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Potassium-supported Mg–Al hydrotalcite mixed oxides were studied for soot combustion with O2. The
significant activity was elucidated by an oxygen spillover mechanism. First, the surface-activated oxygen
on K sites might spill over to the free carbon sites on soot to form a carbon–oxygen complex, ketene
group, which was identified as the reaction intermediate. Then the ketene group combined with another
active oxygen species to give out CO2. Two kinds of K species, Mg(Al)–O–K (tightly bound to Mg or Al) and
free (isolated) K, were determined to be catalytically active sites by kinetic investigations. They could
increase the reactivity and amount of surface active oxygen responsible for formation of the ketene
group. The stability of K was greatly improved through the interaction with Al, which is a contribution
to soot combustion of Al addition into MgO to form a K-supported composite oxide via the hydrotalcite
route.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, diesel engines have achieved a growing share of
the light-duty vehicle market due to their high efficiency, low
operating costs, high durability and reliability. However, soot par-
ticulates from these engines have caused severe environmental
and health problems, meaning that their emissions must be con-
trolled. Improvements to the technological level of the engines
alone will not meet the demands of more and more stringent leg-
islation. Suitable after-treatment technologies different from tradi-
tional three-way catalysts (TWC) are necessary. Diesel particulate
filters (DPF), which can trap over 90% of soot and be regenerated
by combustion of collected soot, seem to be most promising [1].
Unfortunately, the combustion temperature of soot (above
450 �C) is beyond the normal diesel exhaust temperature range
(175–400 �C). To accomplish the regeneration of DPF at lower tem-
peratures, various catalysts, such as noble metals [2], transition
metals [3,4], perovskites [5], spinels [6], earth alkali metals [7]
and alkali metals [8], have been developed to decrease soot igni-
tion temperature. Therein, potassium-containing materials have
attracted increasing interest as potassium (K) shows better promo-
tion of catalytic activity than other alkali elements for soot com-
bustion [1]. Nevertheless, the proposed roles of K vary, and the
relevant mechanisms for soot combustion are still being debated.
Serra et al. [9] assessed a Cu–K–V catalyst for soot combustion
ll rights reserved.

g).
and found that the presence of liquid eutectic phases of K dramat-
ically improves the catalyst–soot contact, constituting a key factor
in determining the catalytic activity. Contrarily, Miró et al. [10], in
the investigation into K-supported MgO and CeO2, proposed a
mechanism involving surface carbonate species, in which K aids
soot combustion by consuming the carbon to form carbonate inter-
mediates. Comparatively, more investigations have explained the
role of K in term of redox mechanism. Jiménez et al. [11] showed
K facilitates the formation and migration of oxygen species by
weakening the bonds between metals and oxygen, and Janiak
et al. [12] revealed that K can enhance the sticking and dissociation
of gas phase O2 as an electron donor; a similar view was presented
by Jiménez et al. [7]. It is worthy to note that Aneggi et al. [8] sug-
gested a carbon–oxygen complex mechanism for ceria promoted
with alkali metals, in which surface carbonate species were active
sites. However, the types of carbonate species were not proposed
and proven because of the restriction of temperature-programmed
reduction (TPR) technique they adopted. Recently, Gross et al. [13]
observed the kinetic evidence related to carbonate mechanism of
soot combustion on K/CeO2, which suggests that the kinetics is a
good way to study the role of K in soot combustion. On the other
hand, the stability of K on catalysts is still a great challenge though
many effects have been made [14].

For several years, Mg–Al hydrotalcite mixed oxides were re-
ported to offer potential advantages over Pt/BaO/Al2O3 in NOx (an-
other important pollutant from diesel exhaust) storage-reduction
(NSR) and assessed to be the new generation of NSR catalysts
[15,16]. In previous research [17], we also displayed improved
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activity by the addition of K for soot combustion. The promotion
effect of K was preliminarily interpreted as an interaction between
K and Mg (Al), which might weaken the Mg(Al)–O band, thus facil-
itating the mobility of the oxygen species. However, this initial
hypothesis was not borne out by experimental evidence. In the
present work, K2CO3-supported Mg–Al hydrotalcite mixed oxides
for soot combustion with O2 were studied in depth by X-ray pow-
der diffraction (XRD), X-ray fluorescence (XRF), N2 adsorption/
desorption, differential scanning calorimetry (DSC), TPR, diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy, tem-
perature-programmed desorption (TPD), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy,
temperature-programmed oxidation (TPO), carbothermal reduc-
tion, isothermal and transient reactions. Considering these results,
we have proposed a probable reaction mechanism based on turn-
over frequency and found that the stability of K was greatly im-
proved through the interaction with Al.
2. Experimental

2.1. Sample preparation

The Mg–Al hydrotalcite with molar ratio of 3:1 was prepared by
co-precipitation from aqueous solutions of Mg(NO3)2�6H2O and
Al(NO3)3�9H2O at a constant pH of 10. The mixture of metal ni-
trates was contacted with a basic solution of Na2CO3 and NaOH
by dropwise addition of both solutions into a stirred beaker con-
taining 200 mL of deionized water held at 65 �C. The resulting pre-
cipitates were kept in suspension at 65 �C for 30 min under
stirring, then were filtered, thoroughly washed with distilled water
and dried overnight at 120 �C. The prepared hydrotalcite was cal-
cined at 950 �C for 12 h, and the mixed oxide of MgAlO and MgA-
l2O4 (spinel) was obtained (see the inset in Fig. 3a). For comparison,
MgO was prepared by precipitation of Mg(NO3)2�6H2O using
ammonia and calcination at 950 �C for 12 h, while Al2O3 was ob-
tained by calcination of boehmite (AlOOH) at 950 �C for 12 h.

