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Influence of potassium doping on the activity and the sulfur poisoning
resistance of soot oxidation catalysts
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Soot oxidation on potassium nitrate impregnated cerium oxide and manganese cerium mixed oxide was investigated using
TG-FTIR. It was found, that potassium nitrate promotes the soot oxidation by enhancing the contact between the soot and the
catalyst, as soot ignition temperature corresponds to the melting point of potassium nitrate for both the individual and the mixed
oxide. Since potassium nitrate is easier sulfatized than cerium or manganese, the susceptibility of the catalyst to sulfur poisoning is

considerably decreased.
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1. Introduction

In order to reduce the costs of diesel particulate filters,
numerous cheap noble metal free soot oxidation cata-
lysts have been investigated over the last 20 years. In
these investigations it was shown that tight contact
between catalyst and soot is crucial for achieving high
activity [1]. However, only a loose contact is achieved
between soot and catalyst under real conditions in a
diesel particulate filter [2]. One option to overcome this
problem is to use molten salts as catalytic material [3].
The high mobility of the catalyst at elevated tempera-
tures leads to an intimate contact of catalyst and soot
particles resulting in a high catalytic activity even if the
soot was not tightly mixed with the catalyst [4]. Alkali
metal salts as well as cobalt and lead compounds were
used in order to decrease the melting point and to
improve the mobility of the catalysts [5-8]. Potassium-
loaded lanthana and ceria were proposed for the simul-
taneous abatement of nitrogen oxides and soot [9, 10].

Sulfur poisoning poses another problem for the
development of noble metal free catalysts. For instance,
ceria and manganese were found to be highly active soot
oxidation catalysts due to their oxygen storage ability
and strong oxidative properties [11,12]. However, these
materials loose their oxidative properties rapidly when
exposed to sulfur due to reductive sulfatization.
Regeneration requires high temperatures and the cata-
lytic activity is not or only partly recovered due to
changes in the catalyst structure [11,13,14].

In the present work we tried to increase the catalytic
activity of pure ceria as well as manganese cerium mixed
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oxide by addition of potassium nitrate and investigated
the influence of the dopant on the sulfur poisoning of
the catalysts.

2. Experimental
2.1. Catalyst preparation and characterization

MnO,—CeO, with a molar ratio of Mn:Ce = 1:3 was
prepared by co-precipitation using acetates of Ce(III)
and Mn(II) as starting materials as described elsewhere
[11]. CeO, was prepared according to the same proce-
dure using cerium acetate only as starting material.
Commercially available titanium dioxide from Kemira
(Sger =140 m?/g) was used as a reference material.

KNO3-CeO,, KNO3-MnO,—CeO, and KNOs-TiO,
with a molar ratio of K:M = 1:3 were prepared of
0.03 mol of the calcined oxides by impregnation with a
saturated aqueous solution of 0.01 mol KNO;. The
water was evaporated under continuous stirring and the
resulting materials were dried at 120 °C overnight fol-
lowed by calcination at 600 °C for 2 h. For the experi-
ment with different potassium loadings, KNO3;—MnO,—
CeO, catalysts with molar ratios of KM = 1:12, 1:6
and 1:1.5 were prepared using the same procedure.

The specific surface areas (Sggr) of the prepared
samples were determined by nitrogen physisorption at
77 K (Micromeritics ASAP 2001). Prior to the mea-
surement, the samples were degased at 250 °C. The
elemental compositions of the catalysts were studied by
means of ICP-AES. 50 mg of each sample were dis-
solved in 50 ml of a 50% sulfuric acid solution followed
by a dropwise addition of H,O, till the solution was
colorless. Subsequently, the solution was diluted in the
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ratio 1:10 and H3BO3; was added prior to analysis with a
Varian Vista AX spectrometer.

2.2. Soot oxidation in TG-FTIR

Soot oxidation experiments were performed by
means of a TGA-DTA/DSC device (Netzsch STA
449C Jupiter) coupled with an FTIR-spectrometer
(Bruker Tensor 27 DGTS). Mass loss of the sample,
the DTA signal and the CO and CO, concentrations
downstream of the reaction chamber were measured.
The soot used in the experiments was collected from
the exhaust of a EURO II diesel engine downstream of
a diesel oxidation catalyst to ensure the removal of
adsorbed hydrocarbons [15]. The specific surface area
(Sget) of the soot was measured to be 110 m?/g. Five
milligrams of soot were mixed with 100.0 mg of the
catalyst in a crucible with a spatula in order to achieve
"loose" soot-catalyst contact being representative for
the conditions in a diesel particulate filter [2, 16]. The
mixture was heated from 30 to 700 °C at a heating rate
of 10 °C/min in a 140 ml/min model gas flow of 10%
05, 3% H>0 and 1000 ppm NO in N,. Soot oxidation
rates were calculated on the basis of CO, formation
rate, being in good agreement with the reaction rates
calculated from the sample mass losses. The CO yield
was negligible for all catalysts.

