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The total oxidation of toluene was studied over a CuO-CeO,/y-Al,03 catalyst in a Temporal Analysis of
Products (TAP) setup in the temperature range 673-923 K in the presence and absence of dioxygen
and at various degrees of reduction of the catalyst. The reaction rate significantly decreases over a mildly
reduced catalyst. Under vacuum and at high-temperature, mild reduction also occurs in the absence of

toluene.
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In the presence of dioxygen, the catalyst activity is determined by weakly bound surface lattice oxygen
atoms and adsorbed oxygen species, the lifetime of which is close to 1s. The weakly bound oxygen is
highly reactive and is only found over a fully oxidized catalyst.

TAP The formation of products containing 80 during the isotope-exchange experiments with %0, indicates

Reaction network
Toluene total oxidation

that both lattice and adsorbed oxygen are involved in (a) reoxidation of mildly reduced copper oxide and
(b) abstraction of hydrogen atoms and scission of C-C bonds.

Isotopic labeling with CgHs-'3CH5 and CgHs-CDj5 indicates the following reaction paths: adsorption of
toluene on the active site, containing Cu?* with 4-5 adjacent surface lattice oxygen atoms; the simulta-
neous abstraction of H from the methyl and the phenyl group followed by the abstraction of the methyl
carbon and next the destruction of the aromatic ring.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The catalytic total oxidation of volatile organic compounds
(VOCs) is generally considered to be an effective method for reduc-
ing the emission of pollutants in the environment [1,2]. The main
advantages of catalytic combustion compared with other decon-
tamination technologies are high efficiency at a very low pollutants
concentration, low energy consumption and low production of sec-
ondary pollutants, e.g., NO,. Conventional catalysts based on noble
metals supported on Al,O5 are successfully used to eliminate VOCs
by total oxidation. Noble metal catalysts are very active, but they
are costly and have low stability in the presence of chlorine com-
pounds [1,3]. Transition metal oxides, such as copper, cobalt, man-
ganese, and chromium, are known to be active combustion
catalysts [1,4]. They are less active at lower temperatures but have
comparable activity at high temperatures and have high catalyst
loading capabilities. CuO was reported to be as effective as Pt for
the incineration of n-butanol and methyl mercaptan [3]. Larsson
and Andersson found excellent performance for the incineration
of CO, ethyl acetate, and ethanol over CuO,/Al,;05 [5,6]. Rajesh re-
ported that CuO/Al,03 was even more active than Pt/Al,O3 for
the complete oxidation of ethanol [7]. CuO was the most active
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transition-metal oxide of those tested for the catalytic incineration
of toluene with y-Al,03 as support [8]. Copper promoted by ceria is
known to show better catalytic performance for the complete oxi-
dation of benzene, toluene, and p-xylene than copper only [5,8-
10].

It is generally accepted that the oxidation of VOCs (toluene, pro-
pane) over transition metal oxide catalysts occurs according to a
Mars-van Krevelen type redox cycle and proceeds through nucle-
ophilic attack of the lattice oxygen of the oxides [11-18]. This
mechanism includes two steps: the first step consists of reactant
oxidation using the catalyst lattice oxygen, which will be replaced,
and in the second step, by atoms originating from dioxygen. How-
ever, the first step in the oxidation process is not an elementary
step, and the actual mechanism involves many consecutive and/
or parallel steps [11,19-22]. Toluene adsorption with the aromatic
ring parallel to the exposed metal oxide planes leads to the
destruction of the molecule and the formation of total oxidation
products. Perpendicular end-on adsorption of toluene on oxygen
containing sites leads to abstraction of H-atoms from the methyl
group and an adsorbed complex through a strong C-0 bond. This
complex is considered to be the benzaldehyde and/or other selec-
tive-products precursor or further oxidized to carbon oxides
[11,19-22]. On the other hand, according to the Mars-van Krevelen
mechanism, the dioxygen is only required to reoxidize the reduced
surface metal centers. Dioxygen molecules are activated through
an interaction with the surface of the catalyst. This activation
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proceeds first through a dissociative adsorption, which includes
coordination, electron transfer, and dissociation, followed by incor-
poration into the lattice. Consequently, two possible states of oxy-
gen are available on the surface of the catalyst. Adsorbed dioxygen
species are also reported to be active in hydrocarbon oxidation
catalysis [10,11,14,23-26]. The role and nature of the respective
oxygen active species (e.g., adsorbed oxygen species acting as elec-
trophilic oxygen and lattice “nucleophilic” oxygen) in catalytic
combustion are not fully clarified. Other aspects, e.g., the nature
of the active sites and the mechanism for C-H and C-C bond acti-
vation are still incompletely explained.

The elucidation of the above issues should aid in better under-
standing the mechanism of action of the oxide catalysts. Transient
response techniques with millisecond time scale provide a power-
ful tool for the investigation of the reaction steps and the possible
catalyst surface transformations during reaction [27]. The tempo-
ral-analysis-of-products (TAP) have been recognized as an impor-
tant transient experimental method for heterogeneous catalytic
reaction studies. A TAP pulse response experiment consists of
injecting a very small amount of gas, typically 103-10'* molecules
per pulse, into a tubular fixed bed reactor that is kept under vac-
uum. The pressure rise in the micro-reactor is small, and the trans-
port in the reactor, which is driven by a gas concentration gradient,
is dominated by Knudsen diffusion. Well-defined Knudsen diffu-
sion is used as a tool for measuring chemical reaction rates and
obtaining kinetic parameters [27-29]. The time-dependent exit
flow rate of each gas is detected by a mass spectrometer. In this
study, a TAP reactor is applied as a unique transient tool to inves-
tigate the reaction network and kinetics for the catalytic total oxi-
dation of toluene using a commercial CuO-Ce0O,/y-Al,03 catalyst.

