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a b s t r a c t

The KCl, KNO3, CaCl2, Ca(NO3)2, V–Ca and K–V–Ca catalysts supported on alumina ceramic substrates have
been prepared. X-ray diffraction and thermogravimetry/differential scanning calorimetry were used to
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characterize the catalysts, and their catalytic activities were evaluated by a soot oxidation reaction using
the temperature-programmed reaction system. The catalytic activity of KNO3 is higher than KCl, and the
catalytic activity of Ca(NO3)2 is as much as that of CaCl2. The catalyst containing a higher KNO3 content
exhibits CO2 adsorption, whereas higher CaCl2 and Ca(NO3)2 content can restrain the adsorption of CO2.
The K–V–Ca catalyst with a molar ratio of 6:1:1 had the lowest soot onset combustion temperature. The
melting and oxidation–reduction of KNO3, oxygen content of catalyst surface, and formation of some
eutectic phase may be the key factors in improving catalytic activity of catalysts.
. Introduction

Diesel engines play a vital role in world economy, especially
n transportation. Exhaust from traditional diesel engines using
igh-sulfur fuel contains high concentrations of respirable carbona-
eous particles with absorbed organic compounds [1]. During the
ast few decades, concerns have grown on the negative effects that
iesel particulate matter has on health. Because of this, particulate
missions were subjected to restrictions and various emission-
eduction technologies were developed [2]. The combination of
raps and oxidation catalysts appears to be the most plausible
fter-treatment technique to eliminate soot particles from diesel
ngines [3,4]. The science and technology of diesel particulate filters
DPF) have been reported [2,5]. In order to assure the regener-
tion of DPF, adopting catalytic oxidation is one of the effective
ethods. A potentially useful catalyst has to operate efficiently

t low temperatures since the temperature of typical exhausts
s 400 ◦C or below in light duty applications [6]. So the focus
f present research in this field is to find a catalyst that could
xidize the soot at the exhaust temperature of 150–400 ◦C for
odern diesel engine. Vanadate-based catalysts are effective for
owering the combustion onset temperature of diesel soot, such
s Au–V-based catalyst [7], Cs–K–V catalysts [8], CsVO3–MoO3,
s2MoO4–V2O5 [9–11], Cs4V2O7 [12], and V2O5–Pt/SiO2 catalysts
13]. It has been reported that the catalysts with addition of alkali
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metals are effective for lowering the combustion temperature of
carbon [14–24], such as K–V–I and Cu–K–V–Cl/TiO2 catalyst sys-
tems [25,26]. In the past decade, several investigations have been
conducted to develop effective catalysts. Addition of some chloride
salts (FeCl3, NaCl and KCl) increases the catalytic activity, for exam-
ple, FeCl3–KCl/CuO can reduce the Tmax of carbon oxidation from
780 to 500 ◦C [15]. KNO3 supported on ZrO2 have been studied for
diesel soot combustion [27]. In this work, we report the synthesis of
K–V–Ca catalysts supported on porous Al2O3 ceramics substrates.
The catalytic oxidation activities for diesel soot were investigated
in detail.

2. Experimental

2.1. Catalyst preparation

The chemicals used were analytical pure potassium chloride,
potassium nitrate, ammonium metavanadate, calcium chloride
and calcium nitrate. The theoretical compositions of the pro-
duced catalysts are shown in Table 1. The prepared catalysts were
ground in a mortar for about 15 min to obtain the extremely
fine mixed powders. Subsequently, 2 g of the fine powders was
dissolved into 20 ml deionized water by grinding to achieve a paint-
like mixture. The porous alumina ceramic substrates (dimension

20 mm × 15 mm × 1 mm) were impregnated with the paint-like
mixture to get coating layer and then dried in an oven at 50 ◦C.
After being dried, the mixture-coated substrates were calcined in
a furnace at 600 ◦C for 3 h to obtain catalyst-coated substrates for
catalytic oxidation measurement.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:linasui@126.com
dx.doi.org/10.1016/j.cej.2009.07.053
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Table 1
The theoretical compositions of the catalysts.

