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MAlO (where M = Ni2+, Co2+ and Cu2+) mixed oxides derived from hydrotalcites and potassium-promoted MAlO catalysts

(designated as K/MAlO; K: 5 wt.%) have been studied for diesel soot oxidation. The catalysts were characterized by XRD, N2

adsorption, TPR, FT-IR and TPO techniques. The hydrotalcites calcined at 800 �C have large surface areas in the range 17–88 m2/

g and uniform mesoporous features, which resulted in high activity for diesel soot oxidation under the conditions of tight contact

between soot and catalyst powders. Potassium increased the activity due to the improvement of surface mobility. The presence of

NOx considerably enhanced the catalytic soot oxidation rate. The enhancement was attributed to the acceleration of soot oxidation

due to NO2 as a strong oxidizing agent and intermediates of nitrate and/or nitrite species formed on the catalyst surface.

KEY WORDS: Hydrotalcite; Mixed oxides; Diesel soot; Catalytic oxidation.

1. Introduction

Soot particulates and nitrogen oxides are the main
pollutants in diesel engine emissions causing serious
problems to global environment and human health.
Many countries, such as U.S., Japan and Europe have
introduced specific and severe limits to exhaust-gas
emissions. Due to the more stringent legislation limita-
tion, there is a growing interest in developing the process
which enables the reduction of such emissions.

Soot emissions can be reduced by means of filtration
within the exhaust stream. It is very important that the
filter is robust and its regeneration is controllable. The
key technology to controllable regeneration is oxidation
catalysis [1]. Various materials have been studied as soot
oxidation catalysts. Simple metal oxides, transition
metal oxides and rare earth-based catalysts exhibited
soot oxidation activity [2]. Perovskite-type oxides [3] and
spinel-type oxides [4,5] showed good activities in
simultaneous removal of NOx and soot under lean
conditions. Moreover, it has been concluded that the
contact between soot and catalysts is a key factor in the
catalytic soot oxidation [6].

On the other hand, hydrotalcite (HT) and Hydro-
talcite-like compounds (HTlcs) are widely applied in
catalysis and adsorption due to their changeable com-
positions and special structural properties. These

materials can be chemically expressed by the formula
[M(II)1-xM(III)x(OH)2]

x+[(An))x/nÆ mH2O]x), where M(II)
represents any divalent metal cation, M(III) any triva-
lent metal cation, and An) an anion [7]. At higher
temperatures hydrotalcites are transformed to mixed
metal oxides, which are excellent catalysts or catalyst
supports because of their large surface areas, basic
properties, high metal dispersions and stability against
sintering. In the last decade, the interests in application
of HT-derived mixed oxides as environmental catalysts
have significantly increased. Calcined hydrotalcites
have been found to be active and selective catalysts of
DeNOx with ammonia [8], as well as catalytic decom-
position of NO and N2O [9,10]. Such mixed oxides
have been also employed as catalysts or catalyst sup-
port in redox reactions by incorporating transition
metals, with redox properties, in the HT structure
[11,12]. Their redox performances are strongly related
to the metal species, contents and calcined tempera-
tures. Copper-, cobalt- or nickel-based oxides derived
from HT are known to be active catalysts for oxidation
reactions [13,14].

In the present investigation, we report the use of Ni-,
Co- and Cu-based oxides catalysts derived from
hydrotalcites for diesel soot oxidation. The physico-
chemical properties of HT precursors and mixed oxides
prepared by calcination are characterized by XRD, N2

adsorption, TPR and FT-IR techniques. The catalytic
activity tests for soot oxidation were carried out by the
TPO experiments. The positive effects of potassium and
NO on the catalytic activity were also discussed.
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2. Experimental

2.1. Catalyst preparation

The synthesis of M(II)-Al HT (M = Ni, Co and Cu;
M/Al molar ratio equals to 3) followed the reference [14]
by co-precipitation of an aqueous solution of suitable
metal nitrates with an aqueous solution of 2 M NaOH
and 1 M Na2CO3. The two solutions were mixed under
vigorous stirring at 25 �C and the pH was maintained
constant at 10.0±0.2. The resulting gel was aged in the
mother liquor at 80 �C for 18 h. It was then filtered and
washed with distilled water until the pH of the wash
water became 7.0 and dried overnight at 100 �C. The
obtained hydrotalcites precursors were calcined at
800 �C for 5 h in air. The catalysts were designated as
MAlO.