2. Experimental
2.1. Catalyst preparation and characterization

The (11.58 wt.%)Cu0-(6.36 wt.%)CeO,/y-Al,05 catalyst is a
commercial mixed metal oxide, which was synthesized via
impregnation of y-Al,03 with Cu(NO3), and Ce(NOs); precursors,
dried and calcined above 973 K. The bulk chemical composition
of the tested catalysts was determined by means of inductively
coupled plasma atomic emission spectrometry (ICP-AES) (IRIS
Advantage system, Thermo Jarrell Ash). N, physisorption at 77 K
was applied to determine the BET specific surface area using a
Gemini V (Micromeritics) automated system. BET values with their
95% confidence intervals were obtained by regression of the exper-
imental data in the range 0.05 < p/p° < 0.30 with the linear BET
equation. The BET surface area of the catalyst is around 156 m?/
g. Crystallographic analysis for the tested catalysts were performed
by means of X-ray diffraction (XRD) measurements in 6-20 mode
using a Bruker-AXS D8 Discover apparatus with lynx eye detector
covering 3° and 192 channels over the range 15-85° with a step
of 0.04°. XRD analysis shows that the crystallite size of alumina
and ceria is an order of magnitude smaller than that of CuO and
has a diameter of about 5 nm. The effect of thermal reduction of
the catalyst was investigated by in situ XRD in a He stream from
300 K to 1073 K. It was found that Cu?* species were partly reduced
to Cu* at 873 K and to Cu® at 1073 K. This thermal reduction behav-
ior of copper oxide is also reported in literature [23]A more de-
tailed characterization of the catalysts has been reported
elsewhere [30,31].

2.2. Experimental setup

The TAP reactor setup used in this work is described in Gleaves
et al. [32]. The TAP experiments are carried out in a micro-reactor

which is placed in vacuum (1074-107°Pa) with a very small
amount of reactant molecules (10~''-10~° mol). The micro-reactor
is made of quartz and is of the size 33 mm bed-length and 4.75 mm
inner diameter. The entrance of the reactor is connected with two
high-speed pulse valves via a small volume. Molecules are pulsed
into the micro-reactor by means of two pulse valves, and the prod-
ucts and the unreacted reactants coming out of the reactor are
monitored by a UTI 100C quadruple mass spectrometer. The num-
ber of molecules admitted during pulse experiments amounts to
10'3-10" molecules/pulse with a pulse time from 90 to 150 ps.

To feed toluene, a liquid feed setup was designed and con-
structed at the Laboratory for Chemical Technology, Ghent Univer-
sity. It consists of a liquid vaporizing chamber, which is heated to
423 K, into which the liquid feed is injected by use of a 500 puL
Hamilton Gastight® #1750 syringe. The pressure at the point of
injection is held by a Hamilton, high-temperature septum. The
vaporizing chamber is also connected with gas bottles, which al-
lows making gas mixtures. The temperature of the feeding lines
is maintained at 423 K. The manifold assembly containing the
pulse valves is kept at 348 K, the maximum temperature allowed.
The pressure of the feed from the liquid feeding lines to the pulse
valves is maintained at 1.1 bar as it was experimentally deter-
mined 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 state is maintained at the temperature and pressure in
the manifold assembly.

Four types of experiments were carried out as follows: single-
pulse, multipulse, and alternating pulse experiments [27,28] and
a variation in the latter. Single-pulse experiments were carried
out to study the interaction of a gas with the catalyst at a particular
state, by pulsing an amount of molecules of the order of 10'> mol-
ecules/pulse, at pulse times between 90 and 110 ps. These pulse
times, which ensure the flow inside the bed to be of the Knudsen
diffusion type, are experimentally determined. In the Knudsen dif-
fusion regime, the shape of the outlet gas responses over inert
material does not depend on the pulse intensity. The state of the
catalyst remains unaltered during a single-pulse experiment as
the number of molecules pulsed is 5-6 orders of magnitude less
than the number of active sites in the catalyst. Typically, 20-25 re-
sponses of a particular AMU are collected and averaged in order to
obtain a better signal to noise ratio. If components corresponding
to different AMUs have to be measured, each AMU is measured
one after another pulse for the required number of times and aver-
aged. Multipulse experiments were carried out to change the state
of the catalyst by pulsing an amount of molecules of the order of
10" molecules/pulse, at pulse times between 115 and 150 ps
and collecting about 1000 responses. Multipulse experiments were
used to obtain different states of the catalyst. Alternating pulse
experiments were carried out with various time lags between the
two different pulses. Information on the lifetime and reactivity of
the adsorbed species can be obtained by varying the time lags be-
tween the two pulses. The species created during the first pulse
(pump pulse) can be probed with a suitable reactant during the
second pulse (probe pulse). In the present work, next to “classical”
alternating pulse experiments, the total data acquisition time be-
tween two alternating pulses was also varied.

2.3. Catalyst testing

Experiments were carried out over 10 mg of CuO-Ce0O,/Al,03
catalyst. The catalyst was packed in between two inert zones of
quartz particles of the same size (250 <d, < 500 um). Typically,
reaction mixtures were prepared with Ar as one of the compo-
nents, so that the inlet amount of the components can be deter-
mined from the Ar response. In experiments where there are
components with AMUs coinciding with the fragments of Ar, Kr



U. Menon et al./Journal of Catalysis 283 (2011) 1-9 3

was used instead of Ar. The experiments carried out after reoxidiz-
ing the catalyst were conducted within 10 s of stopping the reoxi-
dation. A temperature range of 673-923 K was covered. Blank
measurements were taken with toluene and dioxygen over quartz
particles of the same size. No oxidation products or decomposition
of toluene was observed. When required, the reoxidation of the
catalyst was performed by conducting dioxygen multipulse exper-
iments until the outlet oxygen response was steady.