KCl:NH4VO3:CaCl2 (molar ratio) KNO3:NH4VO3:CaCl2 (molar ratio) KNO3:NH4VO3:Ca(NO3)2 (molar ratio) NH4VO3:Ca(NO3)2 (molar ratio)

1:1:0.1 1:1:1 1:1:0.1 2:1
1:1:0.5 3:1:1 1:1:0.5 1:1

1:1:1 1:2
1:1:2
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1:1:2 6:1:0.5

6:1:1
6:1:2

.2. Catalytic oxidation activity characterization

The temperature-programmed reaction (TPR) system was
quipped with the nondisperse infrared (NDIR) CO and CO2 online
nalyzer (Wuhan Cubic Optoelectronics Co. Ltd., China), and the
ata acquisition and recording units were used to evaluate the
atalytic performances of the catalysts. Before TPR testing, the
atalyst-coated substrate was fumed above the burning diesel
irectly to ensure that the obtained data is close to the real cat-
lyst performance in the field. About 2 mg soot was loaded on the
ubstrate. The soot onset ignition temperature (To), the peak tem-
erature (Tp), and �T (�T = Tp − To) were chosen for evaluating the
atalytic activity of the catalyst. During the TPR test, the tube fur-
ace was heated from room temperature to 500 ◦C at a heating rate
f 10 ◦C/min with the CO2-removed air fed into the furnace at a
ow rate of 1 l/min.

.3. Catalyst structure characterization

The crystalline phase of the catalyst materials was identified
y powder X-ray diffraction (XRD) (Rigaku D/max-rA, Rigaku,
apan) equipped with a Cu K� radiation source. Thermogravime-
ry/differential scanning calorimetry (TG–DSC) (STA 449C, Netzsch,
ermany) was used to study the phase changes of the obtained cat-
lysts. The thermal analyses were carried out at a heating rate of
0 ◦C/min.

.4. Surface area determination

The specific surface areas of the catalysts were determined by
he BET method in a NOVA-1000e surface area analyzer (American
uantachrome).

. Results and discussion

BET surface area data are presented in Table 2. It can be known
hat the NH4VO3–Ca(NO3)2 catalyst with a ratio of 1:1 has the low-
st surface area. The surface area increases with the increase of the
NO3 content. This demonstrates that the incorporation of KNO3
an improve the disperse degree of the catalysts.
Fig. 1(A) shows the TPR curves of single-composition catalysts.
s can be seen from Fig. 1(A), there are two peaks at 320 and
22 ◦C respectively on the TPR curve of KNO3. The peak at 320 ◦C
as suspected to attribute to the result of soot combustion. A new

xperimental procedure was then designed to identify the real soot

able 2
ET surface areas of the catalysts.

Catalysts BET surface area (m2/g)

KCl:NH4VO3:CaCl2 = 1:1:0.5 57.28
KNO3:NH4VO3:CaCl2 = 6:1:1 81.25
NH4VO3:Ca(NO3)2 = 1:1 53.42
KNO3:NH4VO3:Ca(NO3)2 = 1:1:0.1 62.42
KNO3:NH4VO3:Ca(NO3)2 = 1:1:1 68.67
KNO3:NH4VO3:Ca(NO3)2 = 6:1:1 84.76
Fig. 1. TPR curves of simplex composition catalysts: (A) first TPR run and (B) second
TPR run.

onset combustion temperature. In this procedure, after finishing
the first TPR run, we removed the samples from the furnace and
coated them with diesel soot; we then immediately placed the
samples into the hot furnace (about 300 ◦C) with CO2-free air. The
samples were cooled to room temperature in the furnace with-
out contacting CO2, and subsequently, the second TPR run started.
The second TPR curve in Fig. 1(B) shows that the small peak disap-
peared. It is confirmed that the KNO3 can adsorb CO2, which also
have been confirmed by previous study [28]. According to Fig. 1(A),
the soot onset ignition temperatures are 412 ◦C and 392 ◦C for the
pure KCl and KNO3 catalysts. In addition, there is a peak at 442 ◦C
on the TPR curve of KNO , while no peak is presented on the TPR
3
curve of KCl. The soot onset ignition temperature of KNO3 is lower
than KCl, and the soot oxidation rate of KCl is slower than KNO3.
Carrascull et al. [27] have explained that KNO3 plays an important
role during soot oxidation. On the one hand, the molten potassium
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Fig. 3. TPR curves of KNO3–NH4VO3–CaCl2 catalysts: (A) first TPR run and (B)
ig. 2. TPR curves of KCl–NH4VO3–CaCl2 catalysts: (a) KCl:NH4VO3:CaCl2 = 1:1:0.1,
b) KCl:NH4VO3:CaCl2 = 1:1:0.5, (c) KCl:NH4VO3:CaCl2 = 1:1:1 and (d)
Cl:NH4VO3:CaCl2 = 1:1:2.

itrate makes it possible to obtain good contact between the cata-
yst and diesel soot; on the other hand, the probable mechanisms
re that one in which the nitrate is reduced to nitrite by the reaction
ith carbon and that the oxygen or the nitrogen oxide oxidize the
itrite again to nitrate.

