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Abstract

The effect of the deposition of Cu and K elements on zirconia was studied in the oxidation of a carbon black (CB), considered as a model
of diesel soot. Catalytic tests were carried out using CB—catalyst mixtures prepared under loose and tight contact conditions. The potassium-
containing catalysts exhibited high activity in loose contact that differed slightly from that obtained in tight contact. The introduction of both Cu
and K on ZrO» provided synergistic effects in the CB oxidation. It is proposed that these systems can release active oxygen species to oxidize CB
even in the absence of gaseous oxygen. Consequently, (CB—catalyst) loose contact mixtures treated at different temperatures under Ar flow were
characterized by electron paramagnetic resonance and temperature-programmed reduction measurements. The presence of potassium favours
contact between the catalyst and CB and enhances the catalyst’s ability to release active oxygen species. In K/ZrO»,, it yields an increase in the
amount of Zr3* ions, which appear to be stabilized mainly in monoclinic ZrO,. In Cu-K/ZrO, catalysts, the potassium promoter preferentially

interacts with the supported copper(Il) species and favours their participation following a redox mechanism.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The development of technologies to achieve reduced par-
ticulate emissions from diesel engines remains a subject of
interest for the automotive industry, catalyst manufacters, and
university laboratories [1,2]. Therefore, the use of a suitable
catalyst to enable complete oxidation of soot is considered
a promising area of research. Various salts and mixed com-
pounds, including Cu—-K-Mo-Cl, Cu-K-V, Cu-K-V-Cl, and
Ko.7Cug 3VO3 + KCl, appear to be highly active for soot oxida-
tion considering soot—catalyst mixtures obtained from a “loose
contact” preparation method [3-5]. This activity has been ex-
plained by the formation of low eutectics that melt at the op-
erating temperature and subsequently increase contact between
the active phase and the carbon particles. However, the stabil-
ity of such catalytic systems is poor, because vapours of active
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components can be released from the catalyst in operating con-
ditions.

Recently, new investigations have focused on the properties
of some metal oxides and mixed metal oxides and their behav-
iour in the oxidation of carbon black (CB) particles. Despite
having lower activity than some salts, metal oxides generally
are more stable than salts. Furthermore, the ability of metal ox-
ide to release active oxygen can provide a possible route of in-
vestigation for the development of soot oxidation catalysts [6].
The well-known oxygen storage capacity of CeO; is a typical
example of this. Moreover, the improvement of catalyst prepa-
ration methods, the deposition of active phases, and the use of
promoters can be expected to enhance the participation of active
catalyst species at sufficiently low temperature ranges required
in applications.

The aim of this work was to study the catalytic proper-
ties of zirconia-supported copper catalysts and the effect of
adding potassium as a promoter. Cu,-K,/ZrO, systems with
low copper and/or potassium content (<4 wt% as eq. oxide)
were prepared to maintain strong interactions between the ZrO;
carrier and the supported species, which can be considered as
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favourable conditions for thermal catalyst stability. The activ-
ity of Cu,-K,/ZrO, systems was evaluated in the oxidation
of CB under both “tight” and “loose” contact conditions. To
identify some of the catalyst active species participating in the
oxidation of carbon, a physicochemical characterization using
temperature-programmed reduction (TPR) and electron para-
magnetic resonance (EPR) was carried out considering the cat-
alysts or (CB—catalyst) loose contact mixtures.

2. Experimental
2.1. Catalyst synthesis

The zirconium oxide carrier was obtained by a precipita-
tion method, adding an ammoniac solution to a ZrOCl, solu-
tion. The precipitate was washed, filtered, and dried at 100 °C
overnight. The resulting solid was calcined under a flow of dry
air for 4 h at 600 °C. The ZrO; solid thus obtained corresponds
to a mixture of tetragonal (JCPDS n° 50-1089) and mono-
clinic (JCPDS n° 37-1484) crystallized phases. The deposition
of copper and potassium was performed by co-impregnation of
an aqueous solution containing given amounts of Cu(NO3), and
KHCO3 onto the calcined ZrO,. After drying, all solids were
calcined for 4 h at 600°C. The equivalent amounts of CuO
or/and K>O in calcined catalysts were determined by chemical
analysis, and their specific surface areas were obtained using
the BET method (Table 1).

