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1. Introduction

Catalytic oxidation of CO has received extensive attention due
to its significance in practical applications, particularly in the con-
text of breathing air purification in the closed spaces and reduction
of cold start automotive exhaust emissions. This reaction, devel-
oped on platinum group based catalysts, has been studied and
extensively reviewed [1] since the classic work of Langmuir [2].
Afterwards, several research groups have also demonstrated high
efficiency of gold nanoparticles supported on partly reducible oxi-
des in CO oxidation [3-7].

For this reaction, several kinetic rate models have been pro-
posed in the open literature [1,8]. They are based on two widely
accepted possible reaction mechanisms: Langmuir-Hinshelwood
(LH) and Mars van Krevelen (MvK) [5]. The LH reaction model (i)
includes the following set of steps: (i.1) competitive adsorption
of CO and oxygen molecules from the gas phase on catalyst surface,
(i.2) oxygen dissociation, (i.3) reaction between the adsorbed
molecules/atoms, and finally (i.4) desorption of CO, to the gas
phase. On the other hand, the MvK mechanism (ii) consists of:
(ii.1) the metal/support oxidation in a separate and independent
steps, (ii.2) adsorption of CO from the gas phase on the oxide,
(ii.3) reaction between the adsorbed CO and catalyst surface oxy-
gen, accompanied with the creation of oxygen vacancies, (ii.4)
CO, desorption from the catalyst surface, and (ii.5) fast and irrever-
sible refilling of the resulting oxygen vacancies by oxygen from the
gas phase, in separate step (as in ii.1). As a consequence, LH and
MvK models can be described by different kinetic rate expressions.
One of the most important differences could be the fact that LH
model presents a controversial tendency to predict low CO oxida-
tion rates at high temperatures [8-12], as it could be seen for a set
of experimental data obtained in this work (Appendix 1).
Consequently, the reversibility of CO oxidation at these reaction
conditions can be expected; statement that has not been confirmed
experimentally using noble metal based catalysts. Moreover, the
other authors [9] have already claimed that the permanence of
oxygen radicals’ on catalyst surface and their constant availability
for the reaction are inconsistent with restrictions of LH model.
Therefore, in this work, the MvK model was selected to fit the
experimental data.

Many researchers have tried to perform temperature-pro-
grammed runs and to “deduce the kinetics” observing the light-
off point during the temperature ramping program. Thus,
Wojciechowski and Rice [9] developed the Temperature Scanning
Method (TSM), at which experiments consist of operating the reac-
tor over a period of time, varying the temperature in a pro-
grammed way. During each run, the temperature and conversion
data are registered at the outlet of the reactor. Subsequently, the
reaction rate can be calculated basing on the obtained raw data
by splining the discrete conversion (X) - residence time (t) data
(at a constant temperature) and evaluating the dX/dt to yield the
rates, r, at these conditions (7, X, T) [9]. Next, the (X, r, T) triplets
can be used for rate law parameters fitting. Consequently, surface
plots, usually, tridimensional correlation between residence time,
temperature and conversion can be obtained. Finally, the catalyst
performance can be predicted.

Thus, the goal of this work was to develop a numerical tech-
nique to analyze the reaction kinetics of CO oxidation using a
variation of the TSM (including the catalyst composition as a vari-
able for optimization). In fact, we show how to win more insight
into the chemical reaction kinetics by extending the original meth-
odology of Wojciechowski and Rice [8,9]. As far as we know, no
similar analysis has been reported in the open literature. Thus,
the kinetic of CO oxidation was quantified by conversion-rate—
temperature (X, r, T) triplets obtained for a series of 2 wt.%

Au/Ce;_,Zry0, (x=0, 0.25, 0.5, 0.75, 1) catalysts and their
corresponding supports. Finally, the obtained kinetic results were
discussed based on morphological, structural and redox (using
CO-TPR) properties of the studied catalysts.

