399 0.020
5.50E-4 9.46E-4 5.78E-4 0.499 0.020

2 Propane combustion rate predicted by the Eley-Rideal model.
® Rate predicted by the Reduction-Oxidation model.
° Read as 1.08 x 107

Table 3. Experimental data of the propane combustion rate on Au/Cr/y-Al,O5 at different reactant partial pressures.

P g
T (K) e,y (mol-min g™ Cr) . __ Po, (atm) P, u, (atm)
Measured Eley-Rideal® Reduction-Oxidation
1.21E-3° 0.88E-3 1.03E-3 0.197 0.009
1.80E-3 1.64E-3 1.89E-3 0.196 0.020
3.50E-3 2.74E-3 3.10E-3 0.193 0.047
593 4.10E-3 3.76E-3 4.15E-3 0.192 0.100
1.95E-3 2.47E-3 2.11E-3 0.295 0.020
2.20E-3 3.31E-3 2.24E-3 0.395 0.020
2.35E-3 3.98E-3 2.22E-3 0.494 0.019

# Propane combustion rate predicted by the Rideal model.
® Rate predicted by the Reduction-Oxidation model.
° Read as 1.21 x 107,

statistically. An SAS package was applied to carry
out regression. Several mechanisms (a Langmuir-
Hinshelwood type with molecular adsorption on a
single site, oxygen dissociation adsorption, an Eley-
Rideal type for adsorption, and a reduction-oxidation
type) were examined. The approach steps used to
Jjustify a proposed mechanism were as follows: First,
several rate equations were derived by assuming dif-
ferent rate-determining-steps in the proposed mecha-
nism. Second, linear regression of the consequent
equations was conducted to obtain the reaction rate
constants and the adsorption equilibrium constants at

different temperatures. Finally, when any of the de-
rived constants from regression was negative, that
rate equation was eliminated from further considera-
tion.

It was found from this research that the rate
equations derived from the Eley-Rideal and the re-
duction-oxidation mechanisms could satisfactorily fit
the kinetic data from different catalyst systems at
different reaction temperatures. The following is the
Eley-Rideal mechanism, while propane is adsorbed
on the surface and oxygen reacts with the adsorbed
propane directly to form carbon dioxide:
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Kl
C, Hg +S<C, Hy S, (1)
3
CyHyS+0,—>C, H,0S+H,0, )
KJ
C, Hg OS +40, <3C0, +3H, 0 +8, 3)

where S represents the active site on the catalyst sur-
face. When reaction (2) is the rate-determining step
and the remaining two steps are assumed fast to
reach equilibrium, the following rate equation for the
consumption of propane can be derived:

C Kk, Feon, o,
rCJ Hg = 3 3 * (4)

PP
1+ K, P gy +— 0
KRS

Because reaction (3) is highly exothermic, the
equilibrium constant K; should be a very large num-
ber. The last term in the denominator of Eq. (4) can
be neglected. Therefore, Eq. (4) can be simplified as

C Kk, Fo uFo,

v, = . 5
O 1 1+ K, Fe ] ©)

It should be noted that there is a linear relation-
ship between the reaction rate and the partial pres-
sure of oxygen in Eq. (5§). When the partial pressure
of propane is low, because the value of the denomi-
nator is close to 1, the reaction rate is first order to
the partial pressure of propane. On the other hand,
when the partial pressure of propane is high and
causes the value of K., to be much larger than
1, due to cancellation of the terms of the propane
part1a1 pressures, the reaction rate is zero order to the

propane partial pressure. It is apparent that Eq. (5)
satisfies most of the relationships between the reac-
tion rates and the partial pressures shown in Figs. 3
to 6. Therefore, the Eley-Rideal mechanism is one of
the mechanisms that can explain the reaction kinetics
in this research. From linear regressions on the in-
verse rate expression of Eq. (5), the propane adsorp-
tion equilibrium constants and the apparent oxidation
rate constants (Ciky) from each catalyst system at
different temperatures were obtained and are listed in
Table 4. The predicted reaction rates from these pa-
rameters at different partial pressures of propane and
oxygen are shown in Tables 1-3.

