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The total oxidation of toluene was studied over a Co3O4/La-CeO2 catalyst in a Temporal Analysis of Products (TAP) set-up in the 
temperature range 713 K to 873 K in the presence and absence of dioxygen. It has been demonstrated that the reaction proceeds via a 
Mars–van Krevelen mechanism. The reaction rate increased 8.4 times if both toluene and dioxygen were present in the feed. The partial 
reaction order with respect to O2 diminished from 0.9 to 0.6 with an increase in temperature from 763 to 873 K. Adsorbed oxygen 
species with a lifetime of ~8s have been found on a catalyst fully oxidized by dioxygen. Catalysis of isotopically labeled 10 

18O2/
12C6H5

13CH3 results in formation of products containing 18O, which indicates that both lattice and adsorbed oxygen are involved in 
total oxidation of toluene. The role of adsorbed oxygen is activation of C-H bond in toluene. The reaction network of the catalytic total 
oxidation of toluene consists of the following sequence: adsorption of toluene on the catalyst surface; activation of toluene by 
dehydrogenation with adsorbed oxygen; oxidation of activated toluene mainly by the lattice oxygen and re-oxidation of reduced catalyst 
by dioxygen. 15 

 

 

1. Introduction 

The legislation of specific regulations for the control and 
elimination of volatile organic compounds (VOCs) has motivated 20 

the development of methods and materials for their treatment and 
removal. Among these methods of VOC abatement, catalytic 
combustion has been widely employed and is recognized as one 
the most efficient 1, 2. 

For the total oxidation of VOCs, noble metal catalysts 25 

supported over high surface area materials exhibit excellent 
activity 3. However, the high cost and low resistance to poisoning 
of noble metal catalysts has stimulated interest in the 
development of other transition metal oxide-containing catalysts 
as a substitute. Among the transition metal oxides, cobalt oxide 30 

has shown to be one of the most efficient for total oxidation of 
VOCs4-6. 

CeO2 is widely employed as a catalytic promoter due to its 
redox behavior, oxygen defects, and catalytic activity which have 
been attributed to its peculiar oxygen storage capacity (OSC) 35 

associated with the fast Ce4+/Ce3+ redox process 7-9. Furthermore, 
the thermal stability and redox properties of CeO2 can be 
enhanced by adding dopants such as La3+ 10, 11. Because of these 
properties of CeO2, supporting a cobalt oxide catalyst on ceria 
modifies its redox properties, enhances oxygen mobility, and 40 

improves its VOC oxidation activity12-15. Recently, it was 
reported that a catalyst with a Co3O4/La-CeO2 formulation 
presented good activity and stability in the total oxidation of 
toluene 16. 

It is generally accepted that the total oxidation of VOCs over 45 

Co3O4-containing catalysts occurs according to a Mars-van 
Krevelen mechanism 14, 17-23. Liotta et al. 13 and Bahlawane 17 

have reported that the total oxidation of methane over cobalt 
oxide-based catalysts takes place through a Mars–Van Krevelen 
mechanism involving lattice oxygen via a redox cycle. However, 50 

while studying propane oxidation, Liu et al. 23 demonstrated that 
highly strained cobalt-spinel nano-crystals with an enhanced 
lattice distortion exhibit a high catalytic activity. The authors 
correlated catalytic activity with the amount of chemisorbed 
electrophyllic O− species. In other reports, Busca et al. 24 and Luo 55 

et al. 12 suggested that for a Co3O4 catalyst, the nucleophilic 
oxygen species were those involved in propane catalytic total 
oxidation. On the other hand, Liotta et al. 14 proposed that during 
propene oxidation, over CoxCe oxides, both electrophilic oxygen 
and lattice oxygen species may participate in the reaction 60 

depending on the temperature. Similarly, Machida et al.25 
suggested that the structural defects of the lattice are linked with 
the creation of active surface species. This suggests a key role for 
CeO2, since its oxygen transport properties are controlled by the 
presence of defects which could be increased by the addition of 65 

appropriate dopants like lanthanum and because its redox 
properties may improve the catalytic behavior of the catalyst by 
increasing the supply of active oxygen. 

The total oxidation activity of a catalyst is determined not by 
regular lattice oxygen atoms, but by weakly bound forms of 70 

oxygen such as adsorbed oxygen species and/or oxygen atoms 
connected to the oxide surface with a low binding energy in 
contrast with the regular lattice oxygen atoms 26-28. These appear 
on the surface of a catalyst as the result of equilibrium between 
the oxide lattice and the gas phase 29.  75 