KNO3 + C → 2KNO2 + CO2

KNO2 + O2 → 2KNO3

The soot combustion curves of pure CaCl2 and Ca(NO3)2 cata-
ysts are presented in Fig. 1(A). The soot onset ignition temperature
f CaCl2 at 430 ◦C is as much as that of Ca(NO3)2. In fact, Ca(NO3)2
tarts to decompose at 500 ◦C, so CaO plays a key role during soot
xidation. The very low CO2 concentrations on the TPR curves of
aCl2 and CaO show that the catalytic activity of CaCl2 and CaO is

ower than KCl and KNO3. Moreover, no low-temperature peaks on
PR curves confirm that CaCl2 and CaO cannot adsorb CO2.

The TPR curves of soot combustion in CO2-removed airflow for
Cl–NH4VO3–CaCl2 catalysts supported on alumina substrates are
lotted in Fig. 2. For the catalyst b, the soot onset ignition temper-
ture is 398 ◦C, the peak temperature is 481 ◦C, and the �T is 83 ◦C.
he other three catalysts present higher soot onset ignition temper-
ture, and no peak temperature is presented on the TPR curves. So
he catalyst b displays the lowest soot onset ignition temperature
nd the quickest soot oxidation rate among the four catalysts.

Fig. 3 presents the TPR curves of KNO3–NH4VO3–CaCl2catalysts.
t can be seen from Fig. 3(A), the onset soot ignition temperature
s 365 ◦C for catalyst a, there is a little increase at about 300 ◦C for
atalysts b and f. However, three small peaks appear at 315, 347,
nd 333 ◦C for catalysts c, d, and e, respectively. The second TPR
un curves are shown in Fig. 3(B). As can be seen from this figure,
hese little increase and small peaks disappear. So it can be con-
luded that the catalysts containing a certain amount of KNO3 have
physical adsorption for CO2. Both KNO3 and CaCl2 content have

ome effects on the amount of adsorbed CO2. The higher the KNO3
ontent of catalyst is, the larger the amount of adsorbed CO2 is.
owever, the amount of adsorbed CO2 decreased with the increase
f CaCl2 content. It can be seen clearly from Fig. 3 that the soot
nset combustion temperatures and the peak temperatures for cat-

◦
lysts a, b, c, d, e and f are about 363, 354, 330, 328, 318, 330 C
nd 470, 420, 427, 419, 406, 416 ◦C, respectively. So the �T is 107,
6, 97, 91, 88 and 86 ◦C, respectively. The catalyst e presents the

owest soot onset ignition temperature, and the catalyst b presents
he quickest soot oxidation rate. To sum up, the catalytic activity
second TPR run. (a) KNO3:NH4VO3:CaCl2 = 1:1:1, (b) KNO3:NH4VO3:CaCl2 = 3:1:1,
(c) KNO3:NH4VO3:CaCl2 = 6:1:0.1, (d) KNO3:NH4VO3:CaCl2 = 6:1:0.5, (e)
KNO3:NH4VO3:CaCl2 = 6:1:1 and (f) KNO3:NH4VO3:CaCl2 = 6:1:2.

of KNO3:NH4VO3:CaCl2 with a molar ratio of 1:1:1 is higher than
KCl:NH4VO3:CaCl2 with a molar ratio of 1:1:1.

Fig. 4 presents the TPR curves of the KNO3–NH4VO3–Ca(NO3)2
catalysts. There is a small increase at 300 ◦C for catalyst e and
a small peak at 320 ◦C for catalyst f. The second TPR run curves
shows that the small increase and small peak disappear. The cat-
alysts a, b, c, d, e and f have an onset soot ignition temperature
at 350, 350, 350, 367, 335 and 310 ◦C. The peak temperatures are
467, 463, 434, 470, 420 and 406 ◦C, and the �T are 117, 113, 84,
103, 85 and 96 ◦C for above six catalysts. The catalyst f presents
the lowest soot onset ignition temperature and the catalyst e
shows the quickest soot oxidation rate among the six catalysts.
Compared catalyst c in Fig. 4 with the catalyst a in Fig. 3, it
shows that the catalytic activity of KNO3:NH4VO3:Ca(NO3)2 = 1:1:1
is better than that of KNO3:NH4VO3:CaCl2 = 1:1:1. The cat-
alytic activity order is as follows: KNO3:NH4VO3:Ca(NO3)2 =
1:1:1 > KNO3:NH4VO3:CaCl2 = 1:1:1 > KCl:NH4VO3:CaCl2 = 1:1:1.