2. Experimental
2.1. Catalyst synthesis

A series of Ce;_,Zr,O, (x=0.25, 0.5, 0.75) solid solutions,
characterized with different Ce/Zr molar ratio (Ce/Zr =3, 1, 0.33,
respectively), CeO, and ZrO,, used as support for Au, were
prepared by the sol-gel like method, based on a thermal
decomposition of mixed propionates [13]. The starting materials,
zirconium (IV) acetylacetonate [Zr(CH3COCH,COCH3)4, Avocado,
purity 99.9%] and/or cerium (III) acetylacetonate hydrate
[Ce(CH3COCH,COCH;)3-H,0, Sigma-Aldrich, purity 99.9%] were
dissolved in boiling propionic acid in concentration of 0.12 M.
Next, boiling solutions were mixed and the solvent was evaporated
until a resin was obtained. All samples were calcined in air at
550 °C for four hours. Hydrogen tetrachloroaurate (III) trihydrate
[HAuCl4-3H,0, Sigma-Aldrich, purity 99.9%] was used as a gold
precursor. The supported Au catalysts were prepared by the
Direct Anionic Exchange (DAE) method of gold species with hydro-
xyl groups of the support [14,15]. The optimization of catalyst’s
synthesis conditions was in details presented previously [16]. In
order to remove the residual chlorine from the catalysts, responsi-
ble for Au agglomeration during thermal treatment, an ammonia
washing procedure prior to the drying process was applied, as
described previously [10,11].

2.2. Catalyst characterization

Nitrogen adsorption/desorption isotherms at —196 °C were
measured using Sorptomatic 1900 apparatus (Carlo-Erba). Prior
to the measurement, all samples were degassed for 4 h at 250 °C.
The specific surface area, Sger, was calculated using BET equation
[10,11].

Atomic Absorption Spectroscopy (AAS) analyses were per-
formed with a Solaar M6 Unicam spectrophotometer in order to
estimate the amount of Au deposited on supports, as described
previously [11].

High Resolution Transmission Electron Microscopy (HRTEM)
measurements were carried out using high resolution microscope
EM-002B (TOPCON), at an acceleration voltage 200 kV, equipped
with energy dispersive spectrometer (EDS). To determine an aver-
age Au particle size and to define their distribution more accurate,
at least 500 particles of each catalyst were chosen for analysis.
Moreover, many different HRTEM images of each catalyst sample
have been analyzed, in details described previously [11].

Temperature Programmed Reduction (TPR-CO) experiments
were carried out by PEAK-4 apparatus [17], using CO as reducing
agent. The apparatus was equipped with an infrared gas analyser
(Fuji Electric Systems Co., type: ZRJ-4) to follow CO, formation.
TPR-CO experiments were performed using a CO/He (5 vol.% CO,
95 vol.% He) gas mixture, with a flow rate of 40 cm® min~', in the
temperature range of 25-850 °C, with a ramp rate of 15 °C min~ .
Powdered samples of 100 mg were exposed to dry Ar at 250 °C
for 1 h before the reduction.

2.3. Reactor set-up

CO oxidation reaction was carried out at atmospheric pressure
in a quartz flow microreactor containing 100 mg of sample in a
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fixed bed. Using a series of mass flow controllers, three different
gas mixtures containing 1.6 vol.% CO and 3.3 vol.% O, (oxygen
rich); 3.4vol.% CO and 1.7 vol.% O, (oxygen stoichiometric) and
4.1 vol.% CO and 1.0 vol.% O, (oxygen lean) and He as eluent gas
were used. Experiments were performed in the temperature range
of either 25-550 °C (supports) or 25-300 °C (gold catalysts), with a
ramp rate of 5°C min~', and a flow rate of 50 cm® min~'. The cat-
alytic experiments were repeated several times in order to verify
their reproducibility. Gas chromatograph fitted with molecular
sieves 5 A, equipped with a thermal conductivity detector was
used to perform the analysis of both CO and O, concentration.
The CO conversion was calculated as follows:

% CO conversion = [COliy — [COlowe , 1 1)

[COJ;,

where [CO];, and [CO],y are the inlet and outlet concentrations of
CO, respectively.