For experiments that are carried out over an oxidized catalyst,
the catalyst is pretreated with high-intensity pulses of dioxygen.
After reoxidation by a dioxygen multipulse experiment, if the cat-
alyst stayed more than 10 s under vacuum at reaction tempera-
tures, an extra oxygen uptake was seen from another dioxygen
pulse. The oxygen uptake increases with increasing time interval
between the dioxygen multipulse experiments and with reaction
temperature. This effect was due to thermal reduction at high tem-
perature and in vacuum. Therefore, to ensure an oxidized catalyst
state, toluene or toluene/dioxygen was pulsed not later than 10 s
after the reoxidation by dioxygen multipulse experiment.

For the quantification of each component of toluene total oxida-
tion, the MS is focused to different AMUs, the selection of which
was based on an analysis of the mass spectra of the individual com-
ponents. H'%0 was monitored at 18, H,'80 at 20, DHO at 19, D,O
at 20, C'°0, at 44, C'50'80 at 46, C'80, at 48, '3CO, at 45, 0, at 32,
C7Hs at 91, CgHs—"2CH3 at 92, CgHs-CDs at 94, Ar at 40, and Kr at 84
AMU. When there was an unavoidable interference by the frag-
mentation peaks of other gases, a correction was applied to remove
their contributions, e.g., H,'80 is monitored at 20 AMU, subtracting
the contribution of Ar, i.e., not more than 4% of the peak at 40 AMU.

In order to determine the catalyst activity toward partial oxida-
tion, experiments were carried out to find out probable partial oxi-
dation products like benzaldehyde monitored at AMU 77 and 78,
CO at 28, H; at 2, and benzene at 78. Experiments were carried
out at fully oxidized state as well as at different degrees of reduc-
tion of the catalyst. No such products were observed.

Several single-pulse experiments were carried out by pulsing
C;Hg with and without dioxygen in the feed, at various degrees
of reduction of the catalyst and at various temperatures to study
the effect of degree of reduction on toluene oxidation and to eluci-
date the reduction power of toluene. Typically, a stoichiometric ra-
tio of dioxygen to toluene, i.e., 9:1, was used in the mixture C;Hg/
0,/Ar, when the experiments were conducted in the presence of
dioxygen. The degree of reduction was set by multipulse experi-
ments with either C;Hg/Ar or CO/Ar. The latter allowed a higher
reduction of the catalyst. Note that there was no progressive deac-
tivation of the catalyst observed for toluene pulse experiments in
the presence or absence of dioxygen.

To study the effect of partial pressure of dioxygen in the reaction
mixture, feeds with different ratios of components in the reaction
mixture C;Hg/O,/Ar were applied. The concentration of C;Hg was
kept constant and that of O, and Ar was varied. Ratios of C;Hg/
0,=1:9, 1:5, 1:1, 1:0 were used. Single-pulse experiments were
carried out with various feed mixtures on oxidized catalyst at tem-
peratures varying from 673 K to 923 K. The partial reaction order of
dioxygen, n, was calculated based on the following equation:

In[CO,] = k + nIn[O;] + m In[C;Hs] (1)

where [CO,] is the extensive molar production of CO, (mol) and [O5]
and [C;Hg]| are the amount of dioxygen and toluene in the reaction
mixture (mol).

To study the interaction of dioxygen with the catalyst, oxygen
isotopic-exchange experiments were carried out by pulsing mix-
tures of C;Hg/'80,/Ar over an 190, pretreated catalyst and monitor-
ing C'%0,, C'80,, C'®0'80 and H,'®0, H,'%0 formed. C;Hg/'%0,/Ar
was pulsed at high pulse intensities, ~10'% molecules/pulse, as
the sensitivity of the mass spectrometer is not high enough to

measure H,O at lower reactant pulse intensities. 180, (97%, chem-
ical purity 99.8%) from Cambridge Isotopes Laboratories Inc. was
used for the oxygen isotopic experiments.

To investigate the lifetime of adsorbed oxygen species and their
effect on the oxidation of toluene, alternating pulse experiments
were carried out with oxygen and toluene, at ~10'* molecules/
pulse with varying time lags for the toluene pulse. Moreover, to
study the adsorption and lifetime of toluene or intermediates be-
tween toluene and CO, on the surface of the catalyst, alternating
pulse experiments with oxygen and toluene were performed by
varying the total data acquisition time and keeping the time lags
between the dioxygen and toluene pulses constant. The sequence
was repeated 25 times for signal averaging.

The activation of C-H and C-C bonds in toluene was investi-
gated by pulsing isotopes of toluene, viz. CgHs—!3CH; (Isotec™,
99 atom% '3C) and CgHs-CD5 (Isotec™, 99 atom% D). Experiments
with CgHs-!2CHs3/Ar were carried out at a pulse intensity of
~10"3 molecules/pulse, which enables Knudsen diffusion regime,
whereas experiments with CgHs-CD3 were carried out at a pulse
intensity of ~10'* molecules/pulse, in order to monitor the water
responses.