O2gas ↔ O2ads ↔ O2
-
ads ↔ 2O-

ads ↔ 2O2-
latt  
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During steady state equilibrium, the surface of a catalyst is 
continuously covered by a variety of highly reactive oxygen 
species which are available for reaction. The role and nature of 
these adsorbed oxygen species in catalytic combustion over 
Co3O4-containing catalysts where they act as electrophilic oxygen 5 

and lattice “nucleophilic” oxygen is not fully clarified.  
Transient response techniques with millisecond time 

resolution are powerful tools for the investigation of reaction 
steps and possible catalyst surface transformations during 
catalytic reactions. Temporal-Analysis-of-Products (TAP) has 10 

been recognized as an important transient experimental method 
for catalytic reaction studies. A TAP pulse response experiment 
consists of injecting a very small amount of gas (1014 molecules) 
into a fixed bed reactor that is kept under vacuum. The pressure 
rise in the micro-reactor is small and transport in the reactor, 15 

which is driven by a gas concentration gradient, is dominated by 
Knudsen diffusion. In this study, a TAP reactor is applied as a 
unique transient tool to investigate the role of active oxygen 
species in the catalytic total oxidation of toluene over a 
Co3O4/La-CeO2 catalyst. This catalyst was selected with 20 

consideration to previous work suggesting potential application in 
this reaction even when supported by washcoating onto 
honeycomb cordierite monoliths 16. Although the TAP technique 
has been widely used to obtain information on the oxidations of 
VOCs, scarce results have been reported for the total oxidation of 25 

toluene. Some authors have studied toluene oxidation over 
uranium oxide based catalysts 30, V2O5/TiO2 catalysts 31, and 
CuO-CeO2/Al2O3 

32 catalysts using a TAP reactor, but the 
technique has not previously been employed in the study of 
cobalt-containing catalysts. 30 

2. Experimental 

2.1 Catalyst preparation and characterization 

Preparation of the washcoating Co3O4/La-CeO2 catalyst consisted 
of three stages, as reported in 16. In the first stage, the La(6.84 
wt%)-CeO2 support was prepared by incipient wetness 35 

impregnation of CeO2 by La(NO3)3·6H2O and calcined at 773 K 
for 4 hours. Second, the La-CeO2 support was impregnated with 
an aqueous solution of Co(CH3COO)2·4H2O. The sample was 
then dried and calcined at 723 K for 2 hours to obtain the 
powdered cobalt catalyst. Finally, a 25 wt% solid content slurry 40 

was prepared by mixing the powdered catalyst with polyvinyl 
alcohol and colloidal alumina as additives, which was then 
calcined at 723 K for 2 h. The resulting powdered sample (named 
Co3O4/La-CeO2), which was employed in this study resembled a 
corresponding catalyst supported on cordierite honeycomb 45 

monoliths investigated in 16 and nanostructurally characterized in 
33. The elemental composition (wt.%) of the calcined dried slurry 
as determined by ICP analysis was: Co (11.41); La (4.44); Ce 
(44.39); Al (7.4). Its BET surface area was determined by N2 
adsorption to be 87.8 m2g-1. Crystallographic analyses for the 50 

tested catalysts were performed by means of in situ X-ray 
diffraction (XRD) measurements in θ–2θ mode using a Bruker-
AXS D8 Discover apparatus with Cu Kα radiation of wavelength 
0.154 nm and a linear detector covering a range of 20° in 2θ with 
an angular resolution of approximately 0.1° in 2θ. While the 55 

minimal capturing time is 0.1 s, a collection time of typically 10 s 
was used during these experiments. 
The evolution of the catalyst structure during TPR was 
investigated in a flowing gas stream (5 vol.% H2/N2) from room 
temperature to 973 K. The in situ experiments were carried out 60 

using a home-built reactor chamber with Kapton foil window for 
X-ray transmission. A 15 mg sample was evenly spread on a 
single crystal Si wafer. The sample was heated from room 
temperature to 973K at a heating rate of 20 K/min. Peak positions 
and widths were determined by means of a Gaussian function, fit 65 

to a XRD peak in a chosen range of 2θ around the peak of 
interest. Due to the low angular resolution of the linear detector, 
these values cannot yield accurate crystallite size and unit cell 
parameters, but they do allow tracing trends in a qualitative way. 
X-ray diffraction studies (XRD) showed that the peaks 70 

corresponding to the face-centered cubic fluorite structure of 
CeO2 have a slight shift in their position towards lower 2θ values 
with respect to those of pure ceria suggesting that the lanthanum 
is incorporated in the lattice of ceria. The XRD analysis also 
identified exhibited crystalline features of Co3O4 spinel. More 75 

details about the catalyst can be found in 16, 33 
 

2.2 Experimental set-up 

The TAP reactor set-up employed in this work is described in 
Gleaves et al. 34. TAP experiments are performed in a tubular 80 

reactor which is placed in vacuum (10-5 Pa) with a nanomole 
amount of reactant molecules (10-9 mol). The reactor is made of 
quartz and measures 33 mm in length with an inner diameter of 
4.75 mm. The entrance of the reactor is connected with two high-
speed pulse valves via a small volume. Molecules are pulsed into 85 

the reactor by means of two pulse valves and the products and the 
unreacted reactants are monitored by a UTI 100C quadruple mass 
spectrometer. The number of molecules admitted during pulse 
experiments amounts to ∼1015 molecules/pulse with a pulse time 
of 140 µs.  90 