2.2. Preparation and testing of (CB—catalyst) mixtures

The carbonaceous particulate material used for the tests was
CB N330, provided by Degussa. The elementary analysis re-
vealed the following composition, expressed in wt% [C: 97.23;
H: 0.73; O: 1.16; N: 0.19; S: 0.45]. In addition, CB has a
BET surface area of 80 m? g_l. Before the catalytic tests, CB
(6 wt%) and catalyst (94 wt%) were simply mixed inside a
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Table 1
Chemical composition and specific surface area of catalyst samples
Catalysts Cu K K/Cu Specific
content content atomic surface area
(Wt%) (Wt%) ratio (m?/g)
710y - - 65
Cuy 98/ZrOy 1.58 - 27
Cu3 82/ZrO; 3.05 - 30
K1.77/ZrOy - 1.47 58
Cul.gg—K0_84/Zr02 1.58 0.70 0.72 23
Cuy 08-K1.07/ZrOo 1.66 0.89 0.87 18
Cul.gg—K2_22/2r02 1.51 1.84 1.98 21
Cuy 96-K3.45/ZrOy 1.57 2.87 2.97 22
Cuy 02-K1.85/Z2r0> 3.21 1.54 0.78 29

zirconia ball using a Teflon stirring rod (light mixing), desig-
nating a loose contact between CB and the catalyst surface [7].
To obtain another (CB—catalyst) mixture corresponding to tight
contact conditions, CB (6 wt%) and catalyst (94 wt%) were
mixed in a ball miller for 40 min.

Catalytic combustion was studied by simultaneous TG-DTA
analysis with a NETZSCH STA 409 apparatus. About 25 mg
of the CB—catalyst mixture was loaded in an alumina crucible
and heated from 25 to 800 °C at a rate of 5°C min~! in air flow
(75 mImin~!). By processing the experimental data, the onset
temperature (7;) and the final temperature (77) could be derived
from the TG curve, and the Ty, value could be detected at the
maximum of the DTA peak. The T}, value gives the temperature
at which the CB oxidation rate is maximum. To give examples,
Fig. 1 shows the TG-DTA curves obtained during oxidation of
CB in the presence of Cuj 9g3/ZrO; and Cuy 03-Kj ¢7/ZrO;. Con-
sidering our experimental conditions [analysis of about 25 mg
of (6% CB-94% catalyst) mixture], the TG-DTA curves show
that the oxidation reaction occurred regularly without any de-
tection of rapid oxidation phenomena ascribable to a thermal
runaway reaction [8]. The analysis of combustion products was
performed evaluating the CO/(CO + CO) molar ratio from a
Varian 3600 chromatograph coupled to a thermobalance.
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Fig. 1. Examples of TG-DTA measurements for the oxidation of carbon black in the presence of Cuj 9g/ZrO, and Cuj og-K| 07/ZrO;.



458 H. Laversin et al. / Journal of Catalysis 241 (2006) 456—-464

2.3. Catalysts and (CB—catalyst) mixture characterization

EPR measurements were performed on a EMX Bruker spec-
trometer, using a cavity operating at a frequency of ~9.5 GHz
(X-band). The magnetic field was modulated at 100 kHz, and
the power supply was sufficiently small to avoid saturation ef-
fects. The g values were determined from precise frequency and
magnetic field values. Spectra were recorded at ambient tem-
perature and —196 °C, considering the calcined catalysts and
the (CB—catalyst) loose contact mixtures treated under Ar at
different temperatures. Simulation of experimental spectra was
performed using the Bruker SIMFONIA software based on per-
turbation theory.

The reducibility of the catalysts was determined by H,-TPR.
The experiments were carried out in a conventional apparatus
(AMI 200, Zeton Altamira). The catalysts (~75 mg) were pre-
viously treated in situ under O, diluted in argon flow at 450 °C
for 1 h. After cooling under argon flow, reduction treatment (5%
H, in argon) was performed with a total flow of 30 mL min~!
from 25 °C to 700 °C using a heating rate of 10 °Cmin~'. Ad-
ditional experiments involved H>-TPR measurements of (CB-
catalyst) loose contact mixtures previously treated under argon
(30 mL min~!) at 400°C for 1 h. This treatment was consid-
ered to simulate the beginning of the CB conversion initiated by
the participation of active catalytic species, normally contribut-
ing to a redox mechanism. Considering the difference in H»
consumption for these two kinds of measurements for a given
catalyst, information could be obtained on such species reduced
by carbon during the Ar treatment at 400 °C.