2.3.1. Degree of reduction
The degree of reduction is defined according to the following
equation:

o [0
K= Ol

where [O] represents the number of oxygen atoms consumed from
the catalyst during reaction and [O],, is the total number of
exchangeable oxygen atoms in CuO and CeO, [33,34] of the catalyst
according to the following equation:

2)

Cu0 — Cu+%02 3)
1 1
CeOz — EC6203 + 2102 (4)

The theoretical number of exchangeable O atoms in the CuO
and CeO, for the 10 mg CuO(11.58 wt.%)-Ce0,(6.36 wt.%)/Al,03
catalyst was calculated to be 9.85 x 108, i.e., 5-6 orders of magni-
tude higher than the number of molecules admitted in a single
pulse.

2.3.1.1. C;Hg/Ar feed. The O, pretreated catalyst was titrated with
C;Hg/Ar to obtain different degrees of reduction and single-pulse
experiments with the same mixture were performed at these
states of the catalyst. The same number of reactant pulses was sent
at all temperatures to study the dependence on temperature. The
outlet CO, was monitored. The number of oxygen atoms consumed
from the catalyst due to the formation of CO, and H,0 was calcu-
lated from the CO, response.

C;Hs + 90, — 7C0O, + 4H,0 (5)

The amount of H,0 calculated according to Eq. (5), from the CO,
monitored at the outlet is given by the following equation:

20l = () €Ol )

The total amount of O consumed from the catalyst by a C;Hg/Ar
pulse is given in the following equation:

18

0] = 21C0u + 20l = () €02l @)

2.3.1.2. C;Hg/O,/Ar feed. CO/Ar was used to reduce the catalyst to
different degrees and single-pulse experiments with C;Hg/O,/Ar



4 U. Menon et al./Journal of Catalysis 283 (2011) 1-9

were performed at these states of the catalyst. The outlet CO, re-
sponse was used for determining the number of O atoms removed
from the catalyst during the titration with CO/Ar.

CO + %Oz — CO, (8)
The total amount of O consumed from the catalyst by CO/Ar pulses
is calculated as follows:

[0] = [CO2] e (9)

The total amount of O consumed from the catalyst by C;Hg/O,/Ar
pulses is calculated as follows:

0] = 2 C0u) - 2((02], ~ [Oal) 1o

The total amount of O, consumed by the catalyst during C;Hg/O,/Ar
or O,/Ar pulses is calculated as follows:

[02] = [02];, — [02] (11)

out

3. Results

3.1. Toluene conversion to CO; in the presence and absence of
dioxygen

The outlet molar flow rate of C;Hg and CO, obtained by per-
forming single-pulse experiments, pulsing C;Hg/Ar and C;Hg/O,/
Ar at 823 K over oxidized catalyst, is presented in Fig. 1a and b,
respectively. The amount of C;Hg in the feed mixture was kept
the same in both the experiments. A ratio of 1:9 for C;Hg/O, was
taken in the latter case.

The behavior of toluene oxidation observed from Fig. 1a sug-
gests that the reaction is carried out according to a Mars-van Krev-

() 3:56-09 ———7ens

3e-09 1
2.5e-09 1

2e-09
1.5e-09
1e-09

Molar flow rate /mol s
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O
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3e-09
2.5e-09
2e-09
1.5e-09
1e-09 ]

Molar flow rate /mol s

5e-10 [

0 0.2 0.4 0.6 0.8 1
Time /s

Fig. 1. Outlet molar flow rate of CO, and C;Hg versus time to single-pulse
experiment with (a) C;Hg/Ar and (b) C;Hg/O,/Ar over oxidized catalyst at T= 823 K.

elen mechanism [35]. Lattice oxygen atoms from the surface of the
catalyst are consumed by the C;Hg pulse, and oxygen vacancies are
created. These vacancies are filled by the oxygen atoms that diffuse
from the bulk of the catalyst to the surface. The observed shift in
the CO, peak and the long residence time can be attributed to
the diffusion of oxygen from the bulk and the sequence of reactions
for the breakage of C-H and C-C bonds in C;Hg. However, the addi-
tion of dioxygen to the reaction mixture increases the reaction rate.
The dioxygen present in the feed reoxidizes the catalyst surface. On
the other hand, the adsorbed oxygen can also participate in the
reaction. A shift of 55 ms was observed when toluene was pulsed
with dioxygen in the feed and 80 ms when toluene was pulsed
alone. From Fig. 1a and b, it can be seen that the CO, response does
not become flat at 1 s. The signal of CO, was detected until 2 s (not
shown in figure). The normalized carbon dioxide responses, corre-
sponding to the single-pulse experiment with toluene and with a
mixture of toluene and dioxygen, show that the peak and the tail
of the CO, response were broader in the former case. In the exper-
iment with a mixture of toluene and dioxygen, the latter regener-
ates the catalyst thereby increasing the CO, production rate.
Whereas, in the experiment with toluene alone, the vacant sites
at the surface have to be replenished by oxygen atoms diffusing
from the bulk.

As an increase in the conversion of toluene to CO, was observed
in the presence of dioxygen, the effect of partial pressure of dioxy-
gen in the feed mixture was investigated. Reactions were per-
formed with different ratios of C;Hg/O, over the fully oxidized
catalyst at different temperatures. The results are summarized in
Fig. 2. The conversion of toluene to CO, for a C;Hg/O, ratio of 1:9
was nearly 1.5 times that of a ratio 1:0 at 923 K. The difference
in yield of CO, between different feed mixtures decreased with
increasing reaction temperature. This shows that the influence of
partial pressure of dioxygen in the reaction mixture is more impor-
tant at lower temperatures. The apparent activation energy for the
reaction was found to be decreasing with the increasing partial
pressure of dioxygen in the feed mixture: 49, 51, 59, and 68 kJ/
mol for C;Hg/O, ratios of 1:9, 1:5, 1:1, and 1:0.