The K-supported samples were prepared by impregnation
method using K2CO3 as a precursor. The mixed oxide suspension
in the aqueous solution of K2CO3 was evaporated while being stir-
red at 90 �C until achieving a paste, which was then dried at 120 �C
overnight and calcined at 850 �C for 2 h. In this way, catalysts con-
taining 2, 5, 8 and 15 wt.% of K were prepared and denoted as 2K/
MgAlO, 5K/MgAlO, 8K/MgAlO and 15K/MgAlO, respectively. For
comparison, a K-free sample was also prepared with the same pro-
cedure except for the addition of K2CO3 and was named 0K/MgAlO.
The K-supported pure oxides of MgO and Al2O3 were prepared
with 8 wt.% of K and denoted as 8K/MgO and 8K/Al2O3,
respectively.
2.2. Catalytic reactions

The model soot used in this study was Printex-U from Degussa
with a Brunauer–Emmett–Teller (BET) surface area of 93.5 m2/g.
Elemental analysis showed its carbonaceous nature with
90.43 wt.% C, 1.09 wt.% H, 0.17 wt.% N and 0.51 wt.% S. The volatile
matter is detected to be about 5 wt.% and desorbed at about 200 �C
(by thermogravimetry). The mean agglomerate size measured
using a Beckman Counter LS13320 laser particle size analyzer
was about 177 nm. The catalytic reactions for soot combustion
were performed by a TPO technique in a fixed-bed flow reactor.
The soot/catalyst weight ratio was 1:9. Two types of contact be-
tween soot and catalyst were used [18]: tight contact was attained
by grinding soot with catalyst in an agate mortar for 30 min and
palletizing for 10 min under the pressure of 20 MPa, and then
crushing and sieving to 20–60 mesh; loose contact was achieved
by grinding soot and catalyst separately and shaking the mixtures
in a sample bottle for 24 h.

Typically, a 50 mg sample of the soot/catalyst mixture was pre-
treated in a flow of He (50 ml/min) at 200 �C for 1 h to remove
surface-adsorbed species. After cooling down to room tempera-
ture, a gas flow with 9.97% oxygen in He (100 ml/min) was intro-
duced and then TPO was started at a heating rate of 5 �C/min
until 800 �C. The concentrations of CO2 and CO in the effluent were
online analyzed by a gas chromatograph (GC) (SP-6890, Shandong
Lunan Ruihong Chemical Instrument Corporation, China) with a
flame ionization detector (FID) after separating them over a Pora-
pak Q column and converting to methane over a Ni catalyst at
360 �C. From the TPO results, two parameters were derived in or-
der to evaluate the catalytic performance: one was the tempera-
ture corresponding to the maximum soot combustion rate (Tm),
and the other was the selectivity to CO2 formation ðSCO2 Þ, which
was defined as the produced CO2 amount divided by the total
amounts of CO2 and CO. The lower the Tm value and the higher
the SCO2 value, the more active the catalyst. In addition, the sensi-
tivity of the catalysts to physical contact can be assessed through
the value of DTm, defined as DTm = Tm (loose contact) � Tm (tight
contact) [20].

The isothermal reactions for soot combustion were also con-
ducted, at which a stable and small conversion of soot (1–2%)
was achieved in an approximate kinetic regime. Thus, the reaction
rate, turnover frequency (TOF) and apparent activation energy (Ea)
of soot combustion can be obtained [21]. Therein, TOFK is on the
basis of K-supporting amount. As K dispersion might be deter-
mined by CO2 chemisorption at 250 �C [22,23], TOFCO2 , which is
on the basis of active K sites, could be calculated assuming that
one CO2 molecule adsorbs on one K2O site to form the surface
carbonate.

2.3. Catalyst characterization

The chemical compositions of catalysts before and after reac-
tions were measured by XRF (ARL9400, Switzerland).

XRD patterns were recorded on a Rigaku D/max-rc diffractome-
ter employing Cu Ka radiation.

N2 adsorption/desorption was measured by a Micromeritics
ASAP 2020 surface area analyzer after outgassing at 300 �C for
5 h prior to analysis. The specific surface areas were calculated
with the BET equation. The pore size distributions were obtained
by the Barrett–Joyner–Halenda (BJH) methods using the desorp-
tion branch of the isotherms.

CO-TPR was conducted in a fixed-bed flow reactor. A 50 mg
sample was heated in a flow of high purity O2 (20 ml/min) at
500 �C for 1 h. After cooling down to room temperature, the CO-
TPR test was carried out in the flow of 4007 ppm CO in He
(50 ml/min) at a heating rate of 10 �C/min. CO and CO2 concentra-
tions in the effluent gas were online monitored using a GC.

In situ DRIFT spectra of CO adsorption was performed on a Bru-
ker Tensor 27 spectrometer equipped with a mercury–cadmium–
telluride (MCT) detector. Prior to the measurements, the sample
was treated in situ at 400 �C in He (30 ml/min), and subsequently
cooled down to 50 �C. During the cooling stage, the background
spectra of the treated samples were taken at desired temperatures.
The flow was then switched to a gas mixture of 4007 ppm CO in He
(30 ml/min). Finally, the spectra were collected at targeted temper-
atures, accumulating 64 scans at a resolution of 4 cm�1 and dis-
played in Kubelka–Munk units.

CO2-TPD was carried out in a fixed-bed flow reactor. A 50 mg
sample was pretreated in He at 500 �C for 1 h. After cooling down
to 50 �C, 4058 ppm CO2 was introduced and adsorbed until satura-
tion. Desorption was started at a heating rate of 10 �C/min in He
(50 ml/min). The desorbed CO2 and H2O were detected by GC



Fig. 1. TPO patterns of CO2 (a and c) and CO (b and d) for soot combustion on catalysts under tight (a and b) and loose (c and d) contact conditions. (e) Repeated TPO patterns
of CO2 for soot combustion on the 8K/MgAlO sample under tight contact condition.