Fig. 5 is the TPR curves of NH4VO3–Ca(NO3)2. The soot onset
ignition temperatures of the Ca(NO3)2–NH4VO3 catalysts are 398,
372 and 398 ◦C. The peak temperatures of catalysts a and b appear
at 524 and 522 ◦C, whereas the peak temperature for the catalyst c
appears at 550 ◦C. When the molar ratio of NH4VO3 and Ca(NO3)2
is 1:1, the soot onset ignition temperature is the lowest among the
above three catalysts.

The X-ray diffraction patterns of the catalysts are presented in
Fig. 6. The main crystalline phases of catalysts are listed in Table 3.

The soot onset ignition temperature is 412 ◦C with the action of
KCl, whereas it is 398 ◦C and it appears the peak at 481 ◦C in the
cooperation between KCl and CaV2O6 for the KCl–NH4VO3–CaCl2
catalyst with a molar ratio of 1:1:0.5. It illustrates fully that the
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Fig. 4. TPR curves of KNO3–NH4VO3–Ca(NO3)2 catalysts: (A) first TPR
run and (B) second TPR run. (a) KNO3:NH4VO3:Ca(NO3)2 = 1:1:0.1, (b)
KNO3:NH4VO3:Ca(NO3)2 = 1:1:0.5, (c) KNO3:NH4VO3:Ca(NO3)2 = 1:1:1, (d)
KNO3:NH4VO3:Ca(NO3)2 = 1:1:2, (e) KNO3:NH4VO3:Ca(NO3)2 = 3:1:1, (f)
KNO3:NH4VO3:Ca(NO3)2 = 6:1:1.

Fig. 5. TPR curves of NH4VO3–Ca(NO3)2 catalysts: (a) NH4VO3:Ca(NO3)2 = 2:1, (b)
NH4VO3:Ca(NO3)2 = 1:1 and (c) NH4VO3:Ca(NO3)2 = 1:2.

Table 3
The main crystalline phases of catalysts.

Catalysts Main crystalline phases

KCl:NH4VO3:CaCl2 = 1:1:0.5 KCl, CaV2O6

KNO3:NH4VO3:CaCl2 = 6:1:1 KNO3, CaV2O5, KCl
NH4VO3:Ca(NO3)2 = 1:1 Ca2V2O7, CaV2O6, Ca10V6O25

KNO3:NH4VO3:Ca(NO3)2 = 1:1:0.1 KNO3, KVO3

KNO3:NH4VO3:Ca(NO3)2 = 1:1:1 KNO3, KVO3, Ca3(VO4)2

KNO3:NH4VO3:Ca(NO3)2 = 6:1:1 KNO3, Ca3(VO4)2, KCa10V7O28
Fig. 6. XRD patterns of catalysts.

soot oxidation rate of the cooperation between KCl and CaV2O6
is more rapid than the pure KCl. It may be the presence of CaV2O6
increases the oxygen content on the surface of catalyst. In the coop-
eration of the crystalline phase Ca2V2O7, CaV2O6 and Ca10V6O25,
the soot onset ignition temperature is 372 ◦C for the NH4VO3–Ca
(NO3)2 catalyst with a molar ratio of 1:1, which is lower than pure
Ca(NO3)2 and CaCl2 catalysts. The soot onset ignition temperature
is 350 ◦C with the action of KNO3 and KVO3, which is as much as
that of KNO3, KVO3 and Ca3(VO4)2. The soot oxygen rate �T is
84 ◦C at the presence of KNO3, KVO3 and Ca3(VO4)2, which is more
rapid than that of KNO3 and KVO3 with �T of 117 ◦C. At the pres-
ence of KNO3, Ca3(VO4) 2 and KCa10V7O28, the soot onset ignition
temperature is lowered 40 ◦C than that of KNO3, KVO3, Ca3(VO4)2.
The high oxygen content of catalyst surface may be one of the key
factors of improvement of catalytic activity. In addition, the high
KNO3 content is one main reason of lowering the soot onset igni-
tion temperature. Though the KNO3, Ca3(VO4)2 and KCa10V7O28
contain higher oxygen content than KNO3, CaV2O5 and KCl, the cat-
alytic activity of the two catalysts is almost the same. It can be seen
from the XRD patterns that the KNO3 peak is strong very much. So
the catalytic oxidation of KNO3 is very important. According to the
previous publication [29], the onset ignition temperature is 369 ◦C
for K–V catalyst with a ratio of 2:1 with the cooperation of the
KCl, KVO3 and K3V5O14. It can be seen that K–V–Ca catalyst with
a proper ratio can show better catalytic activity than K–V catalyst.
Much work was devoted to K or V catalyst for the combustion of
soot. KCl/CuO catalysts showed a start-up burning temperature at
500 ◦C [15]. Carrascull et al. [27] studied the KNO3/ZrO2 catalysts
with a Tp at 395 ◦C. The catalytic combustion of soot was carried out
in flowing NO/O2/He mixture (50 ml/min). Tp was 579 and 602 ◦C
when the Cu–V/Al2O3 catalyst and soot were in tight contact and
loose contact condition respectively [30]. It can be seen that K–V–Ca
catalyst with a proper ratio can show better catalytic activity than
above catalysts.