3. Results and discussion
3.1. Catalytic oxidation of CB

Fig. 2 gives the temperature range in which the oxidation
of CB occurred for the test under air of (CB—catalyst) mix-
tures. Note that the noncatalytic oxidation CB occurred be-
tween 7; = 530°C and Ty = 635°C and gave a Ty, value of
the DTA peak at 615 °C. First, the tests of the loose contact
(CB—catalyst) mixtures were undertaken. The results obtained
in the presence of ZrO, indicated the low reactivity of this ox-
ide carrier. The reaction temperature range for Cu,/ZrO; and
ZrO, exhibited little difference; the activity increased slightly
with increasing Cu content, as indicated by T, Ty,, and Tt val-
ues. The Ky 77/ZrO, catalyst permitted the oxidation reaction to
occur between T; = 405°C and Tr = 505 °C, with a maximum
oxidation rate at T, = 474°C. The potassium oxide species
lead to significantly improved catalytic activity. As can be seen
from Fig. 2, the activity of Cu,-K,/ZrO; catalysts depends
on the Cu and K content. In the case of Cu,-K,/ZrO, with
Xx ~ 2, an important activity increase was obtained up to a K
content of y ~ 1.1 wt%. The presence of a higher K content in-
duced further slight activity improvement. Note the shift toward
lower temperatures of nearly 115 °C on 7; values and 175 °C on
T values between the tests performed with Cuj 96-K3 45/Z1rO>
and ZrO,. Comparing the activity of Cu,-K,/ZrO; with that
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Fig. 2. Temperature ranges of the carbon black oxidation in the presence of
Cuyx-Ky/ZrOy catalysts. (CB—Cux-Ky/ZrO;) prepared following loose (—)
and tight (- - -) contact conditions.

of Cu,/ZrO; and K,/ZrO, with x and y ~ 2 reveals syner-
gistic effects related to the addition of both Cu and K on the
ZrO, surface. Note, however, the decreased catalytic activity in
Cuy.02-K1.85/ZrO;, probably related to the high proportion of
Cu versus K in this solid.

The same dependence of the catalytic activity following the
K/Curatio in Cu,—K;_,—O systems was observed by Reichen-
bach et al. [9]. These authors observed an important decrease in
the oxidation onset temperature with increasing K content and
then a relative stabilization of this temperature value at higher
K content. In our case, however, the more active catalysts were
obtained for a higher K/Cu ratio, probably because K and Cu
were dispersed on the ZrO; carrier. Miro et al. [10] found a sim-
ilar synergistic effect as in our case between a transition metal
and potassium in K-Co/MgO systems. The alkaline metal was
found to promote the activity of cobalt oxide species.

Regarding the combustion products, first note that a CO/
(CO + CO») selectivity of 5-6% was obtained for the combus-
tion of CB performed in the absence of catalyst. Carbon monox-
ide (CO) was detected in low amounts in the presence of ZrO»
(~4%) and Cu/ZrO, (~3%). Moreover, the analysis of com-
bustion products in the presence of all potassium-containing
catalysts revealed that only CO, was formed. The CO selectiv-
ity appeared to be low comparing our data with those of Neeft
et al. [11] and Alhstrom and Odenbrand [12]. However, the CO
selectivity in oxidation of soot highly depends on the type of
carbonaceous material studied (i.e., diesel soot, synthetic soot,
or CB) and the experimental testing conditions. Our results are
then found to be in good agreement with the CO selectivity
reported for the catalytic oxidation of CB [5,13]. Finally, the
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Table 2
EPR parameters values from simulation of experimental spectra and signals
assignment?®

AH Assignment

Highly distorted Cut
sites (c.n.b =0)
Highly distorted Cu?™
sites (c.n.b =6or5)

Signal 8/ g1 Ay AL 8iso
Cu?T(H1) 2.365 2.056 113 16

Cu?t(H2) 2.400 2.070 103 15

Cu*t(L) 2.117 300 Cu®* ions in interaction;
agglomerated species

S2 2.002 6 Carbonaceous radical in
contact with the catalyst
surface

Z3H(T) 19590 1.9750 Zr3% in tetragonal ZrOy

7t M) 1.9645 1.9735 Zr3% in monoclinic ZrO,

4 A and AH values given in Gauss.
b ¢.n.: coordination number.

effect of potassium toward a strong decrease in CO selectiv-
ity could be partly explained considering that transition metal
oxide species promoted by K are also active for CO oxida-
tion [14].