Fig. 3 shows the partial reaction order of dioxygen in the reac-
tion mixture with respect to temperature. The order of dioxygen
decreases with increasing temperature of reaction from 0.34 at
673 K to 0.089 at 923 K. This behavior is again in good agreement
with a Mars-van Krevelen mechanism. At low reaction tempera-
ture, the diffusion of oxygen from the catalyst bulk to the surface
is a slow process and a competition in the regeneration of the va-
cant sites of the catalyst between bulk oxygen and gas-phase diox-
ygen is observed. At high temperatures, the oxygen mobility in the
metal oxides increases and the role of dioxygen is less pronounced.

5
£ 1e-00}
[
S
©
=)
o
© 1e-10F
o
N
o
e}
le-1 1.2 1.3 14 15
1000 T /K™

Fig. 2. CO, production versus reciprocal temperature during the total oxidation of
toluene for C;Hg/O, molar ratios: (x) 1:9, (M) 1:5, (®) 1:1, (a) 1:0.



U. Menon et al./Journal of Catalysis 283 (2011) 1-9 5

0.35 —
0.3}
0.25 ¢
0.2}
015
0.1}

0.051

partial order of di-oxygen

673 723 773 823 873 923
Temperature /K

Fig. 3. Partial reaction order of dioxygen versus temperature.

The CO,, yields from single-pulse experiments of C;Hg/O/Ar and
C;Hg/Ar in the feed at different degrees of reduction of the catalyst
and at temperatures varying from 723 K to 923 K are depicted in
Fig. 4a and b, respectively. The effect of the degree of reduction
of the catalyst and elucidation of the reduction power of toluene
is studied.

Fig. 4a shows that the CO, yield decreases with increasing de-
gree of reduction of the catalyst at all temperatures. The extent
to which the catalyst could be reduced was close to 80% at 923 K
and dropped to 50% and 40% at 823 K, 723 K, respectively, with
an equal number of CO pulses used for catalyst reduction. When
a mixture of toluene and dioxygen was pulsed over the completely
reduced catalyst, no CO, and O, was observed initially at the reac-
tor outlet. The dioxygen was used for the catalyst reoxidation only.

75

—
(V)
~

CO, yield /%

0 0.2 0.4 0.6 0.8 1
degree of reduction of the catalyst

50

T

CO, yield /%

A

0 0.05 0.1 0.15 0.2 0.25
degree of reduction of the catalyst
Fig. 4. CO, yield versus degree of reduction of the catalyst at (a) T=723K, (@)

T=823Kand (M) T=923 K to single-pulse experiments with (a) C;Hg/O,/Ar as feed,
catalyst reduced by CO; and (b) C;Hg/Ar as feed, catalyst reduced by toluene.

CO, was observed to increase at the outlet along with O, as the cat-
alyst was partially reoxidized.

To obtain information about the effect of toluene on the con-
sumption of dioxygen by the reduced catalyst, additional experi-
ments were performed. CO pulses were used for catalyst
reduction. Dioxygen or a mixture of dioxygen and toluene was
pulsed over the fully reduced catalyst. The amount of consumed
dioxygen was calculated according to Eq. (11). The amount of con-
sumed dioxygen was 10% lower in the presence of toluene. This re-
flects the inhibition of catalyst reoxidation by dioxygen due to
competition between dioxygen and toluene for the active sites.

Comparing Fig. 4a and b shows that toluene conversion and CO,
formation are favored by the presence of dioxygen in the feed, at
the same degrees of reduction of the catalyst. The extent to which
the catalyst could be reduced was observed to be smaller with tol-
uene than when reduced with CO. The reducing power of toluene is
much lower compared with that of CO due to the high C-H and C-C
dissociation energy. The extent to which the catalyst could be re-
duced by pulsing toluene was 20%, 14%, and 7% at 923 K, 823 K,
and 723 K respectively.

Thus, the catalyst degree of reduction has a strong effect on the
total oxidation of toluene. A small increase in catalyst degree of
reduction decreases the CO, formation significantly, when pulsed
without dioxygen in the feed. The catalyst activity is determined
by weakly bound oxygen atoms in the lattice and is only found
over a fully oxidized catalyst and in the presence of dioxygen.
When feeding C;Hg/O,/Ar over the reduced catalyst, the dioxygen
interacts with the catalyst and then with toluene in the form of lat-
tice oxygen. The presence of toluene on the catalyst surface de-
creases the rate of regeneration of the reduced catalyst by
dioxygen. Furthermore, the catalytic activity of a fully oxidized cat-
alyst is different for reaction of toluene with and without dioxygen
(see Fig. 4a and b). The CO, yield is close to two times higher for
experiments with dioxygen in the feed over a preoxidized catalyst.
This difference can be explained by taking into account the thermal
reduction of copper oxide at high temperature and in vacuum, see
Section 2.1 and the fact that the dioxygen of the mixed pulse
reaches the catalyst surface before toluene due to its low molecular
mass compared to toluene. It can be concluded that the difference
between the initial activity of the catalyst for toluene oxidation
experiments with and without dioxygen can be attributed to the
fast reoxidation of mildly reduced copper oxide, due to thermal
reduction, by O,. The degree of reduction of the catalyst due to
thermal reduction during 10 s is not more than 1%. The loss of oxy-
gen atoms due to thermal reduction is estimated from the cumula-
tive oxygen uptake after 10 s exposure of the fully oxidized catalyst
to vacuum and high temperature. A similar reduction behavior of
the catalyst was observed during propane oxidation [23].