2.3. NO oxidation and SO; poisoning in the flow reactor

The NO oxidation measurements and SO, poisoning
experiments were performed in a flow reactor, in which
1.00 g of catalyst powder was fixed between two quartz
wool plugs. The reactor was heated with a heating coil,
whereas the temperature was regulated by a PID con-
troller using a thermocouple fixed on the outer surface
of the reactor. The temperature inside of the catalyst
sample was measured with a second thermocouple. The
composition of the feed gas (150 Ly/h) was adapted to a
typical diesel exhaust gas containing 10% O,, 5% H,O
and 1000 ppm NO with balance N,. For the SO, poi-
soning experiments 10 ppm SO, were used instead of
NO. Flow rates were regulated using mass flow con-
trollers (Brooks 5850S, 5881). A Nicolet Magna-IR 560
FTIR spectrometer was used to quantify the NO and
NO, concentrations downstream of the reactor.

2.4. DRIFT investigation of SO, adsorption

DRIFT analysis of the adsorbed species was per-
formed at 400 °C using a Nicolet Nexus 670 FTIR
spectrometer equipped with a DRIFT cell. Prior to the
adsorption experiments the IR spectrum of the fresh
catalyst was recorded as reference. The sample was pre-
treated with 10% O, and 50 ppm SO, in N, at 400 °C
for 1 h, followed by the measurement of IR spectra of
the adsorbed species in the range from 2000 to
800 cm™".

3. Results and discussion

The BET surface areas (Sggt) of the catalysts were
measured to be 42 m?/g for CeO,, 83 m?/g for MnO
Ce0,, 15m?/g for KNO;—CeO, and 22 m?/g for
KNO3;-MnO,—CeO,. It can be seen, that potassium
nitrate impregnation leads to a significant decrease of
the specific surface area. This result was expected due to
the low surface area and quite high fraction of potas-
sium nitrate in the final catalyst. The K:M molar ratios
measured by ICP-AES were determined to be 1:3.42;
1:3.21 and 1:3.18 for KNO3;-CeO,, KNO3;-MnO,—CeO,
and KNO;-TiO,, respectively. The slightly lower frac-
tion of potassium in the final catalyst in comparison to
the fraction in the starting materials can be ascribed to
an incomplete impregnation process, as part of the
potassium nitrate was forming separate crystallites
instead of depositing on the metal oxide surface. Details
about the base materials (ceria and cerium manganese
mixed oxides) including XRD analysis are reported in
[11].

The catalytic activities of the samples for soot oxi-
dation were compared in TPO experiments. The reac-
tion rates for the non-impregnated and potassium
nitrate impregnated oxides are shown in figure la and b,
respectively. In case of the non-impregnated catalysts,
manganese cerium mixed oxide shows the highest
activity, followed by cerium oxide and titanium oxide
with nearly no oxidation activity. The high activity of
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Figure 1. TPO profiles for soot oxidation on (a) undoped and (b)

potassium doped (A) MnO,-CeO, (M) CeO, and (x) TiO,. Reactant
gas: 10% O, + 1000 ppm NO + 3% H,O in N,.
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the mixed oxide is explained by the higher oxygen
mobility [17] as well as by the high contribution of NO,
to the combustion, which is efficiently formed from NO
over the mixed oxide [11]. In pure ceria this two effects
are much less pronounced [12]. Titanium oxide does not
possess oxidative properties and acts as a reference
material here.

Potassium impregnated CeO, and MnO,—CeO,
exhibited the same soot ignition temperature of ~330°C
and approximately the same maximum soot oxidation
rate of ~6ugc/s. However, the maximum oxidation rate
was reached at lower temperature for KNO3;-MnO,—
CeO,. The impregnation of potassium on inactive TiO,
did not induce any activity change.

Another interesting feature of the soot oxidation over
the potassium doped catalyst is illustrated by the results
of the TPO experiment with KNO;—MnO,—CeO, cata-
lyst when using different feed gas compositions (fig-
ure 2). It can be seen, that the ignition temperature lies
at ~330°C for all three compositions and the maximum
reaction rate is also similar. The peak shoulder between
200 and 300 °C in the case of NO, containing feed is
caused by the non-catalytic reaction of carbon with NO,
that proceeds at significant rates in this temperature
range. Interestingly, adding NO to the feed does not
have any influence on the oxidation rate, whereas it
plays a crucial role for the non-impregnated manganese
cerium mixed oxide, as described in [11].

The similar behavior of the different catalysts
(KNO3—MnO,—CeO, and KNO;—CeO») with different
oxidizing feed gas mixtures (O,, NO/O, and NO,) can
only be explained by the enhanced contact of the cata-
lyst with soot due to the melting of potassium nitrate.
This explanation is supported by the fact that the onset
temperature of the DSC peak corresponds to the melt-
ing point of potassium nitrate and this again corre-
sponded to the onset temperature of the soot oxidation
peak in the TPO experiment (figure 3).