We compared the catalytic behaviour of Cu,-K/ZrO; solids
following the preparation conditions of the (CB—catalyst) mix-
tures under “loose” and “tight” contact conditions. The tight
contact preparation corresponds to (CB—catalyst) mixtures re-
sulting from ball miller agitation. Corresponding catalytic test
results are given by the dashed lines on Fig. 2. In the presence
of ZrO; and Cuj 93/ZrO,, the conversion of CB occurred in a
lower temperature range for the mixtures (CB—catalyst) in tight
contact than for the mixtures in loose contact. This indicates
that the contact between the CB and the catalyst surface must
be created by the physical force obtained from ball milling to
obtain a lower reaction temperature. In contrast, for catalysts
containing potassium ions (K 77/ZrO, and Cuj 3-Kj.07/ZrO»),
the differences in the temperature range for carbon oxidation
studied under tight and loose contact conditions are less pro-
nounced. Given this fact, it can be deduced that potassium
species promote contact between CB and the catalyst surface.

In summary, the reactivity of Cu,-K,/ZrO; catalysts in loose
contact depends on the copper and potassium content of the
solids. For catalysts containing nearly the same copper con-
tent (~2 wt% of eq. CuO), the reactivity of catalysts increases
with the potassium content. In contrast, a high proportion of
copper versus potassium (Cug g2-K; 85/ZrO>) makes a catalyst
less reactive. To gain more insight into the relationship be-
tween the catalytic behaviour of Cu,-K,/ZrO; and Cu and K
content, we investigated the physicochemical properties of the
catalysts. Our objective was to reveal eventual differences in
copper-supported species stabilized in these systems, and in
particular, to determine the influence of potassium toward the
possible participation of active species of Cu,-K,/ZrO, cata-
lysts.

3.2. EPR measurements

EPR parameters values from simulation of experimental
spectra and signals assignment are presented in Table 2.

A
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Fig. 3. Experimental and simulated EPR spectra of Cuy-Ky/ZrO; calcined cat-
alysts. (Recording temperature: —196 °C.)

The EPR spectra recorded at —196 °C for the different sam-
ples calcined under air at 600°C are given in Fig. 3. The
copper-containing catalysts (Cu,/ZrO; and Cu,K,/ZrO,) give
three intense signals with Gaussian shape, denoted as H1, H2,
and L, corresponding to Cu?* species. The axial symmetry sig-

nals with hyperfine structure are characterized by g;/l) =2.365,

AE}) =113 G, gil) = 2.056, and Ail) =16 G for H1 and by

g} =2.400, A7) =103 G, ¢¥ =2.070 and AT =15 G
for H2. These parameters were determined from simulation of
EPR spectra also given in Fig. 3. H1 and H2 signal parame-
ter values are consistent with distorted octahedral Cu(Il) entity,
characterized by an elongation of the Cu—O bond following
the z-axis, in agreement with literature data [15—-17]. To state
this more precisely, when a (CB—Cuj 93/ZrO;) loose contact
mixture was progressively heated under Ar flow at 450 °C, we
observed a decrease in H1 intensity but an increase in H2 in-
tensity [18]. When the same mixture was subsequently heated
under air flow at 600 °C, CB was completely oxidized, and the
intensity ratio between H1 and H2 was restored, as in the case
of the initial calcined Cuj 93/ZrO; catalyst. These observations
indicate that Cu®* species giving an H1 signal can be progres-
sively transformed during the treatment described above to give
an H2 signal. The subsequent treatment under air demonstrates
that this phenomenon is reversible. Species leading to H1 and
H?2 signals could then occupy the same position in the upper
layer of Cu,-K,/ZrO; solids. The differences in EPR parame-
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ters between the H1 and H2 signals can be considered in light
of a modification of the Cu(Il) site environment. In this way,
several authors [15,19-21] have found correlations between g/,
and A/, for different Cu(I) complexes. The evolution of para-
meters with g/, (H2) > g,/ (H1) but A, (H2) < A,/ (HI) can be
related to the increased distortion along the z-axis and/or the
enhanced ionic character of the Cu-ligand interaction. In our
case, the observation of the reversible phenomenon when the
(CB-Cuj 98/Zr0O,) mixture was treated under either air or Ar
leads us to suggest that the dependence between H1 and H2 is
consistent with an increase of the tetragonal distortion of the
Cu(II) site up to the loss of one oxygen ligand.