The potassium-promoted catalysts (designated as K/
MAlO, K: 5 wt.%) were prepared by impregnation of
MAlO powder with an aqueous solution of K2CO3. The
suspension was evaporated while being vigorously stir-
red until achieving a paste which was dried at 100 �C for
24 h and then calcined at 700 �C for 3 h.

2.2. Catalyst characterization

XRD was conducted with a BRUKER-AXS
D8Adance X-Ray Diffractometer using Cu-Ka radia-
tion, at 40 kV and 40 mA, in the scanning angle (2h)
range of 5�–80� at a scanning speed of 4�. N2 adsorp-
tion/desorption isotherms were measured on a Quanta
Chrome NOVA1000 Sorptomatic apparatus. The BET
specific surface area (SBET) was calculated by using the
standard BET method on the basis of the adsorption
data. Temperature-programmed reduction (TPR) anal-
ysis was carried out using a gas mixture of H2–Ar
(5 vol.%) and the gas flow (50 ml/min), sample weight
(25 mg), and heating schedule (20 �C/min). H2 con-
sumption was measured using a thermal conductivity
detector. Infrared spectra were obtained using a PE
Paragn 1000 spectrometer. The samples were prepared
in the form of pressed wafers (2% of sample in KBr).

2.3. Catalytic activity testing

In this paper, a commercially available carbon black
(Shanxi Luan Carbon Black Science & Technology Co.
Ltd, China) was used as model diesel soot. The catalytic
activity tests for soot combustion were carried out by a
Temperature-programmed oxidation (TPO) technique
in a fixed-bed flow reactor under atmospheric pressure.
Catalyst and soot (20:1 w/w) were well mixed by
grinding for 10 min in an agate mortar, then the mixture
was palletized (for 10 min under the pressure of
400 kg cm)2), crushed and sieved to 20–40 mesh. The
soot–catalyst mixture (0.5 g) was placed in an 8-mm
U-shaped quartz reactor, and then pretreated in a
helium flow at 300 �C for 2 h in order to eliminate
possible contaminants. After cooling down the mixture

to 100 �C and replacing the helium flow with the reac-
tion gas flow, the same mixture was pretreated again for
an hour. Then TPO was started at a heating rate of
1 �C/min. Two gas flow compositions were used: (1)
5 vol.% O2 (80 cm3/min) and (2) 0.25 vol.%
NO + 5 vol.% O2 (80 cm3/min), the balance being
helium. The outlet gas was analyzed with intervals of
about 15 min using a TCD gas chromatograph (Shim-
azu GC-14B) with columns of molecular sieve 5A for
CO2 and N2O and Porapak Q for separating N2, O2, NO
and CO.

From TPO results, two parameters were derived in
order to evaluate the catalytic performance: one is the
ignition temperature of the soot (Ti) estimated by
extrapolating the steeply ascending portion of the car-
bon dioxide formation curve to zero carbon dioxide
concentration, and another is the peak temperature (Tp),
namely, the one at maximum soot oxidation rate.

3. Results and discussion

3.1. X-ray diffraction analysis

The XRD patterns of M(II)-Al HT (M = Ni, Co and
Cu) are given in figure 1. All the compounds showed the
typical diffraction patterns of HT-like materials having
layered structure with intercalated carbonate anions
[11]. The most crystalline precursor is Ni-Al HT
(figure 1a), exhibiting sharp and symmetric reflections
for the basal (003), (006) and (009) planes, and broad
and asymmetric reflections for the non-basal (012), (015)
and (018) planes. The (110) and (113) reflections can
also be clearly distinguished. The XRD patterns of Co/
Al HT (figure 1b) and Cu/Al HT (figure 1c) also indi-
cate the presence of HT-like phase while the crystallinity
decreases. Several extra peaks are found in the XRD
pattern for Cu/Al HT, which might be assigned to
malachite phase, being known to form in Cu/Al HT,
especially at high Cu/Al ratios [15]. These results indi-
cated that Ni2+, Co2+ and Cu2+ were incorporated into
the HT structures and the former two cations were well
dispersed.