To obtain information about the effect of toluene on the con-
sumption of dioxygen by the reduced catalyst, additional experi-
ments were carried out. CO pulses were used for catalyst
reduction. Dioxygen or a mixture of dioxygen and toluene was
pulsed over the fully reduced catalyst. The amount of consumed
dioxygen was calculated according to Eq. (10). The amount of con-
sumed dioxygen was 10% lower in the presence of toluene. This re-
flects the inhibition of catalyst reoxidation by dioxygen due to
competition between dioxygen and toluene for the active sites.

3.2. Oxygen isotopic exchange

To obtain more information about the participation of lattice
and adsorbed oxygen in the reaction, the catalyst was pretreated
with 0, and was pulsed with a mixture of isotopically labeled
oxygen '80,, toluene, and Ar with a C;Hsg/'®0, ratio of 1:9. The mo-
lar outlet flow rate of H,'®0, H,'®0 and C*0,, C'30,, C'®0'80 from
the first pulse response is shown in Figs. 5 and 6. The peak time of
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Fig. 5. H,'%0 and H,'®0 production rate versus time to the first pulse of a single-
pulse experiment with C;Hg/'®0,/Ar over 160, pretreated catalyst at T=823 K.
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Fig. 6. C'°0,, C'°0'®0 and C'®0, production rate versus time from the first pulse of
a single-pulse experiment with C;Hg/'®0,/Ar over '°0, pretreated catalyst at
T=823K.

the H,0 response was 30 ms lower than that of CO,. This difference
cannot be explained by differences in molecular mass and, hence,
indicates that H,O is formed before CO,. The preferential formation
of 180 containing products supports the Mars-van Krevelen mech-
anism for the total oxidation of toluene. More than 90% of the total
water formed is constituted of H,'®0, see Fig. 5. However, the pres-
ence of 10% of H,'80 could indicate that adsorbed oxygen is also
participating in the total oxidation process. The fraction of CO,
containing either one or two 80 was 18% of the total CO, formed.
The amount of 30 in CO, was almost twice as high as the amount
in water. Note that the shape of the C'®0, response in Fig. 6 is dif-
ferent from the same response in Fig. 1b. This is a consequence of
being out of the Knudsen regime. To obtain information about the
participation of lattice and adsorbed oxygen in the reaction, we
used only the response from the first pulse, thereby excluding
memory effects of carbonaceous species on the catalytic surface
originating from the series of high-intensity pulses.

The nature of these isotopic oxygen products can be explained
by a set of heterogeneous processes. On the fully oxidized catalyst,
oxygen can only weakly and reversibly adsorb [11,36,37]. If the
catalyst is not fully oxidized, oxygen that is adsorbed on the sur-
face can be incorporated into the lattice. Taking into account the
thermal reduction of copper oxide at high temperature and in vac-
uum, see Section 2.1 and the fact that the dioxygen of the mixed
pulse reaches the catalyst surface before toluene due to its low
molecular mass compared to toluene, we can conclude that the for-
mation of H,'®0 during oxygen isotopic experiment can be attrib-

uted to the following sequence of processes: (i) fast reoxidation of
mildly reduced copper oxide by '0,; (ii) abstraction of hydrogen
by the adsorbed oxygen species and the labeled oxygen incorpo-
rated into the lattice. As the formation of water precedes that of
carbon dioxide, see Figs. 5 and 6, the oxygen vacancy that is gener-
ated due to the formation of water is refilled either by the dioxygen
in the feed mixture or via diffusion from the bulk of the catalyst.
Therefore, the amount of '80 available in the lattice of the catalyst
for carbon dioxide formation will be higher, which results in the
formation of a higher fraction of 180 in the carbon dioxide, as has
been observed.

Fig. 7 shows the amount of carbon dioxide formation versus
time during a multipulse experiment with C;Hg/'80,/Ar on a °0,
pretreated catalyst. The formation of the '80 containing products
increases with time. The amount of C!®0, drops significantly ini-
tially due to the fast consumption of surface '°0 species. The
amount of C'%0'80 reaches quickly a maximum and then slowly
decreases. This long tail is due to the slow diffusion of '°0 from
the bulk to the surface of the fully oxidized catalyst, which mainly
contains '®0, and C'®0, being the main reaction product. The total
amount of '°0 in the products after the multipulse experiment is
50% of the total amount of exchangeable !°0 in the catalyst.

In order to understand the role of secondary isotopic exchange
in the products distribution, the following experiments were car-
ried out. A mixture of C;Hg/'0,/C'80, was pulsed to the catalyst,
and the amount of C'®0'®0 was monitored at the outlet. The
amount of C'®0'80 at the outlet was 30% of the total amount of
CO, which confirmed an exchange of lattice ®0 with '®0 from
C'80,. When '80, was pulsed over a fully oxidized catalyst, 17%
of oxygen containing '°0 was found in the total oxygen at the
outlet.

It has been reported in literature that O from CuO-Ce0,/Al,03
and Ce0,/Al,03 catalyst is exchanged with CO, [23,38].

There are three classes of exchange mechanisms known [38,39].
The first is the equilibration reaction, which requires no participa-
tion of oxygen atoms from the solid. The second mechanism con-
stitutes a simple hetero-exchange involving only one surface
oxygen atom, and the third reaction mechanism involves the ex-
change of two oxygen atoms of the solid simultaneously (complex
hetero-exchange). The first mechanism can be excluded under TAP
conditions as collisions between gas-phase molecules can be ne-
glected in the Knudsen diffusion regime. Further, the TAP data do
not allow discrimination of isotope exchange between the redox
process and secondary isotope exchange of surface oxygen with
carbon dioxide and/or dioxygen.
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Fig. 7. C'%0,, C'°0'®0 and C'®0, production versus pulse number to multipulse
experiment with C;Hg/'®0,/Ar over '°0, pretreated CuO-CeO,/Al,0; catalyst at
T=823 K. C,Hg/'%0, = 1:9.
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3.3. Lifetime of active surface oxygen species

As described in the previous section, two types of oxygen can be
present on the catalyst surface: lattice and adsorbed oxygen spe-
cies. The catalyst activity is determined by weakly bound oxygen
in the lattice. The presence of adsorbed oxygen species and weakly
bound oxygen in the lattice and their role in the oxidation of tolu-
ene were 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, after the injection of
dioxygen pulse, was varied whereas the time from the injection
of the toluene pulse to the next dioxygen pulse, i.e., the data acqui-
sition time of the toluene response, was kept constant at 20 s. This
was done to ensure that toluene stays over the catalyst for the
same amount of time for the experiments with different time lag
of toluene pulse - thereby providing a similar catalytic state for
the dioxygen pulse in all the experiments.