Table 1
The texture properties and catalytic activity of soot combustion on samples.

Samples BET surface
area (m2/g)

Pore volume (cm3/g) Ea (kJ/mol) TOFK at 260 �C
(s�1 � 10�5)

Tm (�C) DT SCO2 (%)

Tight Loose Tight Loose

0K/MgAlO 116.1 0.26 – – 519 583 64 87.9 75.7
2K/MgAlO 88.9 0.21 110.1 6.05 419 466 47 92.7 91.7
5K/MgAlO 72.7 0.18 112.6 5.69 381 413 32 94.9 93.1
8K/MgAlO 46.6 0.12 110.2 3.97 357 (384)a 373 (437)a 16 (53)a 95.4 (95.7)a 93.4 (97.4)a

15K/MgAlO 13.2 0.10 – – 354 364 10 97.0 95.5
8K/MgO 22.3 0.04 – – 351 (434)a – – 97.0 (93.2)a –
8K/Al2O3 63.7 0.28 – – 377 (428)a – – 96.4 (94.4)a –

a Twenty-one times TPO.
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and quadruple mass spectrometer (MS, OmniStar 200, Balzers),
respectively.

XPS data were taken on an AXIS-Ultra instrument from Kra-
tos Analytical using monochromatic Al Ka radiation (225 W,
15 mA, 15 kV) and low-energy electron flooding for charge
compensation. To compensate for surface charges effects, bind-
ing energies were calibrated using C 1s hydrocarbon peak at
284.80 eV.
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The partially oxidized soot–8K/MgAlO sample was obtained by
quenching the TPO reaction of the soot and 8K/MgAlO mixture un-
der tight contact at 350 �C (Tm). The FTIR spectrum of the sample
was recorded on a Bruker Tensor 27 spectrometer in the range of
400–4000 cm�1 using the KBr dilution. For comparison, FTIR spec-
tra of the fresh soot–8K/MgAlO mixture under tight contact and
the used 8K/MgAlO sample after TPO were also recorded.

Carbothermal reduction in the absence of gas phase oxygen was
done in a fixed-bed flow reactor. A 50 mg sample of the soot/cata-
lyst mixture (1:9, weight ratio) under tight contact was pretreated
in He (100 ml/min) at 200 �C for 1 h and then heated at 5 �C/min
from room temperature to 900 �C.

The transient reaction was performed in a fixed-bed flow reac-
tor. Prior to the reaction, a 50 mg sample of the soot and 8K/MgAlO
mixture under tight contact was pretreated in He (50 ml/min) at
200 �C for 1 h. The transient reaction was then started and sepa-
rated into three phases. In the 1st phase, a TPO reaction was carried
out with 9.97% oxygen in He (100 ml/min) at a heating rate of 5 �C/
min up to 350 �C. Then the 2nd phase was started by switching to
the flow of He (50 ml/min), and the sample was flushed for 1 h at
350 �C. In the final phase, the mixture was further heated to 900 �C
at a rate of 5 �C /min.
3. Results

3.1. TPO and isothermal reactions

Fig. 1 shows the TPO patterns of soot combustion on catalysts
under both tight and loose contact conditions. The derived values
of Tm, SCO2 and DTm are summarized in Table 1. Tm and SCO2 for
the uncatalyzed soot combustion were about 613 �C and 69.3%,
respectively. The 0K/MgAlO sample shows modest activity only
in tight contact condition, but all TPO patterns for both tight and
loose contacts shift to lower temperatures after K addition. Fur-
thermore, Tm and DTm decreased, while SCO2 slightly increased
monotonously with the increase in K amounts. These results indi-
cated that the presence of K significantly improved the activity and
the selectivity to CO2 and depressed the sensitivity to contact be-
tween soot and catalyst. Because the 15K/MgAlO sample shows
nearly the same Tm as the 8K/MgAlO sample, further increase in
K amount is unnecessary in terms of Tm, which suggests the sup-
porting amount of K should not be more than 8 wt.%. This is consis-
tent with the optimum K content about 7 wt.% for Ba,K/CeO2 [19].

Under tight contact conditions, one COx peak was observed for
all samples, while a main peak and a shoulder (�575 �C) were ob-
served for K-supported samples under loose contact conditions.
The shoulder peak was attributed to uncatalyzed combustion due
to poor contact between soot and catalyst. Furthermore, as shown
in the insets in Fig. 1a and c, a weak CO2 desorption peak after soot
Fig. 2. Arrhenius plots for uncatalyzed and catalyzed soot combustion.
combustion completion was also found in the 8K/MgAlO and 15K/
MgAlO samples at 700–750 �C under both tight and loose contact
conditions; this is not the case, however, for CO (insets in Fig. 1b
and d).

Fig. 1e shows the repeated TPO patterns of the 8K/MgAlO sam-
ple. Although the selectivity to CO2 was more or less the same,
after 20 cycles of TPO, Tm rose about 7% and 15% under tight and
loose contact, respectively. This rise corresponds to the gradual
disappearance of the weak peak of CO2 at 700–750 �C. Simulta-
neously, DTm rose to the value near to that of 2K/MgAlO.