Figure 1. XRD patterns of M(II)-Al HT samples. (a) Ni/Al HT, (b)

Co/Al HT, and (c) Cu/Al HT. (M): denoted to malachite

Cu(OH)2 phases.
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The XRD patterns of calcined catalysts MAlO and
K/MAlO are shown in figure 2. Different oxide phases
were formed by calcining HT precursors. As previously
reported [16], NiO phase was identified after thermal
decomposition of Ni/Al HT. The Al3+ ions can either
be incorporated in a separate amorphous phase, or in an
amorphous nickel aluminate phase. In case of the Co-
AlO sample, reflections can be assigned to CoAl2O4 and
Co3O4 spinel phases that are indistinguishable due to the
similar reflection angles and intensities in XRD. As for
CuAlO sample, CuO phase together with traces of
CuAl2O4 spinel phase are detected in the XRD patterns.
It can be seen from figure 2b that K/MAlO samples
exhibit the same reflections as their MAlO supports and
no other phases are detected. This means high dispersion
of potassium species on the surface, which has been also
observed in potassium-salt modified HT by Wang et al.
[17].

3.2. N2 adsorption/desorption characterization of MAlO
and K/MAlO

Figure 3 compares N2 adsorption/desorption iso-
therms of MAlO and K/MAlO. All samples show Type-
IV isotherms with a H3 hysteresis loop at a high relative
pressure. This suggests that the catalyst has a broad pore
size distribution in ‘‘large’’ mesoporous region, and
almost without micropores [18]. From the nature of the
loop, it can be concluded that the pores of MAlO and
the corresponding potassium-promoted MAlO are of
uniform shape. The BET specific surface area (SBET),
Total Pore Volume (VP) and Average Pore Diameter
(DP) of the calcined samples determined from these
isotherms are summarized in table 1. NiAlO sample
showed the highest surface area (88.6 m2 g)1) while it
decreased to 57.9 m2 g)1 when potassium was impreg-
nated, namely K/NiAlO. The VP also decreased mark-
edly from 0.265 cm3 g)1 to 0.124 cm3 g)1, while DP

decreased from 12 nm to 8.5 nm. However, the three
textural parameters of Co- or Cu-based catalysts did not
change so greatly, which indicates a similarity in the
porous structure of the samples before and after
impregnation. CoAlO and CuAlO may be better sup-
ports for highly dispersed potassium than NiAlO.

3.3. TPR results

TPR was used to examine the redox properties of
catalysts. Figure 4 gives TPR data for MAlO and K/
MAlO catalysts. The TPR patterns for the Ni-based
catalysts exhibit a small and broad peak at 350–540 �C,
which is due to reduction of Ni in the NiO phase. A
much larger and broader peak is observed at 550–
900 �C, suggesting the reduction of spinel phase
(NiAl2O4) [11]. The spinel phase was not observed in the
XRD results, which may be due to the high disperse of
spinel. The hydrogen consumption for K/NiAlO (fig-
ure 4d) increased indicating that potassium can enhance
the reduction of Ni2+ both in the NiO phase and in the
lattice of spinel.

In the case of Co-based catalysts, TPR also displays
two reduction regions, one between 300 �C and 500 �C
and the other above 600 �C. The reduction at lower
temperature can be attributed to the reduction of the
Co3O4 spinel and well-dispersed surface Co3+ ions [19].
The other reduction peak can be assigned to the
reduction of Co2+–Al3+ like species, which behaves
chemically like CoAl2O4 spinel [20]. The TPR results are
in agreement with the XRD results where we observed
the presence of CoAl2O4 and Co3O4 spinel phases. It is
also shown that there is no remarkable change in
hydrogen consumption for CoAlO and K/CoAlO.