3. Kinetic parameters assessment

The MvK rate expression was used to fit the data obtained in the
present study. This model can be presented as follows [18]:

klkzpcopoz

- k] Pco + kzPoz (2)

—Ico
where Pco and Py, are the partial pressures of carbon monoxide and
oxygen, respectively. The temperature dependency of the rate
constants (k;) was correlated by an Arrhenius type equation with
ki,: pre-exponential factor and (E,/R): activation energy [K], as
follows:

Eai

Ln(k;) = Ln(ke) = o 3)

Since the experimental devise corresponds to an isothermal
packed bed reactor (PBR), a differential molar-flow balance, in
the terms of catalyst weight, can be proposed as follows:

dF;

o= (4)

Table 1

Fitting procedure consisted of solving Eq. (4) which depends on
the kinetic parameters included in Eqs. (2) and (3). Eq. (4) was
numerically solved using a Runge-Kutta integration method [19].
Thus, since available experimental data were conversion vs. tem-
perature (only the light-off curve’s ascending part points of the
data set were taken into account), a k value was guessed to start
calculations for each temperature. If CO conversion at the end of
the reactor corresponded to the experimental one (v. g., the error
is within a tolerance), k can be accepted as the solution for that
temperature; if it was not, a new k value was recalculated by a
Newton-Raphson method [19] and the fitting procedure started
again. In this way, rco can be presented as a function of four vari-
ables (ko1, Eqa1, ko2, Eq2). If we denote by r(Pco, Po, the rate values
obtained experimentally, to fit correctly the data, it will be neces-
sary to find the x parameters that minimize the sum of squares,
which correspond to the Arrhenius type constants in Eq. (3), as
shown in Eq. (5):

2

fx) = Z [Tco(xypco,Poz) - T'co(Pconoz)] (3)
Pco.Po,
4. Results

4.1. Catalyst characterization results

Table 1 presents specific surface area (Sggr), real Au loading,
average Au particle size and summary of TPR-CO results for
Ce{_xZryO, supports and 2 wt.% Au/Ce;_,Zr,O, catalysts. CeO,
was characterized with the highest Sggr and ZrO, with the lowest
one. In the case of Ce-Zr binary oxides, the substitution of Ce by
an increasing amount of Zr decreased their surface area. The Au/
Cey_xZryO, catalysts presented similar Sger to their corresponding
oxide supports. Their real Au loading was lower than the nominal
one due to the loss of Au in the ammonia washing step during cata-
lyst preparation, in details described in [10,11]. The majority of the
Au particles (mainly spherical) supported on Ce;_,ZryO, were in
the range of 1-7 nm, with an average size as shown in Table 1
[10,11].

Previously, we also discussed in details the reducibility process
(TPR-CO) of both Ce;_,Zr,O, [10] and 2 wt.% Au/Ce;_Zr,O, [11]

Summary of relevant properties of Ce;_,ZryO, and 2 wt.% Au/Ce;_,Zr,O, catalysts.

Oxide supports/catalyst denotation Real Au loading® Specific surface Average Au TPR-CO results®
(Au wt.% content corresponds to the (wt.%) area (Sggr)” particle - - L
: 2 51 fal TO Tl TZ T3
nominal) (m*g™) size® (nm)
CeO, - 58.1 - 270 430 - 840
Cep.75Zr0.2502 - 50.1 - 260 460 - 760
Ce.5Z19502 - 46.5 - 280 500 - 760
Ce.25Zr0.7502 - 41.0 - 300 530 - -
ZrO, - 4.5 - 700 850 - -
2 wt.% Au/CeO, 1.79 51.5 4.0 110 150 330 840
2 wt.% Au/Ceg 752102502 1.68 495 3.9 85 260 380 740
2 wt.% Au/Ceq 5Zro 503 1.74 45.0 4.0 135 270 400 720
2 wt.% Au/Ceg25Zr0.750; 1.71 40.7 4.1 140 380 - -
2 wt.% Au/ZrO, 1.45 3.8 5.6 670 820 - -
Determined by:
2 AAS.
> BET.

€ HRTEM (details in Appendix 2a).