In order to feed toluene into the reactor, a liquid feed set up 
was designed and constructed at the Laboratory for Chemical 
Technology, Ghent University. It consists of a liquid vaporizing 
chamber, which is heated to 423 K, into which the liquid feed is 
injected by use of a 500µL Hamilton Gastight ® #1750 syringe. 95 

Pressure is maintained at the point of injection by a Hamilton, 
high-temperature septum. The vaporizing chamber is also 
connected with gas bottles, which allows the making of gas 
mixtures. The temperature of the feeding lines is maintained at 
423 K. The manifold assembly containing the pulse valves is kept 100 

at 348 K, the maximum temperature allowed. The pressure of the 
feed from the liquid feeding lines to the pulse valves is 
maintained at 1.2 bar as it was experimentally determined to be 
the pressure at which the pulse valves function best. The amount 
of liquid injected into the vaporizing chamber is such that a vapor 105 

state is maintained at the temperature and pressure in the 
manifold assembly. 

Three types of experiments were carried out: single-pulse, 
multi-pulse and alternating pulse experiments 35, 36. Single-pulse 
experiments were carried out to study the interaction of a gas 110 

with the catalyst at a particular state, by pulsing approximately 
1014 molecules/pulse. The state of the catalyst remains unaltered 
during a single-pulse experiment as the number of molecules 
pulsed is 5 orders of magnitude less than the number of active 
sites in the catalyst. Typically, 5-10 responses of a particular 115 

Atomic Mass Unit (AMU) are collected and averaged in order to 
obtain a better signal to noise ratio. If components corresponding 
to different AMUs must be measured, each AMU is measured 
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one after another pulse for the required number of times and 
averaged. Multipulse experiments were performed in order to 
change the state of the catalyst by pulsing an amount of 
molecules on the order of 1016 molecules/pulse and collecting 
about 1000 responses. Multipulse experiments were used to 5 

obtain different states of the catalyst. Alternating pulse 
experiments were performed with various time lags between two 
different pulses. In general, by varying the lag times between the 
two pulses, the lifetime of the surface species originating from 
the first, i.e, the pump pulse can be determined. 10 

 

2.3 Catalyst testing 

Experiments were performed over 15 mg of Co3O4/La-CeO2 

catalyst. The catalyst was packed between two inert zones of 
quartz particles of the same size (250<dp<500µm). Typically, 15 

reaction mixtures were prepared with Ar as one of the 
components, so that the inlet amount of the components could be 
determined from the Ar response. The experiments performed 
after re-oxidizing the catalyst were conducted within 15-20 
seconds of stopping the re-oxidation. After re-oxidation by a 20 

dioxygen multipulse experiment, if the catalyst remained for an 
additional 10 min under vacuum at reaction temperatures, no 
extra oxygen uptake was seen from another dioxygen pulse.  

A temperature range of 713 K- 873 K was covered. Blank 
measurements were conducted with toluene and dioxygen over 25 

quartz particles of the same size. No oxidation products or 
decomposition of toluene were observed. When required, re-
oxidation of the catalyst was performed by conducting dioxygen 
multipulse experiments until the outlet oxygen response was 
steady. 30 

For the quantification of the components of toluene total 
oxidation, the Mass Spectrometer was focused on different 
AMUs, the selection of which was based on an analysis of the 
mass spectra of the individual components: C16O2 at 44, C16O18O 
at 46, C18O2 at 48,13CO2 at 45, O2 at 32, C7H8 at 91, C6H5–

13CH3 35 

at 92, Ar at 40 AMU.  
Typically, a stoichiometric molar ratio of dioxygen to 

toluene, i.e. 9:1, was used in the mixture C7H8/O2/Ar, when 
experiments were conducted in the presence of dioxygen. To 
study the effect of partial pressure of dioxygen in the reaction 40 

mixture, feeds with different ratios of components in the reaction 
mixture C7H8/O2/Ar were applied. The amount of C7H8 was kept 
constant and that of O2 and Ar was varied. Molar ratios of 
C7H8/O2=1:9, 1:6, 1:4, 1:2, 1:1 and 1:0 were used. Single-pulse 
experiments were performed with various feed mixtures on 45 

oxidized catalyst at temperatures varying from 713 K to 873 K. 
The partial reaction order of dioxygen, n, was calculated based on 
equation (1): 

l n [ Y C O 2 ] = k+ n l n [ O 2 ] +m l n [ C 7 H 8 ]   (1) 

where [YCO2] is the extensive molar production of CO2 (mol) and 50 

[O2] and [C7H8] are the amount of dioxygen and toluene in the 
reaction mixture (mol).  