For Cu,/ZrO; and Cu,-K,/ZrO,, L signal (gisoc = 2.117,
AH =300 G) shown in Fig. 3 can be ascribed to Cu®* ions in
interaction, corresponding small agglomerated species [22,23].
The EPR spectra do not indicate differences in the type of Cu’>*
species depending on the presence or the absence of potassium
in the samples. However, comparing H1 and H2 signal inten-
sities reveals that the Cu”>* species proportion leading to H2
in comparison to H1 is apparently slightly higher in Cu,/ZrO,
than in Cu,-K,/ZrO,. In general, the Cu’" species observed in
our case correspond to species dispersed on the ZrO, surface
(i.e., isolated Cu?t and Cu2T in interaction). But recall that
Cu?" species in copper oxide compounds can have antiferro-
magnetic properties and thus cannot be detected by EPR [24].
A part of Cu?* ions present in the catalysts could not be de-
tected by EPR. For this reason, information on the effect of
potassium on Cu(Il) species features was investigated using the
TPR technique (Section 3.3).

Beside the Cu?* ion EPR signals, the ZrO» support gives an
axial symmetry signal with g values of g/, < g1 < ge =2.0023
(Fig. 3) ascribed to 7137 jons (paramagnetic d! ions) [25-29].
The presence of Zr>t ions depends on the occurrence of an-
ionic 0>~ vacancies [V(O%7)], because the departure of oxy-
gen species from ZrOj is usually described as follows: 0>~ <
1/207 + V(0?7) +2e~, then Zr*+ + e~ « Zr’T. A more pre-
cise assignment of Zr3T signals is given below based on exper-
iments presented in Fig. 4.

The second step of the EPR study was carried out specif-
ically to investigate whether some reducible species could in-
teract with CB, giving an evolution of species that could cor-
respond to paramagnetic species (i.e., 73+, Cu?t, radicals).
(CB—catalyst) loose contact mixtures were treated under argon
flow at different temperatures and studied by EPR. First, the ex-
periments carried out using the less active catalysts (ZrO, and
Cu,/ZrO;) showed a slight reduction of ZrO;, as deduced from
the increased Zr** signal observed from 400 °C. Our attention
was focused on the highly active systems containing the potas-
sium promoter (K 77/ZrO> and Cus 03-K1.07/ZrO3).

Fig. 4 shows the EPR spectra recorded at —196 °C for (CB—
K1.77/Zr0O;) treated at different temperatures under Ar flow. At
low temperature (100 °C), the spectrum is similar to that cor-
responding to the single K 77/ZrO, catalyst, which initially
gives the Zr>* ion signal with a fivefold-higher intensity than
in the case of pure ZrO,. With an increase in temperature up
to 300°C, a significant increase in Zr3T signal intensity was
observed. Furthermore, the corresponding spectrum clearly in-

Zr** ions signals
f_%

Ar, 100°C
Ar, 200°C
gu(T)y,

S2 signal
g(T)
'

+ Ar, 300°C

Ar, 400°C

Ar, 500°C

€ \ Air, 500°C
-*‘“\/él';‘/c;mpletely oxidized
3400 3450 3500 3550
Magnetic field (Gauss)

Fig. 4. EPR spectra recorded at —196 °C of (CB-K; 77/ZrO,) loose contact
mixture treated at different temperatures under Ar and finally after complete
oxidation of carbon black under air at 500 °C.

dicates the superimposition of two signals. To get a high pre-
cision on their EPR parameters, this spectrum was simulated
(Fig. 5). The two signals, denoted as Zr3*(T) and Zr3+t (M),
are characterized by g/ (T) = 1.9590, g, (T) = 1.9750 and
gy M) = 1.9645, g1 (M) = 1.9735, respectively. Such 73t
signals were previously reported for ZrO,. Morterra et al. [28]
found that the relative intensity of these signals could vary af-
ter the treatment performed on ZrO,. Matta et al. [29] found a
correlation between the signal intensity for these Zr>* ions and
the crystallographic phases present in ZrO,. Indeed, Zr3*(T)
and Zr3T (M) signals can be assigned to Zr3* ions in tetrago-
nal and in monoclinic ZrO, structures, respectively. At higher
temperatures (400 and 500 °C), the Zr3t (M) signal intensity
was markedly increased, partly overlapping the Zr3T(T) sig-
nal. The increased Zr>* signal intensity can be explained by
the reduction of K 77/ZrO; surface by carbon. In the absence of
potassium, only a slight increase in Zr3+(T) signal intensity oc-
curred in the (CB—ZrO;) mixture [18]. These observations seem
to indicate that potassium species enhanced the reducibility of
K1.77/ZrO; in the presence of carbon, and that higher amounts
of Zr** appeared to be formed on monoclinic ZrO, surface
crystallites than on tetragonal ZrO; ones. Consequently, the
potassium promoter could favour the release of oxygen species
from the catalyst involving tetragonal and predominantly mon-
oclinic ZrO; crystallites.