4 TPR-CO (Ty: the initial reduction temperature; T;: the reduction temperature of the most easily reducible surface capping oxygen, the
maximum corresponding to the low temperature reduction peak; T: the reduction temperature of support intermediate phases (surface or
subsurface Ce**) as the origin of the low temperature reduction peak; Ts: the temperature of bulk reduction, the maximum corresponding to the

high temperature reduction peak), in details in Appendix 2b.
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catalysts. Summarizing, reduction of CeO, by CO occurs in two
stages with the maxima at 430 °C and 840 °C. They can be ascribed
to the reduction of the most easily reducible surface capping oxy-
gen and bulk reduction, respectively. ZrO, shows the highest resis-
tance to the reduction (Table 1). The reducibility of Ce/Zr mixed
oxides depends on its molar ratio. One can see the slight shift in
the maximum of the low-temperature peak (T;) towards higher
temperature, with a decrease in Ce/Zr molar ratio (Table 1). It
can be related to the shorting or lengthening of metal-oxygen
bonds due to the phase distortion, changing the barrier of energy
for the oxygen migration in the bulk. In the presence of well dis-
persed Au nanoparticles, Ce*", surface and subsurface one, located
at different chemical environments of support, becomes more sus-
ceptible to the reduction at much lower temperatures (Table 1). On
the other hand, their reducibility at a high temperature remains
almost unchanged.
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4.2. CO oxidation reactivity test

4.2.1. Oxygen stoichiometric and rich conditions

The symbols in Figs. 1 and 2 represent the raw conversion-
reactor outlet temperature data for oxygen stoichiometric and
rich conditions, respectively. They include information for
supports (Figs. 1a and 2a) and 2 wt.% Au/Ce; ,ZryO, catalysts
(Figs. 1b and 2b).

After comparing the catalytic behavior shown in Fig. 2, in gen-
eral, it is possible to say CO conversion is shifted to lower tem-
peratures at oxygen rich conditions. This could be a
consequence of fast and irreversible refilling of the resulting cata-
lyst oxygen vacancies by oxygen from the gas phase. Such effect
is more evident for ZrO, based catalyst, basically due to its poor
bulk oxygen mobility which is highly improved by the presence
of gold particles.

(b)
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Fig. 1. Experimental data of CO oxidation at stoichiometric conditions (symbols) and fitted curves using MvK model (lines) for: (a) oxide supports and (b) 2 wt.% Au/

Ce;_,ZryO, catalysts.
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Fig. 2. Experimental data of CO oxidation at oxygen rich conditions (symbols) and fitted curves using MvK model (lines) for: (a) oxide supports; and (b) 2 wt.% Au/Ce; _,Zr,O,

catalysts.
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Fig. 3. Experimental data of CO oxidation at lean conditions and fitted curves for several 2 wt.% Au/Ce;_,ZryO, catalysts: (a) Au/CeO;; (b) Au/(Ce/Zr = 3); (c) Au/(Ce/Zr=1);

and (d) Au/(Ce/Zr = 0.33).

The smooth light-off behavior is observed and CO conversion
increases with the increase in the reaction temperature. At tem-
peratures below 200 °C, for all Ce;_,Zr,O, oxides, neither CO
conversion nor reduction by CO was observed. Both their activ-
ity and reducibility increases at temperature above 250 °C. At
higher temperatures of reaction, their catalytic performance
depends on Ce/Zr molar ratio, with maximum obtained for
Ceg.75Z19250, (Ce/Zr molar ratio = 3). The similar catalytic perfor-
mance of Ceq 75219250, and CeO, suggests that cerium is respon-
sible for the activity of mixed oxides in CO oxidation under
studied conditions. The activity of ZrO,, in the studied tempera-
ture range, was the lowest one (25% CO conversion at 550 °C)
due to its significantly lower reducibility (Table 1). In the
presence of well dispersed Au nanoparticles, the following order
of activity, at significantly lower temperature, was observed:
AU/CCQ7SZI'02502 > AU/CEOz > Aulceo'szro 502 > AU/C6025ZI'0_7502 > AU/ZI'OZ
One can see that the sequence of increasing activity follows the
sequence of increasing reducibility of catalysts. It indicates the

0,18

0,15

0,12 4

0,06 —

Additional oxygen fraction

0,03

0,00

T T T T
CeO, Ce/Zr=3 Ce/zr=1.0 Ce/Zr=0.33

Fig. 4. Additional oxygen fraction needed to fix experimental data at oxygen lean
conditions, for different 2 wt.% Au/Ce,_,Zr,O, catalyst compositions.
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importance of the support redox properties in the creation of
the catalytic performance of Au/Ce;_,Zr,O,. In fact, for Au/
CeO, catalyst the CO adsorption was previously observed on
both CeO, (Ce*-CO) and Au®*, Au*, Au® species [20].
Therefore, the synergetic effect between the support and Au
nanoparticles at the interface can be claimed.