As shown in Fig. 2, Ea and TOFK at 260 �C were calculated and
given in Table 1. TOFK decreased in the sequence of 2K/MgA-
lO > 5K/MgAlO > 8K/MgAlO, suggesting the specific catalytic activ-
Fig. 3. XRD patterns of the 0K/MgAlO, 2K/MgAlO, 5K/MgAlO, 8K/MgAlO and 15K/
MgAlO samples before (a) and after (b) calcination as well as the 8K/MgAlO sample
after reactions (c). 8K/MgAlO1: after 1 time TPO reaction; 8K/MgAlO20: after 20
times TPO reactions; 8K/MgAlOi1: after isothermal combustion at 350 �C with soot/
catalyst = 1/2; 8K/MgAlOi2: after isothermal combustion at 350 �C with soot/
catalyst = 1/4; and 8K/MgAlOi2t: after TPD of the 8K/MgAlOi2 sample in He until
800 �C. The insets in (a) are the patters of Mg–Al hydrotalcite (1) and its derived
oxides (2). H: hydrotalcite; o: Mg(OH)2; M: MgO; #: MgAl2O4; +: K2CO3; v:
K2Mg(CO3)2�4H2O; �: KAl(CO3)(OH)2.
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ity is contrary to what is shown by Tm. Ea for the uncatalyzed reac-
tion is around 141 kJ/mol, which decreased to about 110 kJ/mol for
K-supported MgAlO. This suggests that the reaction mechanism
might be changed in the presence of K-supported MgAlO catalysts.

3.2. Characterization

3.2.1. XRD
Fig. 3 shows the XRD patterns of the hydrotalcite-derived sam-

ples after supporting K2CO3. In the inset of Fig. 3a, Mg–Al hydrotal-
cite structure (JCPDS 70-2151) was confirmed (Fig. 3a0). The
derived oxide consists of ill-crystalline periclase MgO (JCPDS 45-
0946) and spinel-type MgAl2O4 (JCPDS 21-1152) phases
(Fig. 3a1). After the mixed oxide was rehydrated with water or sup-
ported with K2CO3, the MgO phase would convert into brucite
Mg(OH)2 (JCPDS 86-0441) and the hydrotalcite structure partially
recovered. All K-supported samples show stronger (0 0 3) and
(0 0 6) peaks than the 0K/MgAlO sample, suggesting that K salt en-
hances the recovery of the hydrotalcite structure. Furthermore, as
the amount of K increased to 8 wt.%, a new phase
K2Mg(CO3)2�4H2O (JCPDS 83-1955) appeared. It has been found
that, when the supporting amount approaches the monolayer dis-
persion threshold, the interaction between K2CO3 and the support
becomes so strong as to lead to formation of such a stoichiometric
substance [24]. This suggests that the highest limit of the mono-
layer dispersion of K+ ions on hydrotalcite-derived oxide is not
more than 8 wt.% of the supporting amount. However, only in
the 15K/MgAlO sample can the K2CO3 (JCPDS 49-1093) phase be
observed.

Fig. 3b shows the XRD patterns of the above samples after cal-
cination at 850 �C for 2 h. While the crystalline K2CO3 still re-
mained on the 15K/MgAlO sample, the 2K/MgAlO, 5K/MgAlO and
8K/MgAlO samples show only MgO and MgAl2O4 phases, similar
to the 0K/MgAlO sample, which implies the high dispersion of K
species on the surface. This is reasonable because the low-temper-
ature decomposition of supported K2CO3 was reported to occur via
interactions with surface hydroxy groups [25]. In addition,
K2Mg(CO3)2�4H2O was said to decompose into K2CO3 at 350–
400 �C [26], which can be further decomposed into KOx species
and CO2 [27]. This is also demonstrated by the temperature-pro-
grammed decomposition profile of the 8K/MgAlO sample before
calcination, which presents CO2 desorption at 700–850 �C (results
not shown here).
Fig. 4. In situ DRIFT spectra of CO adsorption on the 8K/MgAlO (A), 5K/MgAlO (B) and 0
Taking the 8K/MgAlO sample as an example, Fig. 3c shows the
XRD patterns of the used catalysts. After 1–20 times TPO cycles,
the 8K/MgAlO sample retained its original state. In addition, the
K2Mg(CO3)2�4H2O phase was likely formed due to air exposure.
However, both 8K/MgAlOi1 and 8K/MgAlOi2 samples show
K2Mg(CO3)2�4H2O and a new phase, KAl(CO3)(OH)2 (JCPDS 21-
0979), which confirms the formation of Mg–O–K and Al–O–K
bonds on K-supported samples. KAl(CO3)(OH)2 was reported to
decompose into aluminates and/or high dispersions of surface K
bound to Al at about 320 �C (the optimum decomposition temper-
ature is 420 �C), depending on K amount and calcination tempera-
tures [25,27]. As no aluminates were detected on the 8K/MgAlOi2t
sample, the latter was expected.

3.2.2. Textural property (BET and pore distribution)
Table 1 also shows the BET surface areas and pore volumes of

samples. A monotonous decrease was observed for both with the
increase in K amount, which corresponds to the increase in pore
sizes. This suggests that the supported K species blocked some
pores and caused dense surface coverage, especially for the 15K/
MgAlO sample that presented bulk K2CO3 phase.

3.2.3. In situ DRIFT spectra of CO adsorption
Fig. 4 shows in situ DRIFT spectra of CO adsorption on the 0K/

MgAlO, 5K/MgAlO and 8K/MgAlO samples. The assignments of
some IR bands are summarized in Table 2. As shown in Fig. 4A,
the 8K/MgAlO sample always exhibits a strong doublet assigned
to physisorbed CO2 at 2361 and 2343 cm�1, which intensified
when heated to 200 �C and weakened at 250 �C. In the case of
the 5K/MgAlO sample, the same doublet was raised at 100 �C but
was much weaker. No relevant bands were detected on the 0K/
MgAlO sample.