Finally, the (CB—K 77/ZrO>) mixture was treated under air
flow at 500°C for 1 h, to ensure the complete oxidation of
CB and simulate regeneration of the catalyst. We observed a
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Fig. 5. Experimental and simulated EPR spectrum for Zr3% jons in (CB-K 77/
Zr0O5) loose contact mixture treated at 300 °C under Ar. (Recording tempera-
ture: —196°C.)

strong decrease of the Zr3T signal and, in particular, once again
more readily differentiated the two Zr3T(T) and Zr** (M) sig-
nals. These findings reveal that the reoxidation of the Zr3* ions
occurred, indicating the possible reversibility of the release and
uptake of oxygen by the solid.

In parallel, the appearance of a signal designated as S2
(g =2.002 and AH = 6 G) occurred only in the presence
of K-containing catalysts. According to previous work in our
laboratory [30,31], the S2 signal corresponds to carbonaceous
radicals formed in CB. More precisely, this signal was observed
when CB was in tight contact with the catalyst surface, with this
contact created by the physical force of ball milling. This signal
was not detected when pure CB was treated in the same temper-
ature range used in this work regardless of atmosphere (air or
Ar). It is important to keep in mind that in the present experi-
ments, all CB—catalyst mixtures characterized by EPR and TPR
were prepared under loose contact conditions. The S2 signal
was observed when the mixture was heated at 300 °C, and its in-
tensity increased at higher temperatures (Fig. 4). In contrast, we
did not detect this signal after treating (CB—Cuy 93/ZrO;) and
(CB-ZrO) mixtures under the same conditions. This means
that the S2 signal previously observed only in tight contact ap-
peared in our conditions of loose contact only in the presence
of K-containing catalysts, and that the species responsible for

+ . .
Zr*" ions signal

g, (T)
|

gL (D)
S2 signal } Ar,100°C

Ar, 200°C

Ar, 300°C

Ar, 400°C

Ar,550°C

Ar, 600°C

Air, 500°C

CB completely oxidized

3400 3450 3500 3550
Magnetic field (Gauss)

Fig. 6. EPR spectra recorded at —196 °C of (CB-Cu; og-K| ¢7/ZrO5) loose
contact mixture treated at different temperatures under Ar and finally after com-
plete oxidation of carbon black under air at 500 °C.

the S2 signal could correspond to radicals stabilized at the CB-
catalyst interface (exchange layer). This suggests that the S2
signal may reveal the formation of a contact between CB and
the K-containing catalyst surface once the mixture is heated
from 300 °C.

Note the complete disappearance of the S2 signal due to car-
bonaceous radicals in contact with the catalyst surface when
the (CB-Kj77/ZrO;) mixture was finally treated under air at
500°C for 1 h. This finding is in agreement with the S2 sig-
nal attribution given above, because the complete oxidation of
carbon occurred during this treatment.

The EPR spectra obtained for the (CB—Cuy 03-Kj.07/ZrO>)
mixture treated under Ar are displayed in Fig. 6. Whatever the
treatment temperature, only the signal of the Zr3T ions in the
tetragonal ZrO, was detected and no significant evolution of the
signal intensity was observed. In comparison with K; 77/ZrO»,
it indicates that the presence of copper ions in the catalysts hin-
ders the ZrO; reduction. In addition, the S2 signal appeared
after treating the mixture at 300 °C and a maximum of intensity
was reached after the Ar treatment at 400 °C. The decreased S2
intensity observed over 400 °C is consistent with the oxidation
of some CB by the catalyst species able to release the active
oxygen species. Quantitative information on the participation
of such species, considering the TPR experiments, is given be-
low. The S2 signal was observed only in the presence of K-
containing catalysts. The appearance of paramagnetic species
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responsible for the S2 signal seems to reflect the formation
of the contact between CB and the K-based catalyst surface;
such species likely correspond to an intermediate species of the
carbon oxidation. This distinctive feature of K,/ZrO; and Cu,-
K/ZrO; can be correlated to their high activity under loose
contact conditions in the oxidation of carbon particulate as de-
scribed above (Section 3.1).