In order to study the interaction of dioxygen with the catalyst, 
oxygen isotopic exchange experiments were performed by 
pulsing mixtures of C6H5-

13CH3/
18O2/Ar over an 16O2 pretreated 55 

catalyst and monitoring the formation of 12C16O2, 
12C18O2, 

12C16O18O, 13C16O2, 
13C18O2 and 13C16O18O. C7H8/

18O2/Ar was 
pulsed at high pulse intensities (~1014 molecules/pulse) as the 
sensitivity of the mass spectrometer is not high enough to 
measure H2O at lower reactant pulse intensities. 18O2 (97%, 60 

chemical purity 99.8 %) from Cambridge Isotopes Laboratories 
Inc. was used for the oxygen isotopic exchange experiments. The 
activation of C–H and C–C bonds in toluene was investigated by 
pulsing isotope of toluene, viz. C6H5–

13CH3 (Isotec™, 99 atom% 
13C). 65 

To investigate the lifetime of adsorbed oxygen species and 
their effect on the oxidation of toluene, alternating pulse 
experiments were performed with oxygen and toluene, at ~1015 

molecules/pulse with varying time lags for the toluene pulse.  

The theoretical number of exchangeable oxygen atoms in the 70 

catalyst was calculated according to the presence of Co3O4 and 
CeO2 using following equations: 

Co3O4 ⇔ 3Co+2O2   (2) 
2CeO2 ⇔ Ce2O3 + 0.5O2  (3) 

The total number of exchangeable oxygen atoms in the Co3O4 75 

and CeO2 for the 15 mg of Co3O4/La-CeO2 catalyst was 
calculated to be 3.85·1019 molecules, i.e.,14 orders of magnitude 
higher than the number of molecules admitted in a single pulse. 

3. Results  

3.1. Toluene conversion to CO2 in the presence and absence of 80 

dioxygen 

Figure 1a and 1b show the outlet molar flow rate of C7H8 and 
CO2 obtained by performing single-pulse experiments, pulsing 
C7H8/Ar (1a) and C7H8/O2/Ar (1b) at 873 K over Co3O4/La-CeO2 

oxidized catalyst. A ratio of 1:9 for C7H8/O2 was employed in the 85 

latter case. The amount of C7H8 in the feed mixture was kept the 
same in both experiments.  
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Figure 1. Molar flow rate of CO2 (—) and C7H8 (- - -) versus 
time during single-pulse experiments with (a) C7H8/Ar and with 
(b) C7H8/O2/Ar (ratio C7H8:O2 1:9) over pre-oxidized Co3O4/La-
CeO2 at 873 K. (c) Moment-normalized TAP pulse-response for 5 

CO2 production versus time corresponding to a single-pulse 
experiment with C7H8/Ar (- - -) and C7H8/O2/Ar (—). 

The behavior of toluene oxidation observed in Figure 1(a) 
suggests that the reaction is carried out according to a Mars-van 
Krevelen mechanism 37. For each toluene molecule, four oxygen 10 

atoms are required to form water and fourteen to form CO2. All 
of the required oxygen atoms were taken only from the catalyst 
lattice. The CO2 response is broad and the peak maximum is at 
0.168 s, which is higher than that of C7H8 (0.135 s). This 
difference cannot be explained by differences in molecular mass 15 

(44 and 92). The observed shift in the CO2 peak and the long 
residence time can be attributed to the slow rate of CO2 formation 
due to the diffusion of oxygen from the bulk and/or the sequence 
of reactions for the breakage of C-H and C-C bonds in adsorbed 
toluene. The long tail of the response could also result from slow 20 

desorption of CO2 from the sample. Since CO2 is known to 
interact with Al2O3 and CeO2 

38, 39, experiments pulsing CO2 over 
the catalyst were also performed (results not shown). In that case, 
the signal of the CO2 pulse was narrower than the one 
corresponding to the CO2 formed as a product of toluene total 25 

oxidation. It was also broader than that of Ar, which reflects 
interaction of carbon dioxide with the catalyst. 

Addition of dioxygen to the reaction mixture significantly 
increased the formation of carbon dioxide Figure 1(b). The 
amount of CO2 was 8.4 times more than the CO2 produced from 30 

lattice oxygen only. The normalized area of carbon dioxide 
responses corresponding to the single-pulse experiment shows 
that the tails of the CO2 response were broader for the toluene 
pulses without dioxygen, Figure 1(c). The CO2 response 
corresponding to the experiment with toluene alone does not 35 

become flat at 3s. The surface alone cannot supply all the oxygen 
atoms required for total toluene oxidation. The reaction requires 
more oxygen atoms which must diffuse in bulk from lattice 
planes beneath the surface. In the experiment with a mixture of 
toluene and dioxygen, the latter regenerates the catalyst or 40 

directly participates in the reaction thereby increasing the CO2 
production rate. Whereas, in the experiment with toluene alone, 
the vacant sites at the surface must be replenished by oxygen 
atoms diffusing from the bulk.  