For both K-supported samples, some pronounced bands as-
signed to carboxy species were detected between 1200 and
1800 cm�1. The formate was formed at a lower temperature and
transformed into carboxylate at 150 �C, which then intensified at
200 �C. When the temperature reached 250 �C, some carboxylates
developed into carbonates. This was not the case for 0K/MgAlO,
in which these signals are very weak.

The above two occurrences suggest that CO can be more easily
oxidized into CO2 rather than carbonates on the K-supported sam-
ples. This was assigned to the formation of surface suprafacial,
weakly chemisorbed oxygen (for instance, O�2 ), after K addition. Be-
K/MgAlO (C) samples at 50 �C (a), 100 �C (b), 150 �C (c), 200 �C (d) and 250 �C (e).



Table 2
IR bands and assignments of the species formed after CO adsorption on samples.

IR bands (cm�1) Assignments Samples Ref.

2361, 2343 Physisorbed CO2 5, 8K/MgAlO [28]
1670–1650 Carboxylate 0, 5, 8K/MgAlO [29,30]
1615–1600 Formate 5, 8K/MgAlO [29,31]
1550–1510, 1330–1325 Monodentate carbonate 5, 8K/MgAlO [29]
1424 Carbonate bridging K+ and Al3+ ions 5, 8K/MgAlO [25,32]
1649, 1477 Bicarbonate 0K/MgAlO [33]
1404 Carbonate bonding to Mg 0K/MgAlO [34]
1660–1650 H2O 0, 5, 8K/MgAlO [32]

Fig. 6. (a) CO2-TPD profiles of the 0K/MgAlO, 2K/MgAlO, 5K/MgAlO, 8K/MgAlO and
8K/MgAlO20 samples at 50 �C. The inset is for 8K/MgAlOi2 (see text). (b) In situ FTIR
spectra of the 0K/MgAlO, 2K/MgAlO, 5K/MgAlO and 8K/MgAlO samples at 250 �C
after heat treatment at 500 �C for 1 h in He.
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cause of the lower electro-negativity of K, the greater ease of elec-
tron release resulted in the weakening of the K–O bond [11]. Fur-
thermore, the formed CO2 is easily desorbed at soot ignition
temperature.

3.2.4. CO-TPR
Fig. 5 shows the consumption of CO and the resulting produc-

tion of CO2 as well as COx concentrations during CO-TPR, which
confirmed the above DRIFT results. All K-supported samples show
lower ignition temperatures and larger amounts of CO consump-
tion compared with the 0K/MgAlO sample. This suggests a great in-
crease in the reactivity and amount of active oxygen, as indicated
in Section 3.2.3. An increase in the K-supporting amount from 2
to 8 wt.% progressively shifted the TPR plots to lower tempera-
tures. In addition, as seen from COx curves, an additional CO2

desorption peak at 700–800 �C for the K-supported samples was
also observed, which is evidently not from the direct oxidation of
CO by catalysts. The more the K amount, the stronger the peak is.
Compared with the insets in Fig. 1a, c and e, it accords with the
weak CO2 peak at 700–750 �C in TPO patterns.

3.2.5. CO2-TPD
Fig. 6a shows the CO2-TPD profiles of 0K/MgAlO, 2K/MgAlO, 5K/

MgAlO, 8K/MgAlO and 8K/MgAlO20 samples. The simultaneous
desorption of H2O was also monitored by MS for reference. The in-
set for 8K/MgAlOi2t was done as follows: as soon as the 8K/MgAlO
sample completed isothermal soot combustion (soot/catalyst = 1/
4) at 350 �C and cooled down to room temperature in He, the tem-
perature-programmed decomposition was proceeded in the same
condition as that used in CO2-TPD. The 0K/MgAlO sample shows
a wide spectrum from room temperature to about 450 �C, which
was deconvoluted by Di Cosimo et al. [35] into three CO2 adsorbed
species: bicarbonates on weakly basic OH groups, bidentate car-
bonates on Mg–O pairs with accessible cations and unidentate car-
Fig. 5. CO-TPR profiles of the 0K/MgAlO, 2K/MgAlO, 5K/MgAlO and 8K/MgAlO
samples. COx: the sum of CO2 and CO concentrations.
bonates on strongly basic surface O2� anions. As to the K-
supported samples, CO2 desorption peaks at lower temperatures
shift toward to higher temperatures, which might be caused by
the changes in adsorption species. Furthermore, the peak displayed
much more CO2 desorption for the 5K/MgAlO and 8K/MgAlO sam-
ples. As noted earlier, the two phenomena could be attributed to
the CO2 adsorption on Mg–O–K and Al–O–K basic sites (for in-
stance, the formation of adsorbed K2Mg(CO3)2 and KAl(CO3)(OH)2

species). Importantly, a wide CO2 desorption above 450 �C was ob-
served, which can be exclusively correlated with new sites caused
by the addition of K. The peak, which corresponds to the CO2 peak
at higher temperatures in TPO and CO-TPR, also appeared on 8K/
MgAlOi2t at about 725 �C. These new sites are likely, for instance,
strong basic sites and/or sites for formation of carbonates such as
K2CO3.