For the reduction-oxidation mechanism, the
proposed reaction sequence is as follows:

k
oxide catalyst + C, Hy, —=* 5CO, +H, O

+reduced catalyst, (6)

k
0, + reduced catalyst—2— oxide catalyst, (7)

where kc B, and ko are the rate constants for the
reduction and re-oxidation reactions, respectively.
Elementary reactions are assumed in this mechanism.
Therefore, if 0 is the fractional coverage of the re-
duced catalyst surface at any time, then the rate
equations for the consumption of oxygen and pro-
pane can be formulated as follows:

}"02 = koz Poze ’ (8)

e, =ke,u, Fo,u, (1= 6) . (9)

Furthermore, for complete oxidation of one mole of
propane, the stoichiometric oxygen required is five
moles; thus,

Table 4. Equilibrium constants and rate constants on Cr/»Al,O;, Co/Cr/y-Al;03, and Au/Cr/#-Al,O; at different reac-

tion temperatures from the Eley-Rideal mechanism.

T(K) Constants Cr/y-Al,0; Co/Cr/y-Al,04 Au/Cr/y-AlLO4
K2 25.7 15.97 19.9
593 k,,b 0.41 0.49 0.585
kS 0.016 0.031 0.029
K, 27.4 23.2
583 k, 0.26 0.36
ks 0.0095 0.016
K, 343 41.42
573 k, 0.18 0.28
ks 0.0052 0.0068
K, 38.4 39.67
563 k, 0.11 0.17
ky 0.0029 0.0043

® Propane adsorption equilibrium constant K;, atm™".

b Apparent rate constant k, = C, K k, mol~min'1-g“-atm_2.
¢ Specific rate constant k, = C, k;, mol-min~'-g-atm™".
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o, = SrC3 H, - (10)
By substituting Eqgs. (8) and (9) into Eq. (10), one
can obtain the expression 6. The rate equation of
propane consumption can be derived by simply
substituting 8 into Eq. (9):

_ koz kc’, HSPCJ H, Poz
ko2 POz + 5kCJ H, PCJ H,

; (11)

rCJ HS

which is the Mars-van Krevelen rate expression for
the complete oxidation of propane. It can be found
that the rate order to propane can be adjusted be-
tween zero and one, depending on the ratio of the
partial pressure of propane to that of oxygen. When
the partial pressure of oxygen is significantly higher
than that of propane, the rate order of oxygen be-
comes close to zero. These qualitative aspects seem
to fit the results shown in Figs. 3-6. Therefore, from
linear regressions on the inverse expression of Eq.
(11), the rate constants for oxidation and for reduc-
tion on each catalyst at different temperatures were

obtained and are listed in Table 5. The predicted re-
action rates from these rate constants at different par-
tial pressures of propane and oxygen are also shown
in Tables 1-3.

Comparing the predicted reaction rates shown in
Tables 1-3, one can find that the values from the re-
duction-oxidation mechanism are always closer to
the observed values than are those from the Eley-
Rideal mechanism. Therefore, it can be concluded
from this research that the Mars-van Krevelen model,
derived from the reduction-oxidation mechanism,
better fits the kinetic data of propane complete oxi-
dation on supported chromium oxides than does the
Eley-Rideal model. Figures 7 and 8 show that the
rate data from the experiments agree with those es-
timated using the rate Eq. (11). The mean deviation
error is about 3.5%(C1/y~Al,04), 8.3%(Co/Cr/y-Al,05),
and 5.9%(Au/Cr/y-Al,05), respectively. The random
distribution around the diagonal equivalent line of
the empirical and the calculated values of rate sug-
gests that this rate equation derived from reduction-
oxidation mechanism describes the experimental re-
sults quite well.

Table 5. Rate constants on Ct/y-Al,O3, Co/Cr/y-Al,03, and Au/Cr/y~Al,O5 at different reaction temperatures from the

reduction-oxidation mechanism.

- - S o1 -] -1
' K) ko, (mol-min Lo latm™) ke, , (mol-min™"-g™"-atm™")
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Fig. 7. Comparison of the predicted and the observed
values of the C;Hg complete oxidation rate on
Cr/y-AL05: (O) 593K, () 583K, (&) 573K,
and (<) 563K.