An increase in the conversion of toluene to CO2 was observed 45 

in the presence of dioxygen, so the effect of partial pressure of 
dioxygen in the feed mixture was investigated. The toluene 
oxidation was carried out with different ratios of O2/C7H8 (9:1, 

6:1, 4:1, 2:1, 1:1 and 0:1) at three reaction temperatures (763, 813 
and 873 K) over the pre-oxidized catalyst. The partial reaction 50 

order of dioxygen in the reaction mixture is shown in Figure 2a. 
Increase of the temperature leads to a decrease in the order of 
dioxygen, with the highest value of 0.99 obtained at 763 K and 
the lowest value of 0.68 at 873 K. This result confirms that the 
influence of partial pressure of dioxygen in the reaction mixture 55 

during oxidation of toluene is more important at lower 
temperatures as also reported by Menon et al. 32 in the case of 
total oxidation of toluene over CuO based catalysts. This 
behavior is in agreement with a Mars–van Krevelen mechanism. 
At low reaction temperatures, oxygen diffusion from the catalyst 60 

bulk to the surface is a slow process and competition is observed 
between bulk oxygen and gas phase dioxygen in the regeneration 
of the vacant sites. At high temperatures, mobility of oxygen in 
the oxides increases and the role of dioxygen is less pronounced 
under TAP experimental conditions. The effect of toluene partial 65 

pressure was investigated at 763 K, 813 K, and 873 K over an 
oxidized catalyst and the result is plotted in Figure 2b. The partial 
reaction order of toluene was roughly constant, around 0.45, in 
the interval of temperatures studied.  
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Figure 2. Partial reaction order of dioxygen (a) and toluene (b) 
versus temperature for single-pulse experiments performed with 
various feed mixtures over pre-oxidized Co3O4/La-CeO2. The 
indicated points correspond to the average for six feed mixtures 75 

and the bars represent the standard error. 
 

3.3. Role of adsorbed oxygen 

To obtain information about the participation of adsorbed 
oxygen in the reaction, the 16O2 pretreated catalyst was pulsed 80 

with a mixture of 12C6H5-
13CH3 /

18O2/Ar at 873K. This isotope of 
toluene was used to elucidate the sequence in which the various 

Page 4 of 9Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

C-C bonds in toluene are broken during the oxidation by gas and 
lattice oxygen. The first pulse response of 12C16O2, 

12C18O2, 
12C16O18O which correspond to carbon dioxide formation from 
phenyl and of 13C16O2, 

13C18O2, 
13C16O18O from methyl group are 

shown in Figures 3(a) and 3(b), respectively. Note that in the 5 

reaction only the response from the first pulse was used, thereby 
excluding memory effects of carbonaceous species on the 
catalytic surface originating from the series of high-intensity 
pulses. The preferential formation of 16O containing products 
supports the Mars-van Krevelen mechanism as total oxidation of 10 

toluene takes place involving oxygen that comes from the support 
(Eq.4). However, the fractions of 13CO2 and 12CO2 containing 
either one or two 18O confirm that oxygen from the gas phase is 
also participating in the reaction (Eq.5 and 6). 

C6H5CH3 +1816OL → 7C16O2 + 4H2
16O + 18Vo (4) 15 

18O2 + 2s → 218Os    (5) 
C6H5CH3 + 1818Os → 7C18O2 + 4H2

18O  (6) 

Where 16OL -lattice oxygen, 18O2 – dioxygen in gas phase; 18Os- 
adsorbed oxygen; Vo – oxygen vacancy, s- surface site. 
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Figure 3. Molar flow rate of (a) 12C16O2, 
12C18O2, 

12C16O18O and 
(b) 13C16O2 , 

13C18O2, 
13C16O18O versus time from the first pulse 

of a multipulse experiment with C6H5-
13CH3/

18O2/Ar over 15 mg 
of 16O2 pretreated catalyst at 873 K. For the sake of clarity, 25 

signals related to 12C and 13C (obtained in the same experiment) 
have been shown separately.  
 

Analysis of the different combinations of response products 
(12C16O2 and 13C18O2; 

13C16O2 and 13C18O2; 
12C16O18O and 30 

13C16O18O) shows peaks at the same time, which means that these 
products are formed nearly at the same time. This could be due to 
the simultaneous abstraction of both methyl and phenyl carbons 

or because the long lifetime of carbon dioxide originated from 
either carbons on the catalyst surface. The fractions of 13CO2 and 35 

12CO2 containing either one or two 18O were 37% and 29% 
respectively, suggesting that the oxidation of 13C-labeled methyl 
group is slightly favored in comparison with that of 12C-labeled 
phenyl group. 

Figure 4 shows the amount of carbon dioxide formation vs. 40 

time during a multi-pulse (1000 pulses) experiment with 
C7H8/

18O2/Ar on a 16O2 pretreated catalyst at 873 K. The amount 
of C16O2 decreases significantly due to the fast consumption of 
surface 16O species. Formation of 18O containing products 
increases with time, as surface oxygen gradually gets replaced by 45 

18O from the gas phase. The amount of C16O18O reaches a 
maximum and then slowly decreases. This long tail is due to the 
slow diffusion of 16O from the bulk to the surface Finally, C18O2 
becomes the main reaction product. The total amount of 16O in 
the products after 1000 pulses is 7.2% of the total amount of 50 

exchangeable 16O in the catalyst.  
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Figure 4. Amount of 12C18O2, 
12C18O16O and 12C16O2 formed 

versus time during a multipulse experiment with C6H5-
13CH3/

18O2/Ar over 15 mg of 16O2 pretreated catalyst at 873 K.  55 

In order to understand the contribution of secondary isotopic 
exchange in the product distribution (Eq. 7 and 8), C18O2/Ar was 
pulsed to the catalyst, and the amount of 16O in the carbon 
dioxide was monitored at the outlet.  