The DSC curves of catalysts are shown in Fig. 7. The catalyst a
exhibits no evident variation below 500 ◦C. The catalyst b shows
four endothermic effects at 129.8, 268.5, 314.9 and 359.3 ◦C. There
are three peaks at 134.2, 306.6 and 474.3 ◦C on the DSC curve of
catalyst c. There are three endothermic effects at 131.1, 324.2 and
435.7 ◦C on the DSC curve of catalyst d. Because catalysts b, c and d
all contain KNO3, the endothermic effects at 129.8/134.2/131.1 ◦C
and 314.9/306.6/324.2 ◦C with no corresponding weigh loss should

be attributed to the KNO3 phase transformation and the melting
of KNO3. The variation of KNO3 phase transformation temperature
and melting temperature could be affected by other phases, so the
DSC peaks deviated. The melting KNO3 can enhance the contact
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etween catalysts and soot, which leads to the improvement of
he catalytic activity of catalysts. The peaks at 134.2 and 306.6 ◦C
n the DSC curve of the catalyst b correspond to very little weight
oss, which should be desorption of adsorbed CO2 on the catalyst

urface. The amount of adsorbed CO2 is too little to be detected
y TPR system. Because the KCl has no phase transformation and
elting below 500 ◦C, the peaks at 268.5 and 359.3 ◦C attributed

o the phase transformation or melting of CaV2O5. As the melting
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of XRD pattern, which means that both KVO3 and Ca3(VO4)2 have
no phase transformation. For the peaks at 474.3 and 435.7 ◦C on the
DSC curves, with no corresponding weight loss is likely attributed to
the formation of a eutectic phase between KNO3 and KVO3 or KNO3,
KVO3 and Ca3(VO4)2. In addition, these peaks at 268.5 and 359.3 ◦C
are also likely attributed to a eutectic phase that formed between
the catalysts. If the two peaks at 268.5 and 359.3 ◦C are assigned
to the melting of CaV2O5 or the formation of a eutectic phase, the
surface mobility of the active phases is a key factor in the oxidation
soot for catalyst b. The formation of liquid phases improves the cat-
alyst/soot contact condition through a wetting process [19], which
is likely the main reason for the lowering of the soot onset ignition
temperature of catalyst b.

4. Conclusions

The K–V–Ca catalysts supported on �-porous alumina ceramic
substrates have been produced and their compositions and
catalytic activities for diesel soot oxidation were studied. The
catalytic activity of KNO3 is higher than KCl, and the catalytic
activity of Ca(NO3)2 is as much as that of CaCl2. The catalyst
containing a higher KNO3 content can promote the adsorption
of CO2, whereas the amount of adsorbed CO2 decreases with
the increase of CaCl2 and Ca(NO3)2 content. According to the
catalytic activity studies, the catalyst with KNO3:NH4VO3:CaCl2
and KNO3:NH4VO3:Ca(NO3)2 molar ratio of 6:1:1 displayed
the highest catalytic activity. The soot onset ignition tem-
perature of crystalline phases should be in the order: KCl +
KNO3 + CaV2O5 ≈ KNO3 + Ca3(VO4)2 + KCa10V7O28 < KNO3 +
KVO3 + Ca3(VO4)2 ≈ KNO3 + KVO3 < Ca2V2O7 + CaV2O6 + Ca10V6O25
< KCl + CaV2O6. According to the TG–DSC analysis, the melting
of KNO3 and CaV2O5 or the formation of eutectic phase is likely
contributed to the highest catalytic activity of the catalyst with
KNO3:NH4VO3:CaCl2 molar ratio of 6:1:1. To sum up, the melting
and oxidation–reduction of KNO3, oxygen content of catalyst
surface and formation of some eutectic phases all can elevate
catalytic activity of catalysts.
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