As seen in Fig. 8, the formation of carbon dioxide was observed
after both the dioxygen and toluene pulse. The amount of CO,
formed from the toluene pulse decreased with increasing time
lag of the toluene pulse. This can be attributed to the low lifetime
of active surface oxygen species from the preceding dioxygen
pulse. Assuming first-order kinetics, the lifetime of the weakly
bound oxygen in the lattice and the adsorbed oxygen species was
calculated to be of the order of 1s.

The formation of CO, as response to the dioxygen pulse indi-
cates that adsorbed oxygen from the gas-phase and/or the oxygen
incorporated into the lattice reacts with remaining carbon ad-spe-
cies strongly adsorbed on the catalyst during the toluene pulse. The
amount of CO, was nearly constant for all the experiments with
different time lags of the toluene pulse. This was due to the con-
stant data acquisition time of the toluene response.

The adsorption and lifetime of toluene on the catalyst surface
were studied by varying the data acquisition time of the response
from the toluene pulse, i.e., allowing toluene to stay on the cata-
lytic surface for varying amounts of time and probing carbon diox-
ide formation from the dioxygen pulse. The time lag of the toluene
pulse was kept constant at 0.3 s. Total data acquisition times — oxy-
gen and toluene combined - of 2 s, 55, 10 s and 20 s were used, and
CO, was monitored. The results for an average of 25 pulse re-
sponses for each total data acquisition time are shown in Fig. 9.
CO, obtained during the dioxygen pulse is higher when the total
data acquisition time was lower. The amount of CO, during the
dioxygen pulse decreases with increase in the total data acquisi-
tion time. The amount of CO, during the dioxygen pulse was al-
most five times lower at total data acquisition time 20 s than at
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Fig. 8. CO, production rate versus time during O, and C;Hg alternating pulse
experiment with different time lags of C;Hg pulse: (A) 0.1s,(B) 1s,(C)2s, (D) 5s,
(E)10s at T=823 K.
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Fig. 9. CO, production rate versus time during O, and C;Hg alternating pulse
experiment with total data acquisition time 2 s,5s, 10 s and 20 s at T= 823 K. C;Hg
pulsed at constant time lag=0.3 s.

2s. The lifetime of the adsorbed toluene species was calculated
to be ~10s. More CO, was produced during the toluene pulse.
The intensity of this CO, response was high at low total data acqui-
sition time. This was due to the long lifetime of toluene on the cat-
alyst surface. In the process of collecting 25 pulse responses at low
total data acquisition time, species intermediate between toluene
and CO, accumulate on the catalytic surface, thereby increasing
the amount of CO, produced.

3.4. Carbon and hydrogen labeling

In order to obtain insight into the sequence according to which
the various bonds in toluene are broken during the oxidation, pulse
experiments were carried out with labeled toluene, CgHs-CD3 and
CgHs—-'3CH;5 on O, pretreated catalyst. During experiments with
CsHs-CDs3/Kr, reaction products H,O, DHO, D,O were monitored
in order to understand the activation of C-H bonds during the oxi-
dation reaction. '?CO, and '3CO, were monitored when
CgHs-'3CHs/Ar was pulsed in order to obtain information on the
activation of C-C bonds during the oxidation reaction.

Fig. 10 shows the molar outlet flow rates of H,O, DHO, and D,0
while performing experiments with CgHs-CD3/Kr. H,O, DHO, and
D,0 are formed due to the breakage of C-H and C-D bonds, there-
by initiating the reaction between the departed H and D from
CsHs-CD3 and O from the catalyst. The H,0, DHO, and D,0 re-
sponses show peaks at the same time, which means that these
products are formed nearly at the same time. This can be due to
the simultaneous abstraction of hydrogen from the methyl and

1.5e-08

1e-08

Molar flow rate /mol s™'

Fig. 10. H,0, DHO, and D,0 production rate versus time to experiment with C¢Hs—
CD3/0,/Kr at T = 823 K. High-intensity pulses of reactants.
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Fig. 11. 3CO, and '?CO, production rate versus time to single-pulse experiment
with CgHs—"3CH3/0,/Ar at T=873 K.

the phenyl group and/or the long lifetime of hydroxyl groups on
the catalyst surface.

Moreover, the distribution of deuterium in the isotopomers was
far from that expected for a binomial distribution. This can be ex-
plained by a set of heterogeneous processes. Surface hydroxyl spe-
cies would be produced by hydrogen abstraction from toluene on
Cu?"-0%" or Ce*"-0%" sites. The hydroxyl groups are stable on
the catalyst surface. However, recombination of these surface hy-
droxyl groups leads to H,0 formation, followed by desorption from
the metal oxide surface. In water formation, only the neighboring
hydroxyl groups participate, leading to the formation of observed
isotopic distribution.