C18O2 + 16OL ⇔ C18O16O + 18OL  (7) 60 

C18O16O + 16OL ⇔ C16O2 + 18OL  (8) 
where 16OL and 18OL are lattice oxygen. 

Figure 5 shows the amount of carbon dioxide formation 
versus time during a multipulse (1000 pulses) experiment with 
isotopically labeled 12C18O2/Ar over 16O2 pretreated catalyst. The 65 

amount of 12C16O18O at the outlet was 7 % of the total amount of 
CO2 which confirmed that the exchange of lattice 16O with 18O 
from C18O2 was not significant. 
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Figure 5. Amount of 12C18O2, 
12C18O16O and 12C16O2 formed 

versus time during a multipulse experiment with labeled 
isotopically 12C18O2/Ar over 15 mg of 16O2 pretreated catalyst at 
873 K. 5 

3.4. Lifetime of active surface oxygen species 

As described in the previous sections, two types of oxygen 
species are present on the Co3O4/La-CeO2 catalyst: lattice oxygen 
are present next to adsorbed oxygen species produced from gas-
phase O2. The presence of adsorbed oxygen species and weakly 10 

bound oxygen in the lattice and their role in the oxidation of 
toluene was studied by performing alternating pulse experiments 
in which dioxygen was used as pump molecule and toluene as 
probe molecule. The time lag of the toluene pulse was varied 
after the injection of dioxygen pulse whereas the time from the 15 

injection of the toluene pulse to the next dioxygen pulse, i.e., the 
data acquisition time of the toluene response, was kept constant at 
15 s. This was done to ensure that toluene remained over the 
catalyst for the same amount of time during experiments with 
different toluene pulse lag times. Thereby a similar catalytic state 20 

for the dioxygen pulse was maintained in all experiments.  
The yield of CO2 formed from the toluene pulse decreased 

with increasing time lag of the toluene pulse, as seen in Figure 6a. 
This can be attributed to the long lifetime of active surface 
oxygen species from the foregoing dioxygen pulse. The 25 

experimental data for time lag of the toluene pulse equal to 20 
and 40 s was measured by pulsing C6H5CH3/Ar after re-oxidizing 
the catalyst within 20 and 40 seconds of stopping the re-
oxidation. The CO2 yield in this experiment was equal to the 
result presented in Fig 1a. Assuming first order desorption 30 

kinetics, the lifetime of the oxygen species was calculated to be 
of the order of 8 s ( Figure 6b), in contrast with the report of  
Menon et al.32 where the lifetime of weakly bounded oxygen was 
only 1s during toluene total oxidation over CuO-CeO2/Al2O3.  A 
very short lifetime of the weakly bound oxygen species (≤ 10 ms) 35 

was also observed over the same CuO-CeO2/Al2O3 during 
propane total oxidation 38. This observed difference in the 
lifetime of the oxygen species can be attributed to the difference 
in the catalyst’s active components. The O2-TPD profiles of 
Co3O4-CeO2, CeO2, and CuO-CeO2 showed oxygen desorption 40 

peaks in the temperature region below 973 K 12. Two oxygen 
desorption peaks at 453 K and 857 K were observed for the 
Co3O4-CeO2 catalyst, which could be attributed to oxygen 

desorption from cobalt sites since no oxygen was desorbed from 
pure CeO2. In the case of CuO-CeO2 only one peak at 907 K was 45 

observed. Quantitatively, the amount of desorbed oxygen was at 
least five times lower for CuO-CeO2. This could be the result of 
the lower lifetime of adsorbed oxygen in the copper catalytic 
system. 

 50 

 

Figure 6. (a) CO2 responses versus time during the during O2 and 
C7H8/Ar alternating-pulse experiments with different time delays 
of the C7H8/Ar pulse over 15 mg of 16O2 pre-treated catalyst at 55 

873 K. Time delays of the C7H8/Ar pulse: 0.11 s (A), 0.2 s (B), 
0.5 s (C), 1 s (D), 2 s (E), 4s (F), 6 s (G), and 8 s (H) 
(b) Yield of CO2 formed from the toluene pulse versus time 
during O2 and C7H8/Ar alternating-pulse experiments with 
different time delays of the C7H8/Ar pulse. The dashed line is fit 60 

to a yield of CO2 decay.  