3.3. TPR measurements

Fig. 7 gives the H>-TPR profiles obtained for the various cat-
alysts. First, it must be mentioned that no H, consumption was
recorded for the ZrO; support. The support reducibility seems
to have been modified in the presence of potassium on ZrO;, be-
cause progressive Hy consumption was observed from 400 °C
on K 77/ZrO,. More accurate information was deduced in the
presence of copper. Cuj9g/ZrO; showed a single reduction
peak at 138 °C, whereas Cu3 g2/ZrO; (with a higher Cu con-
tent) exhibited a second reduction component at 210 °C. The
most readily reducible species were observed by Shimokawabe
et al. [32] and Zhou et al. [33] in calcined systems with nearly
the same equivalent CuO content as in our case. The authors
ascribed these species to highly dispersed copper(Il) species.
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Fig. 7. Hp-TPR profiles obtained for Cux-Ky/ZrO; catalysts (---) and (CB—
Cuy-Ky/ZrO) mixtures previously treated under Ar flow (—).

In the case of Cusgy/ZrO,, assignment of the second reduc-
tion peak can be proposed taking into account XRD results (not
shown), which demonstrated that CuO crystallites were stabi-
lized in the Cus g2/ZrO; catalyst. In fact, the reduction of CuO
generally occurred at a temperature close to 350 °C in the Hj-
TPR experiments; however, the small size of the particle and/or
the interaction of the particle with the carrier surface may ex-
plain their reduction at this temperature.

In the case of Cu,-K,/ZrO,, it clearly appeared that the
peaks were globally shifted toward a higher temperature range,
depending on the Cu and K content. For the same Cu content
(~2 wt% CuQ), this shift was increasingly significant with in-
creasing K content. It is suggested that the first reduction peak
(at 154-192 °C depending on the K content) can be related to
the dispersed Cu(Il) species on ZrO;. The dependence of the
Cu(Il) reducibility on K content demonstrates the interaction
between potassium and copper(I) species, also leading to the
main reduction peak between 234 and 337 °C. This phenom-
enon was described by Shiun Chen et al. [34] as the stabilization
of a new phase associating K and Cu.

Regarding H, consumption, the values obtained in the
Cu,/ZrO; samples were consistent with the reduction of Cu(II)
species to Cu®. In the Cu, -K,/ZrO; samples, Hy consumption
was markedly higher than that required for copper oxide phase
reduction. Hence, it was suggested that the Cu(Il) species in-
teract not only with potassium species, but also with the ZrO,
support, so that the TPR data can be explained by the reduc-
tion of both Cu(Il) and surfaces species from the support. For
the same Cu content (~2 wt% CuO), Hy overconsumption in-
creased with K content (Figs. 7 and 8), demonstrating that the
potassium species in the presence of copper favoured the reduc-
tion of species from the solid. In contrast, however, the sample
with a high copper content (Cug 02-K1 85/ZrO;) was character-
ized by a relatively low H; overconsumption due to a stronger
interaction of potassium species with Cu(II) than with the entire
solid, including both Cu(II) and the ZrO; support.

Taking a similar approach as for the EPR experiments, (CB-
catalyst) loose contact mixtures were treated under argon flow
at different temperatures and studied by H-TPR. The contribu-
tion to the TPR profiles due to CB treated under Ar was verified
to be negligible in the temperature range considered. Assuming
that some species detected in the catalyst TPR profiles are ac-
tive species contributing to a redox mechanism, (CB—catalyst)
loose contact mixtures previously treated in-situ under argon
at 400 °C were analyzed by TPR (see Section 2). In this case,
catalyst species reduced by CB during the Ar treatment could
not be reduced during the subsequent H>-TPR measurement.
For solids containing only copper, the peak attributed to dis-
persed Cu(Il) was not modified during the treatment under ar-
gon of the (CB—Cu,/ZrO,). Although this species was easily
reducible under Hy, no reduction occurred in the presence of
carbon. This can be explained by the absence of contact be-
tween these species and carbon. In contrast, the strong decrease
in the peak relative to CuO particles (Cu3 g2/ZrO;) reveals the
activity of such species in the oxidation of carbon, in good
agreement with previous studies [35,36]. For solids contain-
ing both potassium and copper, a strong decrease in the TPR
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peak intensity was observed for the catalysts species reduced at
285-337°C. These species were then reduced by carbon dur-
ing pre-treatment; this reduction was marked for Cu,-K,/ZrO;
with a high K content. In parallel, catalytic tests performed un-
der Ar indicated the greater conversion of carbon with higher K
content in Cu,-K,/ZrO;. Our observations clearly demonstrate
that potassium act as a promoter able to enhance the participa-
tion of oxygen species from the solid (Fig. 8). Note finally that
the remaining TPR peaks probably also include the reduction of
surface oxygenated complexes formed on CB during Ar treat-
ment at 400 °C. This phenomenon cannot be excluded and can
be explained by the CB—catalyst interaction and oxygen trans-
fer from the Cu,-K,/ZrO; catalysts.