Fig. 8. Comparison of the predicted and the observed
values of the C;H; complete oxidation rate on
Co/Cr/y-Al;0; and Aw/Cr/3-Al,03. Co/Cr/y-
Al,05: (O) 593K, (L) 583K, (&) 573K, and (<)
563K; Au/Cr/y-AlLO; (@) 593K.
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The temperature dependence of k, and k¢ y ,
listed in Table 5, can be expressed as

ko, = 4 exp(-E,, / RT), (12)
kc3 y, =4 exp(-E,, / RT), (13)

where £, and E,; are the activation energies, and 4,
and A, are the Arrhenius constants, From the plots of
Ink vs. the reciprocal of the reaction temperature
(shown in Fig. 9), the parameters in Egs. (12) and (13)
were estimated as 4, = 1.36 x 10'? mol/(min-g-atm),
E, =36 keal-mol™, 4, = 1.16 x 10'® mol/(min-g-atm)
and E, = 30 kcal-mol™ for Cr/yAlyO5. The linear
correlation factors, R?, of these two lines (shown
in Fig. 9) were 0.999 and 0.999, respectively,
which suggests good linear relationships (R* = 1
represents a perfect linear relationship). Moreover,
the parameters were estimated as 4, = 2.34 x 10
mol/(min-g-atm), £, = 41 kcal-mol'l, A4, =286 x 10
mol/(min-g-atm), and E, = 25 kcalmol™ for
Co/Cr/y-Al,05. The linear correlation factors, Rz, of
the two lines are 0.989 and 0.998, respectively,
which also suggests good linear relationships.

DISCUSSION

From this research, it is found a better fit of the
rate model can be derived from the reduction-
oxidation mechanism than from the Eley-Rideal
mechanism. This indicates that the adsorption of

-2.00 —

-3.00 —

Ink

-4.00 —

-5.00 T T T Y T T T T T
1.68E-3 1.70E-3 1.72E-3 1.74E-3 1.76E-3
11T, (11 K)

1.78E-3

Fig. 9. Arrhenius plots of (@) the re-oxidation rate
constants on Cr/y~Al,0s3, (O) the reduction rate
constant on Cr/»~Al,O;, (A) the re-oxidation
rate constant on Co/Cr/»~Al,0,, and (A) the re-
duction rate constant on Co/Cr/y-Al,Os.

propane is no longer a key step for the complete oxi-
dation of propane on these supported chromium ox-
ides catalysts, under the reaction conditions studied.
The reason for this is that the surface reaction step
and the product desorption step proceed fast. There-
fore, propane and the reaction products no longer
accumulate on the active sites, and the reaction ki-
netics are not hindered.

Both cobalt and gold on chromium oxides pro-
mote catalytic activity for the oxidation of propane.
It can be found in Table 5 that all of the rate con-
stants from Co/Cr/p~Al,O3 and Aw/Cr/p-Al,O5 cata-
lyst systems are larger than those from Cr/y-Al;0s. It
is believed that there are different active sites on
Au/Cr/yAly05 for the reactions. One is on the sur-
faces of pure chromium oxides, and the other is on

‘the surfaces of mixed metal and metal oxides of gold

and chromium. Therefore, it was observed in this
research that there initially was high catalytic activity
of Au/Cr/y-Al,Os. This activity decayed and dropped
to about that of Cr/~Al,0;, due to coking on the ac-
tive sites from mixed metal and metal oxides of gold
and chromium. However, the catalytic activity of the
regenerated catalyst was not as good as that of the
fresh one. This was due to sintering of the gold parti-
cles during the regeneration process at high tem-
perature.