4. Discussion 

The central issue addressed in this study is the role of the 
adsorbed and lattice oxygen species in catalytic combustion of 
toluene over Co3O4/La-CeO2 catalysts. Pulse experiments with 65 

toluene and a mixture of toluene and dioxygen indicated different 
types of oxygen atoms on the catalytic surface are active in the 
reaction. If toluene is introduced alone, lattice oxygen from the 
surface and bulk is consumed to oxidize toluene to CO2 and H2O. 
These results indicate that the reaction proceeds via a classical 70 

redox Mars-van Krevelen mechanism. Adsorbed oxygen atoms 
are formed if dioxygen is mixed with the toluene pulse, this 
significantly enhancing the catalytic activity. The addition of 
dioxygen to the gas phase increases production of CO2 in 
quantities 8.4 times higher than the CO2 produced from lattice 75 

oxygen only. However, isotopic experiments revealed that the 
evolved CO2 is principally derived from lattice oxygen. The 
fractions of 13CO2 and 12CO2 containing either one or two 18O 
were 37% and 29% respectively. This is significantly lower than 
the value to be expected taking into account the increase of 80 

catalytic activity and the presence of dioxygen. Menon et al. 32 
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reported that the fraction of CO2 containing either one or two 18O 
was 18% of the total CO2 formed during the total oxidation of 
toluene over a CuO-CeO2/Al2O3 catalyst where labeled oxygen 
was used. It was shown that CuO-CeO2/Al2O3 at high 
temperature (>773K) and in a vacuum is thermally reduced at a 5 

high rate and the formation of 18O products can be attributed to 
the fast re-oxidation of mildly reduced copper oxide by 18O2 and 
reaction of incorporated labeled oxygen into the lattice. However, 
compared to the CuO-CeO2/Al2O3 catalyst, the multipulse 
experiment with dioxygen over Co3O4/La-CeO2 exposed at 873 K 10 

in a vacuum for 10 minutes did not show significant consumption 
of O2. Taking into account that thermal decomposition of Co3O4 
to CoO with O2 release is observed above 1153 K 13, the thermal 
reduction of the catalyst under experimental conditions can be 
ignored. However, the low amount of 18O in the product cannot 15 

be explained by a secondary isotopic exchange reaction. As 
demonstrated in Figure 5, secondary isotopic exchange did not 
contribute to the low amount of 18O in the carbon dioxide.  

High oxygen mobility and generation of active oxygen 
species activated by oxygen vacancies in the oxides are widely 20 

recognized as the main factors influencing the catalytic activity of 
Co3O4 and Co3O4–CeO2 binary oxides for catalytic oxidation of 
VOCs 21, 40. For propene oxidation, Haber and Turek 29 found that 
the highest rate of isotopic oxygen exchange is observed on the 
surface of Co3O4, which indicates that the surface of this oxide 25 

shows the highest coverage with electrophilic oxygen species. 
Liu and co-workers 23 proposed that the concentration of 
superficial electrophilic oxygen species is important for achieving 
high catalytic activity. It has been reported that oxygen vacancies 
on the surface of Co3O4 spinel lattice play an important and 30 

favorable role in accelerating the adsorption and dissociation of 
oxygen molecules resulting in the formation of highly active 
electrophilic O- species 41, 42. Yan et al. 43 reported that the high 
relative concentration surface-adsorbed oxygen on the 
nanoflower surface of Co3O4 is highly active in the oxidation of 35 

toluene due to its higher mobility than lattice oxygen. However 
the activation of hydrocarbons on the surface of metal oxide 
catalysts is the first and can be a rate-determining step of their 
partial or total oxidation. In every hydrocarbon molecule, the C-H 
bonds broken first are those characterized by lower dissociation 40 

energy 44, which are usually stronger than those of the 
intermediate products. In the case of toluene oxidation, that bond 
corresponds to the methyl group. Menon et al. 32 reported that 
isotopic labeling experiments with C6H5–

13CH3 indicate the 
abstraction of the methyl carbon followed by the destruction of 45 

the aromatic ring. Furthermore, de Rivas and co-workers 45 stated 
that for toluene combustion, the activation of C-H bond was 
facilitated by surface oxygen species. 

 

 50 

 

 
 

Figure 7. Schematic representation of the role of adsorbed 
oxygen and lattice oxygen in the total oxidation of toluene over 55 

Co3O4/La-CeO2.  
 

Regarding Co3O4-CeO2 systems, Liotta et al. have reported 
that the oxidation of propene is governed by electrophilic oxygen 
species, which are transiently produced by oxygen adsorption on 60 

the surface reduced defects of ceria 14.  They have also shown 
that the oxidation of toluene is determined by the participation of 
surface oxygen species and high mobile bulk oxygen where the 
active species seems to be the Co3O4 phase whose properties 
were strongly modified by interaction with ceria 15. Moreover, 65 

Luo et al. have reported that propane oxidation takes place on 
neighboring surface lattice oxygen sites in Co3O4 crystallites 
while CeO2 is only physically involved in propane oxidation 12. 
Although the active phase involved in the oxidation reaction is 
Co3O4, the interaction between Co3O4 and CeO2 must enhance 70 

the catalytic activity since both components possess strong redox 
ability since the catalysis nature of VOC oxidation is redox 
process.  