Note that the reduction peaks obtained after the Ar pretreat-
ment of (CB—catalyst) mixtures were shifted toward low tem-
peratures in comparison with corresponding catalysts. It seems
that the treatment under Ar should lead to an evolution of the
species resulting from the interaction between copper(Il) and
potassium species, although the sample preparation included
a calcination at 600 °C. The fact that the remaining supported
species were more reducible than the fresh catalyst ones could
indicate that the Cu(II) species had less interaction with potas-
sium because of the contact of the active phase with carbon.

This phenomenon could be related to the mobility of potassium,
responsible for the good contact between carbon and the cata-
lyst surface. In this way, for the reaction of K-Mo oxide systems
with carbon, Mul et al. [37] showed that a disproportionation
K-Mo-O phase might yield on one hand potassium oxide clus-
ters and on the other hand mixed oxide particles with a higher
Mo/K ratio. We suggest a similar phenomenon to explain our
TPR data on (CB—Cu,-K,/ZrO,).

Our EPR data lead us to propose that ZrO; can release lat-
tice oxygen in Kj77/ZrO, (Fig. 4), but this phenomenon was
hindered in Cu,-K,/ZrO; (see the data for Cus g-K1.07/ZrO;
in Fig. 6). Nevertheless, the latter system was the most active
in CB oxidation (Fig. 2). From the TPR experiments on (CB-
catalyst) mixtures, it appears that for Cu,-K,/ZrO, with low
K content, the oxygen species were released mainly from the
oxide phase resulting from the interaction between copper(Il)
and potassium species (Fig. 8). It then can be deduced that the
presence of potassium enhances the participation of the copper
oxide phase via a redox mechanism. With increasing potassium
content (Fig. 8), the amount of oxygen species from the cata-
lysts reacting with CB is greater than that theoretically released,
considering the reduction of eq. CuO into Cu®. This means that
both oxygen from copper oxide and lattice oxygen from ZrO,
can be involved in CB oxidation in Cu,-K,/ZrO; catalysts with
high K content.

Finally, comparing the behaviour of Cu,/ZrO, and Cu,-
K/ZrO, (Fig. 7) shows that potassium plays a role in improv-
ing the redox properties of copper oxide species in the oxidation
of soot. Besides ensuring better (CB—catalyst) contact, alkali
can favour the transfer of active oxygen species from the cop-
per oxide phase to oxidize carbon. Furthermore, considering the
high oxidation rate obtained under air in the presence of Cu,-
K,/ZrO; [7], it can be supposed that the potassium species also
facilitate the reoxidation of active copper species involved in
the catalytic reaction.

4. Conclusions

Our investigation of the catalytic oxidation of CB on Cu-
or/and K-containing ZrO; systems has revealed that Cu(Il)
species supported on ZrO; were not sufficiently reactive to pro-
vide effective catalysts under loose contact conditions. A signif-
icantly decreased CB oxidation temperature range was achieved
in the presence of K-containing systems (K/ZrO; and Cu-
K/ZrO3). The high activity is related to the contact between CB
and the K-containing catalyst surface on heating. This contact
is evidenced by the formation of carbonaceous radicals at the
CB-—catalyst interface. Due to the presence of the potassium
promoter even in low amounts, the catalysts are able to re-
lease active oxygen species involved in the oxidation of CB. For
K/ZrO,, these species are issued mainly from the oxide support,
because K favours the reduction of the monoclinic form of ZrO,
in the CB oxidation reaction. The K promoter interacts with
Cu(II) species in Cu-K/ZrO,, enhancing the redox properties of
the copper oxide phase. Our findings support the role of alkali
promoters as species that not only favour CB—catalyst contact,
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but also enhance the participation of active oxygen from transi-
tion metal oxide and oxide carrier to oxidize soot.
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