4.2.2. Oxygen lean conditions

The symbols in Fig. 3 represent the raw conversion-reactor
outlet temperature data for oxygen lean conditions, obtained
on Ce;_,ZryO, and Au catalyst (2 wt.% Au/Ce;_,Zr,O>). As it could
be seen, the presence of Au effectively promotes the CO oxida-
tion at low temperatures. The promoting effect of Au nanoparti-
cles on the reducibility of different metal-oxide supports has
already been observed [21-23]. Such behavior could be related

to the adsorption of CO molecules on well dispersed metallic
Au particles and next to the migration by a spillover process
from the Au particles on the support surface. This process could
be favored by a high dispersion of gold on the support surface.
Additionally, it has been claimed that the presence of gold
causes a decrease in the strength of the surface Ce-O bonds
adjacent to gold atoms, leading to higher surface lattice oxygen
mobility, as proposed by Sciré et al. [24]. These findings indicate
the role of a support in creation of the catalytic performance of
supported Au nanoparticles in CO oxidation.

4.3. Data fitting results

The raw conversion-reactor outlet temperature data pre-
sented in Figs. 1-3 can be used for conversion-rate-temperature

(b)
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Fig. 5. Experimental data of CO oxidation and curves of fitting results for different oxygen conditions: (a) stoichiometric; (b) rich and (c) lean.
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Conversion %

CeO2

Fig. 6. Predicted surface plot of conversion-temperature-catalyst composition (2 wt.% Au/Ce,_,Zr,0,) as a function of Ce/Zr molar ratio. Dots represent experimental data.

(X, r, T) triplets preparation. These figures also include the corre-
lated curves obtained using proposed fitting method. The
adjusted MvK model is able to predict experimental data at stoi-
chiometric and rich conditions, even if some of them present a
very fast increase in conversion with reaction temperature. For
all studied catalysts, the curves correlated using MvK model pre-
sent the increase in CO conversion with an increase in reaction
temperature, reaching a maximum and constant value. Their fur-
ther extrapolations to temperatures higher than the experimen-
tal ones do not predict any decrease in both the reaction rate
and CO conversion (Appendix 1). Therefore, as explained above,
the MvK model can be suggested as more relevant, instead of
LH one, to describe kinetics of CO oxidation over Ce;_,Zr,O,
and Au/Ce,_,ZryO, catalysts. Consequently, the principal role of
Au in CO oxidation over Au/Ce;_,ZryO, catalysts can be related
to the promotion in transformation process of reversibly
adsorbed or inactive surface oxygen into irreversibly adsorbed
species, active in CO oxidation, as previously proposed by
Morgan et al. [5]. However, special attention deserves the fitting
results obtained at lean conditions (Fig. 3). The original MvK
model was not able to predict the experimental conversion data.
In fact, the maximum CO conversion which can be obtained at
lean conditions is ca. 50%. On the other hand, according to the
TPR-CO results, Table 1, the highest quantity of oxygen that
can be involved in the reaction is available at the same tempera-
tures at which CO oxidation occurs. It suggests that the reaction
involves both gas phase oxygen and surface - bulk oxygen, indi-
cating the ability of Ce-containing oxides to supply reactive oxy-
gen to Au active species for CO oxidation. It supports the idea of
Ce acting as an oxygen buffer by releasing-uptaking oxygen
through the redox processes involving Ce*/Ce®* redox couple
[25-27]. Moreover, considering TPR-CO experiments as reaction
tests performed under totally anaerobic conditions (without oxy-
gen present in the gas phase), the activity seems to be depen-
dent on the ability of the oxide to release first the surface and
then bulk oxygen. Considering that extra-oxygen is available
from catalyst’s surface-bulk, it was possible to fit and to predict
the catalyst behavior (Fig. 3). The quantity of additional oxygen

fraction required for data fitting is presented in Fig. 4, for differ-
ent catalyst compositions. It was assessed from fitting experi-
mental data and mass balances constrains. As expected, the
most active catalyst (2 wt.% Au/(Ce/Zr = 3)) presents the highest
oxygen mobility.