The plots in Fig. 9 show that the activation en-
ergy (i.e., 25 kcal-mol™") for the reduction of metal
oxides on Co/Cr/y-Al;0O5 is lower than that (i.e., 30
kcal~mol“l) on Cr/y-Al,Os3, and that the activation
energy (i.e., 41 kcal-mol™) for oxidation of the re-
duced active sites on Co/Cr/3~Al,Os is higher than
that (i.e., 36 kcal-mol™") on Cr/y-Al,05. These results
indicate that the catalytic active sites on Co/Cr/p-
Al,03 can be reduced more easily during the propane
combustion reaction than those on Cr/yAl,0;, and
that the reduced site is more difficult to be re-
oxidized. It is concluded from this research that the
catalytic active sites of Cr/3-Al,O3; and Co/Cr/y-
Al,O; are from chromium oxides and promoted
chromium oxides on the surface. This is because, in
our previous research (Kang and Wan, 1994), we
found that only chromium oxides in these two cata-
lysts rather than cobalt compounds in Co/Cr/y-Al,0;
can be reduced during temperature programmed re-
duction (TPR by hydrogen) experiments. Cobalt may
bond with alumina to form cobalt aluminate in
Co/Cr/y-Al,05. Due to the interaction between chro-
mium and cobalt aluminate, the reduction tempera-
ture for chromium oxides in Co/Cr/y-Al,05 during
TPR was lower than that for Cr/3~Al,Os. Therefore,
the lower activation energy for the reduction of
Co/Cr/y-Al,0O; during propane combustion in this
research is consistent with our previous TPR results.
Moreover, it can be found from the research results
of Morooka and Ozaki (1966) and Morooka et al.
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(1967) that cobalt oxides are more easily reduced
than chromium oxides; in contrast, reduced cobalt
oxides are more difficult to be re-oxidized than re-
duced chromium oxides. Therefore, for a binary
oxide system in which cobalt oxides are doped into
chromium oxides, the reduction temperature for
chromium oxides may drop due to the influence of
cobalt oxides; on the other hand, the re-oxidation
temperature for the reduced chromium oxides may
rise. Although instead of cobalt oxides, cobalt alu-
minate in Co/Cr/y-Al,O; is proposed in this research.
The lower and the higher activation energies for the
reduction and the oxidation reactions on
Co/Ct/y-Al,O5 than those on Cr/y-Al;Os indicate a
similar interaction between cobalt aluminate and
chromium oxides in Co/Cr/y~Al,03 to that between
cobalt oxides and chromium oxides of a binary oxide
system.

It can be found from this research that the Ar-
rhenius constant for the reduction of metal oxides on
Co/Cr/y-Al;O5 is much lower than that on Cr/y~Al,Os.
Note that the Arrhenius constant is proportional to
the number of active sites on the catalyst surface
available for the reaction. A lower value for the Ar-
rhenius constant on Co/Ct/y-Al,O5 suggests a smaller
number of active sites for the reaction. This implies
that the majority of the reaction between propane and
Co/Cr/y-Al,O;5 occurs on the active sites of mixed
metal oxides of Co and Cr on the surface. Due to the
limited amount of cobalt (0.92 wt%) in Co/Cr/y-
Al,O3, the Arrhenius constant is low for the reaction
on Co/Cr/y-Al,0s.

It can be observed in Table 5 that the rate con-
stants for oxidation of the reduced active sites on
Co/Cr/y-Al,O5 are always higher than those on Cr/y-
Al,Os at the same reaction temperature, although the
addition of cobalt should have lowered the activity of
Co/Cr/y-Al,0; for this reaction due to the increase of
activation energy. The higher value of the Arrhenius
constant on Co/Cr/y-Al,O; can explain this. However,
it must be noted that the Arrhenius constant for the

oxidation of the reduced active sites on Co/Cr/y-

AlyOs is higher than that on Cr/p~Al,Os; in contrast
to that for the reduction of metal oxides. It is be-
lieved that dissociation of propane on the active sites
of the catalyst surface occurs during the reaction. The
dissociated propane may produce hydrogen for the
reduction of metal oxides on Cr/3~Al;0O; and on
Co/Cr/y-Al,03. The other products (e.g., carbons,
hydrocarbons, and hydride) might spill onto the sur-
rounding area around the active sites on the catalyst
surface. This spilled area may be treated as new sites
on the catalyst surface for the oxidation reaction.
Nevertheless, the number of these new sites is not
related to @ value (fraction of reduced metal oxides)
in Eq. (8); rather, it is lumped into the value of 4; in
Eq. (12) and causes a higher value of &, in Eqgs. (8)

and (12). Therefore, the more dissociation of propane
that occurs, the higher value of k, should be ob-
tained. In other words, the dissociation activity of
propane on Co/Cr/y~Al;03 should be higher than that
on Cr/yALO3. The increase in the number of prod-
ucts generated by this dissociation reaction certainly
increases the frequency factor (i.e., the Arrhenius
constant) of the later oxidation reaction kinetics.