The activity of the Co3O4/La-CeO2 catalyst in toluene 
oxidation can be attributed to the formation of adsorbed oxygen 75 

species when dioxygen is present in the gas phase. The adsorbed 
oxygen species is the main path for toluene activation on Co3O4 
in contrast to CuO where it is lattice oxygen 32. Based on the 
above analysis of the literature and experimental data, a 
schematic representation of the role of the different types of 80 

oxygen in toluene total oxidation over Co3O4/La-CeO2 is given in 
Figure 7.  

 
(I)  Adsorption of O2 at the vacancy and formation of highly 

active adsorbed oxygen species; 85 
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(II) Activation of  the toluene by dehydrogenation of its weak 
CH3 group by adsorbed oxygen and formation of the 
hydroxyl group;  

(III) Hydrogen abstraction by the hydroxyl group and water 
formation; 5 

(IV) Oxidation of activated toluene mainly by lattice oxygen; 
(V) Re-oxidation of reduced catalyst by dioxygen. 
 
 

 10 

Figure 8. (a) 2D XRD pattern recorded during H2-TPR for 
Co3O4-La-CeO2; (b) CeO2(111) position from XRD during H2-
TPR for the Co3O4-La-CeO2 and La-CeO2 catalyst; All TPR 
measuring conditions: 20 K/min; 10%H2/N2. Dashed line 

represents the peak shift due to thermal lattice expansion. 15 

In order to understand the effect of La-CeO2 on toluene total 
oxidation over the Co3O4 catalyst, additional in situ XRD 
experiments during H2-TPR of La-CeO2 and Co3O4-La-CeO2 
catalysts have been conducted. The reduction of Co3O4 to 
metallic Co can be expressed by the following consecutive 20 

reaction scheme: Co3O4 → CoO → Co. Upon interaction of 
hydrogen with ceria, two stable cerium oxidation states, Ce3+ and 
Ce4+, have been observed. For the mixed materials, time-resolved 
XRD during H2-TPR was performed to interpret their 
reducibility. The 2D diffraction pattern for the catalyst reduction 25 

is shown in Figure 8a. For Co3O4-La-CeO2, Co3O4 and CeO2 
diffractions are visible at room temperature. During reduction, the 
Co3O4 diffractions evolve from 573 K on into CoO peaks, and 
finally into Co above 683K °C. Characteristic peaks associated 
with crystalline CeO2 appear in all patterns of Co3O4-La-CeO2 30 

and remain visible throughout H2-TPR. Peaks of the reduced 
phase Ce2O3 are never observed, but a possible partial reduction 
is checked from the position of the CeO2(111) diffraction Figure, 
8b. In Co3O4-La-CeO2, its peak position as a function of 
temperature starts with a monotonous slope, reflecting the peak 35 

shift due to thermal lattice expansion. At temperatures above 300 
°C, an additional downward deviation starts to develop, due to the 
onset of reduction. This indicates that, from this temperature on, 

part of Ce is already being reduced from 4+ to 3+. For the La-
CeO2 catalyst, the deviation from the straight CeO2 curve starts at 40 

673 K. This early CeO2 reducing in case of Co3O4-La-CeO2 can 
be due to a CeO2 fraction connected to Co3O4 which re-oxidizes 
partially reduced cobalt species40 (Eq. 9). 

Co2+ + Ce4+ → Co3+ + Ce3+ (9) 

 The interaction between Co3+/Co2+ and Ce4+/Ce3+ couples has 45 

been proposed to take place at boundaries of CeO2, which leading 
to valence changes of cobalt species, similar to the interaction 
between CuO and CeO2

46. 

 

Conclusions 50 

A transient kinetic study of the total oxidation of toluene has 
been conducted on a Co3O4/La-CeO2 catalyst, washcoating of 
cordierite honeycomb monoliths. The reaction of total toluene 
oxidation proceeds through a Mars–Van Krevelen mechanism. 
Adsorbed oxygen species have been found when dioxygen is 55 

present in gas phase. The reaction rate significantly (8.4 times) 
increases if toluene and dioxygen are present in the feed 
compared to toluene alone. The lifetime of the adsorbed oxygen 
species on the catalyst surface is close to 8s. Isotopic labeling 
experiments using 18O2/

12C6H5
13CH3 indicate that the role of 60 

adsorbed oxygen is activation of a C-H bond in toluene. The 
adsorbed oxygen species proved main path for toluene activation 
on Co3O4 in contrast to CuO where it is lattice oxygen. Oxidation 
of activated toluene is carried out mainly by lattice oxygen. We 
propose that the reaction network of the catalytic total oxidation 65 

of toluene consists of the following sequence: adsorption of 
toluene on the catalyst surface; activation of toluene by 
dehydrogenation with adsorbed oxygen; oxidation of activated 
toluene mainly by the lattice oxygen, re-oxidation of reduced 
catalyst by dioxygen. 70 
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