Fig. 5 presents the values of kinetics parameters for 2 wt.%
Au/Ce;_,Zry0, catalyst (with Ce/Zr molar ratio equals to 3), esti-
mated for the MvK model using the proposed fitting procedure.
This Arrhenius plot shows how activation energy and tempera-
ture affect the sensitivity of the reaction rate. As expected,
marked differences in k; values can be recognized between
experiments performed at different conditions (oxygen content).
Therefore, some additional observations can be pointed out. At
oxygen stoichiometric conditions (Fig. 5a) k; lines show the stee-
per slope. Therefore, they are characterized with higher activa-
tion energy than that at oxygen lean conditions (lines in
Fig. 5¢ suggest lower activation energy, flatter slope). It means
that in the same temperature range, the reaction with higher
activation energy changes more rapidly than that with lower
one.

The fitted parameters allow re-mapping raw data onto the con-
version-temperature-catalyst composition surface plot. The exam-
ple of such surface plot is presented in Fig. 6. Basing on the
predicted surface it is possible to read off any point within all area
including the experimental data and to sieve out the best condi-
tions for the analyzed variables. Thus, the optimal CO oxidation
conditions could be foreseen for the studied variables. In this case,
they correspond to the catalyst with a composition very close to
2 wt.% Au/CeO,752r042502.

5. Conclusions

A variation of the Temperature Scanning Method (TSM) was
applied to analyze the experimental data of CO oxidation over
the series of 2wt.% Au/Ce;_,Zr,O, (x=0, 0.25, 0.5, 0.75, 1)
catalysts, with the aim of catalyst’s composition optimization.
The sequence of increasing activity followed the progression of
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increasing catalysts reducibility, indicating the importance of
support redox properties in controlling the performance of
the Au/Ce;_,ZryO, catalysts. The kinetic of CO oxidation was
quantified by conversion-rate-temperature (X, r, T) triplets and
the obtained data were fitted to the MvK adsorption-reaction
model. For all studied catalysts, the activation energy and pre-
exponential factors were determined. The obtained parameters
allow defining an extended reaction surface, when plotted on
the composition plane. It let clearly to identify the optimal
catalyst composition (2 wt.% Au/Ceq75Z1r9250,). The MvK model
was suggested as more relevant, instead of L-H one, to describe
kinetics of CO oxidation over Ce;_,Zr,O, and Au/Ce;_,Zr,O, cata-
lysts. Consequently, the principal role of Au in CO oxidation over
Au/Ce,_,ZryO, catalysts can be related to the promotion in
transformation process of reversibly adsorbed or inactive surface
oxygen into irreversibly adsorbed species active in CO oxidation.
Additionally, at oxygen lean conditions, the activity seems to be
dependent on the ability of the oxide to release first the surface
and then bulk oxygen. Thus, considering that extra-oxygen is
available from catalyst’s surface-bulk, it was possible to fit
properly the observed catalyst activity. Finally, the proposed
fitting procedure, based on MvK expression, can be
considered as successful for all conditions tested for CO oxida-
tion reaction.
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Appendix 1
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Prediction of MvK and LH models at extrapolated temperatures
(dots represent experimental data of CO oxidation over 2 wt.% Au/
Ceg.75Zr9 250, catalyst washed with ammonia).

Appendix 2. Catalysts characterization

a. HRTEM images and Au particle size distribution of studied
2 wt.%Au/Ce1xZrx0> catalysts

d =4.0nm

T T T T T
1-3 3-5 57 7-9 9-11  11-13

Size, nm

% of Au particles

1-3 35 5-7 79 9-11

Size, nm
d =4.0nm
o o
1-3 3-5 5-7 7-9 9-11
Size, nm
d =4.1nm
m
o
/k
1-3 3-5 5-7 79 9-11
Size, nm
404 13 d =5.6nm
354
30
3
2 254
=
]
2 204
=
Z 15
o 154
= 104
5
0 T T T T T T
§ & 7 1-3 3-5 5-7 79 9-11 11-13
Size, nm

2 wt% Au/Zr0,



28 Miguel-Angel Gomez-Garcia et al./Chemical Engineering Journal 282 (2015) 20-28

b. TPR-CO profiles of studied oxide supports and 2 wt.%Au/Ce1xZrx0> catalysts

(based on [11])
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