According to Morooka and Ozaki (1966) and
Morooka et al. (1967), gold oxides are even more
easily reduced than cobalt oxides; on the other hand,
gold is more difficult to be re-oxidized. Indeed, it can
be found in Table 5 that the rate constant for the
reduction on Aw/Cr/yAl,05; at 593K is higher than
that on Co/Cr/y~Al,03. The existence of gold on
Au/Cr/y-Al,0; increases the reduction activity of
chromium oxides. Moreover, the rate constant for
oxidation on Au/Cr/y~Al;0O5 is also higher than that
on Co/Cr/y~Al,0;. This means that more dissociation
of propane may occur on Au/Cr/y~Al,O;. These dis-
sociation products on the surface need oxygen for
oxidation. Nevertheless, it is apparent that there was
not enough oxidation activity on Au/Cr/y-Al,O; for
their total removal. The accumulation of some of the
dissociation products on the catalyst surface caused a
coking problem on Au/Cr/y~-AlOs.

CONCLUSION

From the results of this study, it is concluded
that the reaction rate model derived from the reduc-
tion-oxidation or Mars-van Krevelen mechanism can
explain very well about the complete oxidation of
propane on Co/Cr/y-Al,03, Au/Cr/y-Al,0;, and Cr/y-
Al O,, respectively. The rate equation can be ex-
pressed as

ko, ke, u, Fe,u, Fo,
ko, Po, + Sk u, Fo,n, '

rate =

The rate constants for reduction and for oxidation on
each catalyst were obtained through regression. It
was found that both cobalt and gold on chromium
oxides promoted catalytic activity. Therefore, at the
same reaction temperature, all of the rate constants
for the Co/Cr/y-Al;03 and Aw/Cr/y-Al,0; catalyst
systems are larger than those for Cr/p~Al;05. The
initial activity of Au/Cr/3~-Al,O; was even higher
than that of Co/Cr/y-Al,05. Nevertheless, there was a
coking problem on Au/Cr/3-Al;0s. The activity of
the regenerated Au/Cr/y-Al,O3 was lower than that of
the fresh sample, due to gold sintering during regen-
eration at high temperature.

The activation energies and the Arrhenius con-
stants for the reduction and the oxidation reactions
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on Co/Cr/y-Al,03 and Cr/p~Al,O; were obtained in
this research. It was found that a lower activation
energy for the reduction and a higher activation en-
ergy for the oxidation on Co/Cr/y-Al;O5 than those
on Cr/p-Al,Os. These promotion effects of cobalt
oxides on chromium oxides are consistent with the
previous results obtained by Kang and Wan (1994).
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NOMENCLATURE

A, Arrhenius constant for the oxidation of
metal in Eq. (12), mol-min™ - g™ - atm™

A Arrhenius constant for the reduction
of metal oxide in Eq.(13); mol-min™"-
g"l -atm™

C, total number of active sites on the
catalyst

En activation energy for the oxidation of
metal, kcal - mol™!

En activation energy for the reduction of
metal oxides, kcal - mol™!

F mole flow rate of propane, mol-min™'

K propane adsorption equilibrium con-
stant in Eq. (5), atm™'

K3 equilibrium constant of reaction (3)

ky rate constant of the surface reaction in
the Eley-Rideal mechanism

k. C,Kky, the apparent rate constant in

1

Eq. (5), mol - min™'- g7' - atm™

c,H,» ko,  rate constants in the reduction-oxidation

mechanism, mol - min™" - g_1 - atm™"

kg C, ky, the specific rate constant in Eq.
(5), mol - min™' - g”" - atm™

Fe.u, partial pressure of propane, atm

Feo, particle pressure of carbon dioxide,
atm

Bi0 partial pressure of water vapor, atm

o partial pressure of oxygen, atm

Yo, H, reaction rate of propane, mol - min~" -

g'Cr

reaction rate of oxygen, mol - min™
g Cr

active site on the catalyst surface
reaction temperature, K

weight of chromium

propane conversion

NO\

N FgNw

Greek symbol

6 fractional coverage of the reduced
active sites on the catalyst surface
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