The Cu-based catalysts exhibit the lowest reduction
temperature among all samples. The reduction stage is
mainly in the low-temperature range of 200–500 �C. In
the TPR pattern of CuAlO (figure 4c), the large peak at
around 385 �C is related to the reduction of Cu2+

cations in the CuO while the weak peak around 470 �C
is probably due to the reduction of surface CuAl2O4

spinel [11]. This is in very good agreement with the XRD
results that indicated the presence of CuO and CuAl2O4.
For the K/CuAlO sample, the two peaks overlapped
and the temperature for maximum rate of H2 con-
sumption shifted to 480 �C. Two small TPR peaks
appeared at higher temperature attributed to the
reduction of copper in spinel phase. This may be related
to the transformation of CuO phase into spinel or pro-
motion of reduction of Cu2+ in spinel after potassium
impregnation.

3.4. FT-IR characterization

Figure 5 presents the FT-IR spectra of MAlO, K/
MAlO (fresh solids), and MAlOnt, K/MAlOnt (catalysts
after NO + O2 treatment at 100 �C for an hour). Mixed
oxides derived from HT are known to be very sensitive

Figure 2. XRD patterns of MAlO (a) and K/MAlO samples (b).

Crystalline phases identified as indicated: N-NiO, C-Cobalt spinel,

O-CuO, S-CuAl2O4.
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to water and carbon dioxide exposure. For all samples,
the absorption band centered around 1636 cm)1 can be
attributed to the stretching mode of hydrogen-bonded
hydroxyl groups of physically absorbed water on the

oxide surfaces, while the weak broad band around
1000 cm)1 and another at 830 cm)1 correspond respec-
tively to m1 and m2 vibrations mode of carbonate [21].
The remaining bands below 1000 cm)1 are most prob-
ably due to metal oxygen vibrations.

Figure 5a shows the FT-IR results of Ni-containing
samples. Fresh solids (NiAlO and K/NiAlO) show a
broad band around 1385 cm)1 which can be attributed
to m3 asymmetric stretching vibration of carbonate or
nitrate [22]. As for NiAlOnt and K/NiAlOnt, the band
around 1385 cm)1 becomes sharper and a new band at
1270 cm)1 appears. The absorption changes at 1270 and
1385 cm)1 can be ascribed to the presence of unidentate
(–ONO2) and free nitrates (NO3

)) anions [22], respec-
tively. However, the former adsorption (1270 cm)1) can
be also attributed to the presence of surface nitrite
(NO2

)) anions [8]. These nitrate and/or nitrite species

Table 1

Characteristics of the porous structure of the MAlO and K/MAlO

Sample SBET (m2 g)1) VP (cm3 g)1) DP (nm)

NiAlO 88.6 0.265 12.0

CoAlO 35.0 0.104 11.9

CuAlO 17.8 0.052 11.5

K/NiAlO 57.9 0.124 8.5

K/CoAlO 33.9 0.068 8.1

K/CuAlO 17.0 0.049 11.6

SBET – BET specific surface area.

VP – Total pore volume.

DP – Average pore diameter.

Figure 4. TPR patterns of samples. (a) NiAlO, (b) CoAlO, (c) CuAlO, (d) K/NiAlO, (e) K/CoAlO, and (f) K/CuAlO.

Figure 3. Nitrogen adsorption/desorption isotherm of MAlO (a) and K/MAlO (b) samples.
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formed after NO + O2 treatment may play an impor-
tant role in the soot oxidation reaction.

The appearance of band at 1420 cm)1 in K/CoAlOnt

(figure 5b) corresponds to the O–C–O vibrations in
carbonate on the surface of the sample [23]. It seems to
be associated with the highly dispersed potassium

carbonate on the mixed oxides, which has been observed
in the XRD results. Similar to Ni-containing samples,
the band around 1385 cm)1 becomes sharper for both
CoAlOnt and K/CoAlOnt. The K/CoAlOnt sample also
shows a weak shoulder at 1270 cm)1, which proves that
nitrate and/or nitrite species are also formed after
NO + O2 treatment. These features are also observed in
the FT-IR spectra of the Cu-containing samples as
shown in figure 5c. For fresh solids, CuAlO shows very
weak vibrations of carbonate between 1600 and
1400 cm)1, while K/CuAlO shows obvious CO3

2) anion
vibrations at 1533, 1406, 1100, and 1001 cm)1 in rela-
tion to potassium carbonate impregnation. The sharper
bands at 1385 cm)1 for CuAlOnt, and 1270 and
1385 cm)1 for K/CuAlOnt correspond to NOx

) species
formed on the surface of the solids after NO + O2

treatment. In contrast with K/CoAlOnt, the absorption
at 1270 cm)1for K/NiAlOnt and K/CuAlOnt are stron-
ger.