For the purpose of removal of physisorption and bicarbonates,
CO2 adsorption at 250 �C was also conducted. The ratio of CO2/



Fig. 7. XPS spectra of O 1s (a), C 1s and K 2p (b) for the 0K/MgAlO, 8K/MgAlO and
8K/MgAlO20 samples.
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K2O was listed in Table 3. The high ratio for the 2K/MgAlO sample,
together with the high TOFK, is thus interpreted as evidence for the
highest K dispersion. On the other hand, the low ratio for the 5K/
MgAlO and 8K/MgAlO samples suggests a low K dispersion. There-
fore, combined with XRD results, two kinds of K species were thus
expected at least on samples with high supporting amount of K
[23]. One K species (KI) had better contacts and strong interaction
with supports in relatively small particle sizes, which were highly
dispersed and most probably formed through the replacement of
the hydroxyl groups on calcined hydrotalcite by K+ ions as con-
firmed by 1H MAS NMR [24]. Our results of the in situ FTIR spectra
at 250 �C also confirmed this. As shown in Fig. 6b, the hydrogen-
bonded hydroxy groups at 3511 cm�1 were found on the 0K/MgA-
lO and K-supported samples, while the band due to isolated hydro-
xy groups (Mg(Al)–OH) at 3720 cm�1 diminished for the 2K/MgAlO
sample and vanished for the 5K/MgAlO and 8K/MgAlO samples,
which should be related to the suggested conversion of Mg(Al)–
OH into Mg(Al)–OK surface groups [25]. These K species were
shown by the lower temperature of CO2 desorption at higher tem-
perature for the 2K/MgAlO sample compared to the 5K/MgAlO and
8K/MgAlO samples. Another K species (KII) could be the free (iso-
lated) K (including bulk K2CO3 for 15K/MgAlO), which were in lar-
ger particle sizes [22]. These K species were more easily lost (for
instance, through sublimation [1]), as shown by the amount of
CO2 desorption at higher temperatures, which decreased greatly
for the 8K/MgAlO20 sample compared to the 8K/MgAlO sample.

The strong correlation of the ratio of CO2/K2O and TOFK suggests
that the reaction proceeds mainly on the K sites. In order to judge
whether this was accurate, TOFCO2 at 260 �C was calculated. As
shown in Table 3, no significant difference in the TOFCO2 on K-sup-
ported catalysts was observed irrespective of different supporting
amounts of K, which clearly indicates that the reaction proceeds
mainly on the K sites [36]. This finding was also reported in a pre-
vious study by An and McGinn [1].
3.2.6. XPS
Fig. 7 shows XPS spectra of O 1s, C 1s and K 2p for the 0K/MgA-

lO, 8K/MgAlO and 8K/MgAlO20 samples. The surface concentra-
tions (expressed as percentage of surface atomic ratios) are
presented in Table 4. The broad O 1s spectra were observed for
all samples. Peak deconvolution and fitting reveal the samples
are comprised of two well-defined components, OI and OII, repre-
senting two different kinds of surface species. It is generally agreed
that OI, with lower binding energy (BE) (�530 eV), is characteristic
of the lattice oxygen bound to metal cations of the structure [37],
while OII, with a higher BE (�531 eV), belongs most likely to sur-
face oxygen such as hydroxyl and carbonate oxygen [10,37]. The
O 1s peak of 8K/MgAlO shifts to a lower BE compared with 0K/
MgAlO, which can be related basically to the elimination of hydro-
xyl groups simultaneous to the decomposition of surface carbon-
ates [25]. In the C ls region, two peaks are detected. The CI peak
at 284.8 eV does not change in position and is likely associated
with carbon contaminations. The second peak CII at �289.4 eV is
mostly likely due to carbonate carbon. The lowest CII value for
8K/MgAlO leads us to infer that the supported K2CO3 has decom-
posed after calcination. These modifications might suggest that
the 8K/MgAlO sample possessed more lattice oxygen than the
Table 3
CO2 adsorption at 250 �C and TOFCO2 .

Samples CO2 adsorbed at
250 �C (lmol/g)

CO2/K2O TOFCO2 at
260 �C (s�1 � 10�3)

2K/MgAlO 44.15 0.17 1.41
5K/MgAlO 91.09 0.14 1.60
8K/MgAlO 101.52 0.10 1.61
0K/MgAlO sample, as shown in Table 4. After 20 times TPO, the
concentrations of these surface lattice oxygen species decreased,
confirming their suitability for soot combustion [10]. The atomic
ratio of Mg/Al on the 0K/MgAlO sample was about 2.27, a little
lower than the stoichiometry. For the 8K/MgAlO sample, this ratio
dropped further, suggesting that the surface is rich in Al for fresh
samples. Such surface enrichment of Al upon calcination has also
been observed in many studies [38]. However, in comparison with
8K/MgAlO, the 8K/MgAlO20 sample shows a large reduction in K
(the peak intensity of K 2p in Fig. 8b weakened) and Al concentra-
tions simultaneously, while Mg and C (CII) concentrations
increased.

3.2.7. Ex situ FTIR
In order to investigate the intermediate species on K-supported

catalysts for soot combustion, the FTIR spectra of partly oxidized
soot–8K/MgAlO and soot–0K/MgAlO samples were recorded ex situ
and compared with the spectra of the nonoxidized and fully oxi-
dized samples. As shown in Fig. 8, no marked difference is shown
between the nonoxidized and fully oxidized samples. In the case
of partly oxidized mixture, a well-defined band at 2171 cm�1

was observed, which is the characteristic bond of the ketene group
arising from out-of-phase or antisymmetric stretch of the C@C@O
moiety [39,40]. However, the ketene group was not seen in the
soot–0K/MgAlO sample (results not shown here). This suggests
that K is prerequisite to the formation of the ketene group, a car-
bon–oxygen complex formed during soot combustion for K-sup-
ported samples.

3.3. Carbothermal reduction

Carbothermal reduction under the flow of high purity He was
thought to give information on intrinsic oxidation capability. As



Fig. 10. Concentrations of CO2, CO and O2 as well as temperatures in the transient
reaction on the 8K/MgAlO sample.

Table 4
XPS analysis results.