Based on the mechanism of soot oxidation over
MnO,—CeO, via the oxidation of NO [11], the influence
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Figure 2. TPO profiles for the soot oxidation on KNO3;-MnO,-CeO,.

Reactant gas: (A) 10% O, in N, () 10% O, + 1000 ppm NO in N,
(x) 5000 ppm NO; in N,.
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Figure 3. (A) Soot oxidation rate in a TPO experiment with KNO;-
MnO,-CeO, catalyst. Reactant gas: 10% O, + 1000 ppm NO + 3%
H,0 in N,. (—) DSC signal obtained for the catalyst without soot.

of potassium impregnation on the NO oxidation activity
was investigated in flow reactor experiments. Figure 4
shows a drastic drop of oxidation activity over the whole
temperature range from 150 to 450 °C. This activity
drop correlates with the loss of the specific surface area
of the catalyst. However, in the soot oxidation experi-
ment, this reduced oxidation activity did not affect the
soot oxidation activity due to the predominance of the
effect of the increased soot-catalyst contact above the
potassium nitrate melting point.

Figure 5 shows almost no difference in soot oxidation
activity over a broad range of potassium nitrate loadings
on MnO,—CeO,. Only a slight shift to lower oxidation
rates is detectable for the catalyst with the lowest
potassium loading (K:(Mn + Ce) = 1:12). It can
therefore be concluded, that small amounts of potas-
sium nitrate on the surface are sufficient to improve the
contact between catalyst and soot.

In order to determine the influence of potassium on
the sulfur poisoning behavior of the catalyst, non-
impregnated and potassium impregnated MnO,—CeO»,
were exposed to 10 ppm SO, + 10% O, in N, for 10
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Figure 4. NO oxidation over (A) MnO,—CeO, and (@) KNO;-MnO,-

Ce0,. Feed gas: 10% O, + 1000 ppm NO + 5% H,O in N,.
GHSV = 52,000 h™".
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Figure 5. Comparison of the soot TPO profiles for KNO5;-MnO,-
CeO, with different potassium loadings. K:-M = (A) 1:12 (x) 1:6 (m)
1:3 (®) 1:1.5. Reactant gas: 10% O, + 1000 ppm NO + 3% H,O in
Nz.

and 100 h followed by TPO experiments with soot. The
TPO curve of the undoped catalyst (figure 6a) shows
only a small shift to lower oxidation rates after 10 h of
exposure, whereas almost complete loss of activity was
observed after 100 h of SO, treatment. This activity loss
is due to reductive sulfatization of manganese and ceria
causing a drop in oxygen mobility and NO oxidation
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Figure 6. TPO profiles for soot oxidation on (a) undoped and (b)
potassium doped MnO,-CeO, upon SO, treatment. (x) Fresh catalyst
(m) after 10 h treatment ([J) after 100 h treatment. Reactant gas: 10%
0O, + 1000 ppm NO + 3% H,O in N,.
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Figure 7. DRIFT difference spectrum of KNO3;-MnO,-CeO, after
exposure to 10% O, and 50 ppm SO, in N, for 2 h at 400 °C.

activity as shown in [11, 14]. However, the activity loss is
much more moderate in the case of the potassium doped
oxide (figure 6b). Despite the shift of the TPO curve
towards higher temperatures, oxidation activity is still
high in the temperature range between 400 and 500 °C
even after 100 h of SO, exposure.

The differential DRIFT spectrum of the adsorbed
species of KNO3;—MnO,—CeO, catalyst before and after
SO, treatment exhibits a positive peak at 1100 cm™
and a negative peak at 1190 cm™' (figure 7). The posi-
tive peak corresponds to the formation of potassium
sulfate, whereas the negative indicates the simultancous
disappearance of potassium nitrate. This result indi-
cates the preferential sulfatization of potassium in
comparison to cerium and manganese, as no peaks
corresponding to manganese or cerium sulfate were
observed. This finding is also in agreement with litera-
ture data on SO, storage on alkali metal containing
compounds [18, 19].

This result explains the higher resistance of the
potassium impregnated catalysts to sulfur poisoning. As
long as potassium nitrate is present on the catalyst, it is
preferentially converted to potassium sulfate by the SO,
of the gas phase. The residual potassium nitrate is suf-
ficient to enhance the contact of soot and catalyst even
at low concentrations, as confirmed by the experiment
with different potassium loadings (figure 5). The slow
deactivation of the catalyst still taking place can be
ascribed to the blockage of the active surface of the
catalyst by the formed potassium sulfate.

4. Conclusions

Potassium nitrate impregnation was found to increase
the activity and stability against sulfur poisoning of
cerium based soot oxidation catalysts. The higher
activity of the catalyst was attributed to an increased
contact between catalyst and soot, which was confirmed
by the match of the ignition temperature of soot with the
melting point of potassium nitrate. The higher stability
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against sulfur poisoning was ascribed to a protection
effect of potassium, as it is getting preferentially sulf-
atized in comparison to cerium and manganese.
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