3.5. Catalytic performance of diesel soot oxidation

The catalytic performances are compared by analyz-
ing the TPO profiles (figure 6). NO CO was detected
during the TPO process and the carbon mass balance
was nearly 100 ± 5%.

As can be seen from figure 6a, the TPO profiles are
very broad in the reaction gas of O2/He. The non-cat-
alytic soot oxidation begins at about 530 �C. In the case
without promoted K, all of the ignition temperatures
(Ti) for MAlO (M = Ni, Co and Cu) are about 320 �C
and the combustion completes at about 600 �C. How-
ever, for the potassium promoted solids, both Ti and Tp

shift to lower temperatures. For an example, the Ti and
Tp of Co-based catalysts decrease to 269 �C and 350 �C
from 316 �C and 430 �C respectively, due to the pro-
moting effect of potassium. The promoting effect on
soot oxidation is contributed to the increase of surface
mobility by loading potassium, improving the contact
between solid catalyst and solid soot [24].

In the presence of NO + O2 (figure 6b), the TPO
profiles become narrower and sharper. K/CuAlO sam-
ple shows the best soot oxidation activity with
Ti = 251 �C and Tp = 350 �C, and the combustion
completes at about 400 �C in the presence of NO + O2.
In soot–NO–O2 system, the importance of NO2 is well
known [5]. Even at low temperature, NO can be readily
oxidized to NO2. It has been approved that the oxidizing
ability of NO2 is stronger than NO and O2. The maxi-
mum oxidation rate for soot is considerably increased to
about 300 lg g)1 s)1 in the presence of NO, while it is
about 150 lg g)1 s)1 in the case without NO. FT-IR
results shown in figure 5 have showed the adsorption of
NO on the catalyst surface. It seems that the formed
nitrate and/or nitrite species in soot–NO–O2 reactions
result in the positive influence on the activity. It has been
also reported that the nitrate and/or nitrite are strong
oxidizers and contribute to the oxidation of soot [25]. In

Figure 5. Infrared spectra of MAlO and K/MAlO samples. MAlO

and K/MAlO: fresh samples; MAlOnt and K/MAlOnt: catalysts after

NO + O2 treatment at 100 �C.
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this study, N2 and/or N2O were detected in the TPO
process of all catalysts, which indicated that NOx

)

species took part in the soot oxidation reaction.

4. Conclusions

Mixed oxides MAlO (where M = Ni2+, Co2+ and
Cu2+) can be derived from calcined binary hydrotalcites
with M2+/Al3+ atomic ratio 3. Ni2+ and Co2+ were
well dispersed in hydrotalcites precursors, while a mix-
ture of HT-like and malachite phase was formed for Cu/
Al HT. Calcination of the hydrotalcites at 800 �C
resulted in the formation of mixed oxides and spinels. K/
MAlO samples prepared by impregnation method using
K2CO3 exhibited uniform pore shapes with MAlO
supports. Potassium carbonates were highly dispersed
on MAlO samples. After NO + O2 treatment, new
nitrate and/or nitrite species were formed on MAlO and
K/MAlO catalysts surface.

MAlO and K/MAlO catalysts were active for the
oxidation of diesel soot into CO2. Potassium increased
the activity probably due to the improvement of surface
mobility. The presence of NOx in the reaction gas not

only decreased the soot combustion temperatures, but
also considerably increased the catalytic soot oxidation
rate. The promotion effect is contributable to NO2 as a
strong oxidizing agent and nitrate and/or nitrite species
formed in soot–NO–O2 reactions.
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