Fig. 11 shows the molar outlet flow rates of '2CO, and '3CO,
while performing experiments with CgHs—'2CHs/Ar. The '3CO, re-
sponse reaches a maximum 35 ms before '2CO, which indicates
an abstraction of the carbon atom of the methyl group prior to
those in the phenyl group.

4. General discussion

The results of this study show that the total oxidation of toluene
over the CuO-Ce0,/Al,03 catalyst is carried out by a classical re-
dox, i.e.,, Mars-van Krevelen mechanism. However, adsorbed oxy-
gen can also participate in the reaction. Active surface oxygen
species with a lifetime of the order of 1 s will contribute to a higher
catalytic activity, but only if dioxygen is present in the feed and the
catalyst is fully oxidized. A lifetime of weakly bound oxygen spe-
cies as low as 10 ms was reported by Balcaen et al. [23] for the total
oxidation of propane over the same catalyst. In the study of Bal-
caen et al., CO, was formed only upon the propane pulse - during
an alternating pulse experiment with dioxygen and propane - indi-
cating that the catalyst surface did not contain carbon containing
species, which can interact with surface oxygen species [23]. In
contrast to propane, in toluene total oxidation, the surface of the
catalyst contains species, intermediate between toluene and CO,,
even 20 s after the toluene pulse. Clearly, the interaction of pro-
pane with the catalyst is much weaker compared to toluene.

The relative position and width of the H,O and CO, responses
compare, e.g. Figs. 5 and 6, can be attributed to one or both of
the following factors: (i) the strong interaction of CO, with the cat-
alyst and (ii) the slow oxygen diffusion from the bulk to the surface
which provides oxygen for reaction. During a pulse experiment
with carbon monoxide over the oxidized catalyst at the same tem-
perature, the CO, response was much narrower compared with the
response from a C;Hg pulse. This suggests that the broadening of
the CO, response in toluene oxidation was not mainly due to the
slow desorption of CO,.

The importance of oxygen diffusion from the bulk to the surface
can be assessed by applying the Einstein relation:

X2
=5 (12)
where x is the traveling distance of the oxygen atoms (m) and D is

the diffusion coefficient of oxygen (m?s~').

Four oxygen atoms are required to form water and fourteen to
form CO, for each toluene molecule. The latter is surrounded by
4-5 adjacent oxygen sites, which is sufficient for water formation.
The rest of the required oxygen atoms have to diffuse from 4 to 5
lattice planes beneath the surface. Therefore, the distance from
which the eighteen oxygen atoms are extracted from the oxide
bulk is approximately equal to 1 nm. For a fully oxidized catalyst,
a value of 107> m? s7! [40,41] can be assumed for the diffusion
coefficient at 823 K which leads to a timescale for diffusion of
the order of 103 s, indicating no diffusion limitation in the forma-
tion of the CO, in this case. However, it is well documented that
the diffusion coefficient strongly decreases with increasing degree
of reduction [37]. Hence, diffusion could indeed be limiting at the
investigated degrees of reduction. This is reflected in the strong de-
crease in the reaction rate of toluene oxidation in Fig. 4. This de-
crease in the diffusion rate with increasing degree of reduction is
reported to be caused by an increase in the lattice oxygen bond
strength from 40 to 80 kJ/mol at a degree of reduction of 1-2% to
240 kJ/mol at a degree of reduction of 10% [37]. Fig. 2 indeed indi-
cates an increase in the activation energy with increasing degree of
reduction. Obviously, the water formation will be less limited by
diffusion compared to CO, formation, explaining the appearance
of H,O prior to that of CO,.

Finally, elementary steps in the catalytic cycle, which are
thought to be relevant, are shown in Fig. 12. According to litera-
ture, the first step constitutes the adsorption of toluene with the
methyl group on 0?~ and phenyl on Cu?* [20,22,42]. The second
and third steps are the simultaneous H-abstraction on 4-5 adja-
cent oxygen sites from the methyl and phenyl groups and the for-
mation of water. As seen from Fig. 11, '3CO, forms before 2CO,
upon pulsing CgHs—'3CH; over the catalyst. Thus, the abstraction
of the carbon atom in the methyl group takes place in the fourth

CO,
. _Cu2+

O-or -V,

Fig. 12. Reaction network for the total oxidation of toluene.
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step followed by the carbon atoms in the phenyl group in the fifth
step. The carbon atoms react with O from the lattice/surface of the
catalyst forming C-O bonds giving rise to alkoxides. These alkox-
ides are further oxidized, giving rise to carbonyl compounds and
carboxylate species [19,20]. This route leads to the formation of
carbon dioxide and intermediates between toluene and CO, on
the catalyst surface. The intermediates are then oxidized by the lat-
tice and/or surface oxygen.

5. Conclusions

The catalytic cycle for the total oxidation of toluene on CuO-
Ce0,/Al;03 can be summarized as follows.

Dioxygen ensures the reoxidation of the reduced catalyst
according to the well-known Mars-van Krevelen mechanism.
Weakly bound surface lattice oxygen atoms and adsorbed oxygen
species, the lifetime of which is close to 1s, are highly reactive
and only found over a fully oxidized catalyst and in the presence
of dioxygen. The total oxidation rate significantly decreases over
a mildly reduced catalyst.

The reaction network of the catalytic total oxidation of toluene
consists of the following sequence: adsorption of toluene on the
catalyst surface; the simultaneous abstraction of H from the
methyl and the phenyl group; abstraction of the carbon atom of
the methyl group and finally, destruction of the aromatic ring.
The carbon containing surface intermediates between toluene
and CO, are slowly oxidized by the lattice and/or adsorbed oxygen
i.e., on a timescale of ~10s. Water, however, is formed twice as
fast.
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