Samples Surface atomic ratio (%) Mg/Al K/(Mg + Al)

Mg Al K O (OI)a C (CII)b

0K/MgAlO 20.03 8.81 – 55.65 (9.75) 15.52 (7.34) 2.27 (3)c –
8K/MgAlO 16.86 15.09 3.94 55.62 (15.18) 8.50 (2.79) 1.12 0.12
8K/MgAlO20 18.68 11.98 2.28 52.53 (10.80) 14.53 (3.92) 1.56 0.07

a Surface lattice oxygen.
b Carbon due exclusively to the C 1s (289.4 eV) species.
c Bulk ratio based on stoichiometry.

Fig. 8. Ex situ FTIR spectra of the nonoxidized soot–8K/MgAlO mixture (1/9 weight
ratio) under tight contact (a), the fully oxidized mixture after TPO test (b), the partly
oxidized mixture obtained by stopping the TPO test at 350 �C (c), and the mixture at
the end of 2nd phase in transient reaction (d), see text.

Fig. 9. Carbothermic reduction of soot on the 0K/MgAlO, 5K/MgAlO and 8K/MgAlO
samples.
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shown in Fig. 9, CO2 was formed in the absence of gas phase O2 for
all samples, which can be assigned to the reactivity of surface ac-
tive oxygen species. The amount of CO2 produced are 921.6,
885.9 and 405.2 lmol/g for the 8K/MgAlO, 5K/MgAlO and 0K/MgA-
lO samples, respectively. This sequence is consistent with the re-
sult of CO-TPR. However, above �600 �C, the formation of CO
substituted for CO2 should be attributed to strongly bonded lattice
oxygen [41]. Because the 8K/MgAlO and 5K/MgAlO samples pro-
duced more CO in comparison with the 0K/MgAlO sample, the
mobility of lattice oxygen also unambiguously increased after K
addition. As the supported catalysts can be expected, the kind of
lattice oxygen was limited to a surface K-containing layer.
3.4. Transient reaction

In order to elucidate the reaction pathway, Fig. 10 shows a tran-
sient reaction over the 8K/MgAlO sample. In the 1st phase, soot
was oxidized into CO2 and CO while the temperature increased
to 350 �C in the presence of O2. When the dosage of O2 was stopped
at 350 �C in the 2nd phase, the CO concentration sharply dropped
to zero, while the CO2 concentration declined slowly, implying that
some surface active oxygen on catalysts transferred to the ketene
group. As the evolution of CO2 decreased to zero, the ketene group
diminished, which can be shown from the vanishing of its charac-
teristic peak at 2171 cm�1 in Fig. 8d. In the 3rd phase, the temper-
ature continued to rise under inert atmosphere, which resulted in
the rapid CO2 desorption and formation of two overlapped peaks,
similar to CO2-TPD (Fig. 6a inset). This illustrates that the carbon-
ates formed in soot combustion were stable and could not decom-
pose in time. CO reappeared at higher temperature of �600 �C, the
concentration increasing with heating, consistent with carbother-
mal reduction results. As shown in the 1st phase, the production
of CO during soot isothermal combustion depends strongly on
the presence of gas phase O2, thus it can be shown that CO byprod-
uct comes from the direct oxidation of free carbon sites by gas
phase O2. When the production of CO2 is increased, the more free
carbon sites will be exposed, meaning the more CO will be
produced.
4. Discussion

It is long known that Al2O3 [42] is a nonactive sample, and MgO
[10] has a negligible effect on soot combustion. Their mixed oxide
derived from hydrotalcite was found to be similar to the perfor-
mance of MgO without effect from Al, which is easy to understand
considering they are not reducible. However, the introduction of K



Fig. 11. Mechanism illustration of COx formation in soot combustion with O2 on K-supported samples. M stands for metals of Mg or Al; C body is polyaromatic.
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induced that the Al2O3, MgO and MgAlO samples are active. As
shown in Table 1, in the first TPO reactions, Tm is in the sequence
of: 8K/MgO � 8K/MgAlO� 8K/Al2O3. On the other hand, all of
the three samples suffer the degradation after repeated TPO cycles.
Take the 20 times TPO cycles as examples, Tm (tight contact) rose
about 12%, 7% and 19% for 8K/Al2O3, 8K/MgAlO and 8K/MgO,
respectively, corresponding to the loss ratios of K about 26%, 22%
and 64% (detected by XRF). These facts suggest that although 8K/
MgO possesses good activity, its stability is low due to the great
loss of K. Contrarily, 8K/Al2O3 shows low activity, but its stability
is good. On the basis of XRD results (results not shown here), the
loss of K for 8K/MgO is attributed to the vanishing of the bulk
K2CO3 phase after 20 times TPO cycles. While in 8K/Al2O3, the bulk
K2Al2O4 phase was formed, which means the incorporation of K
into the catalyst. As given in Section 3.2, 8K/MgAlO shows neither
K2CO3 nor K2Al2O4 phases, then what is the intrinsic mechanism
for both the high activity and stability?

There are two factors that affect the solid–solid–gas reaction
system of catalytic soot combustion. One is the intrinsic oxidation
capability of the catalyst itself, which is related to the redox mech-
anism (Mars and van Krevelen); the other is the contact condition
between soot and catalyst, which is often associated with oxygen
spillover [43,44]. In real situations, however, the contact is poor
or loose. Therefore, the latter seems to be more important, in
which the formation of a carbon–oxygen complex is a reaction
intermediate step. Molecular orbital calculations have shown that
the carbon–oxygen complex can substantially weaken surface C–C
bonds in soot structure, leading to COx release [45].

First of all, as the K amount increases, the BET surface areas and
pore volumes are inversely related to catalytic performance. More-
over, although the pore size increases, it is not accessible for the
penetration of the soot agglomerates (size in about 177 nm) into
catalyst pores (less than 100 nm), even in the tight contact mode
[46]. Therefore, the contact between soot and catalyst in this work
was not affected by the textural properties of catalysts. Secondly,
DSC results do not show the occurrence of phase transition (results
not shown here). Thus, the wetting of the soot surface through the
low melting point compounds, or eutectics with other components
of catalysts, was not expected in the temperature range of soot
combustion [9]. Thirdly, the first H2-TPR spectrum for the 8K/MgA-
lO sample shows only one H2 consumption peak at about 690 �C,
which corresponds to the reduction of surface carbonates into CO
and H2O [8] (results not shown here). However, the second H2-
TPR spectrum shows no peaks at any temperatures. Therefore,
the presence of K does not modify the nonreducible characteristics
of the mixed oxides derived from hydrotalcite, which ruled out the
possibility of redox involving supports. Lastly, as displayed from
in situ DRIFTS analyses, CO2 appears at lower temperatures prior
to the appearance of carbonate species. This fact conflicts with
the results of a similar experiment [28], in which carbonate inter-
mediate was first formed and decomposed to CO2 at much lower
temperature. Furthermore, in the temperature range of soot com-
bustion from about 350–450 �C, the CO2 desorption is not domi-
nant as shown in CO2-TPD. Accordingly, it is deduced that the
combustion product CO2 is released from a weakly adsorbed COx

species.
A number of studies [4,19,47] have suggested that the carbon–

oxygen complexes were formed during soot combustion. Specially,
the carboxyl groups were identified by Liu et al. using an in situ UV-
Raman spectroscopy [4]. In this work, the carbon–oxygen complex
was identified to be the ketene group by an ex situ FTIR technique.
As the intermediate, the ketene group vanished after reactions
(Fig. 8d). In addition, the formation of the ketene group can be
attributed to the transfer of oxygen species on K sites to the free
carbon sites on soot. We have concluded these oxygen species
were surface-activated oxygen and can be supplied by gas phase
O2 and surface lattice oxygen as indicated by XPS analysis and car-
bothermal reduction.

Taking into account the results discussed above, the reaction
mechanism of K-supported Mg–Al hydrotalcite mixed oxides for
catalytic combustion of soot is described in Fig. 11. All character-
ization results show that surface K species (both KI and KII) were
active sites. The surface-activated oxygen on K sites might spill
over to the free carbon sites on soot to form a carbon–oxygen com-
plex, i.e. a ketene group, the reaction intermediate. The consumed
surface oxygen can be replenished by the chemisorption and disso-
ciation of gas phase oxygen or surface lattice oxygen due to K ef-
fect. The participation of the surface lattice oxygen in soot
combustion, in the absence of gas phase oxygen, is evident in
XPS, carbothermic reduction and transient reaction. The ketene
group is further oxidized into CO2 by other active oxygen, resulting
in more exposed free carbon sites. The free carbon species can be
directly oxidized into CO by gas phase oxygen, which brings about
the selectivity of soot combustion. As shown in Table 3, with the
increase in K, the amount of active sites increase, which will occu-
py more free carbon sites, avoiding combination with gas phase O2

into CO, resulting in little increase in CO2 selectivity. More impor-
tantly, K facilitates oxygen spillover to soot via the formation of ke-
tene species. Thus, the spillover oxygen from catalyst to soot might
act as the spreading of catalysts or as a liquid phase wetting of soot,
as if the catalysts possess mobility, which ameliorated loose con-
tact activity of K-supported samples [44].

Because the weak CO2 peak at 700–750 �C during TPO or CO-
TPR is not accompanied by CO production or consumption, it
should come from the decomposition of carbonates, which is con-
firmed by CO2-TPD. Taking 8K/MgAlO20 as an example, the disap-
pearance/decrease of CO2 desorption peak at 700–750 �C in TPO
and CO2-TPD patterns might be correlated with the loss of free K,
which results in the decrease in activity, especially in loose contact
conditions [1]. As indicated earlier, K and Al can form KAl(CO3)(OH)
during reactions, which decomposes into highly dispersed surface
K bound to Al after calcinations at higher temperatures. The simul-
taneous leaching of Al was also supported by XPS. However, this
tightly bound K species, different from the separate aluminate
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phase for 8K/Al2O3, are both active and stable. Therefore, the de-
crease in Mg/Al ratio in hydrotalcite, namely, the increase of Al
amount, might reduce the rate of K loss. This rooting of K on cata-
lyst is a contribution to soot combustion of Al addition into MgO to
form a K-supported composite oxide via the hydrotalcite route
[11].
5. Conclusions

The catalytic activity of Mg–Al hydrotalcite mixed oxides for
soot combustion with O2 was significantly improved by the addi-
tion of potassium. The optimum amount of potassium was below
8 wt.% of the supporting amount.

The reaction proceeds via an oxygen spillover mechanism. First,
the surface-activated oxygen on potassium sites spill over to the
free carbon sites on soot to form a carbon–oxygen complex, ketene
group, which was identified as the reaction intermediate. Then the
ketene group combined with another active oxygen species to give
out CO2. Thus, more amounts of free carbon sites were exposed,
resulting in the depletion of soot. The byproduct CO of soot com-
bustion with O2 came from the reaction of free carbon sites and
gas phase O2. The spillover oxygen may have acted as the spread-
ing of catalysts or as a liquid phase wetting of soot, which amelio-
rated loose contact activity.

Two kinds of highly dispersed potassium species, Mg(Al)–O–K
(tightly bound to Mg or Al) and free (isolated) potassium, were
formed on catalysts. As catalytically active species, they were
shown to increase the reactivity and amount of surface active oxy-
gen responsible for the formation of the ketene group. Although
the free K species were easily lost after repeated thermal cycles,
the stability of K can be greatly improved through the interaction
with Al. This is a contribution to soot combustion of Al addition
into MgO to form a K-supported composite oxide via the hydrotal-
cite route.
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