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ABSTRACT

Research efforts to develop an effective soot oxidation catalyst have intensified in recent years due to the
increased awareness of the highly harmful effect of soot particles on the human health and the environment.
Large-scale application of a developed catalyst calls for a cheap support material allowing for an effective
dispersion and thus a decrease in the active phase loading. Zeolites, widely used in catalysis as active phase
carriers, possess advantageous characteristics such as a uniform porous structure and large surface area.
Furthermore, they are characterized by high availability, good price, and are environmentally friendly. Cobalt-
based materials provide promising soot oxidation catalyst phases, and alkali doping can further enhance their
activity. This study focuses on the optimization of the potassium loading in the potassium and cobalt double-
doped ferrierites towards a new class of cheap and environmentally friendly soot combustion catalysts. The
potassium doping of the ferrierite-supported cobalt spienel was optimized in the range of 0-14 wt%. The ob-
tained materials were characterized in terms of their composition (XRF, XPS, XRD, Raman spectroscopy),
morphology (SEM, TEM/EDX/FFT), and reducibility (H2-TPR), and tested in the process ofsoot oxidation in tight
and loose contact modes. The strong promotional effect of potassium was discussed in terms of a significant
modification of the catalyst electronic properties (work function studies) and supported by the potassium surface
state studies by the alkali thermal desorption method (SR-TAD). It was found that the optimal potassium pro-
moter dispersion leads to the lowest catalystwork function and its highest activity in soot combustion. The effect
of nitric oxide was also investigated for selected catalysts. The opposite effect of NO on the activity of undoped
and K-doped catalysts was discussed on the basis of in-depth spectroscopic studies. An enhanced formation of
nitrate species was found on the surface of the K-containing catalyst which led to the stronger inhibiting effect of
NO.

[6-11]. Among all the reported materials, platinum-based catalysts
supported by ceria are the most active ones. However, following the
current trend of targeting low-priced noble-metal-free catalysts,

emission of soot particles, which can enter into the human body,
through the respiratory system, or even through the skin, causing many
illnesses and cancerogenic changes [1]. Therefore, scientists are looking
for solutions that can efficiently reduce soot release into the atmosphere.
Effective removal of soot can be achieved by burning it with the use ofa
catalyst ensuring a satisfactory temperature window of the process. Soot
oxidation catalysts can be grouped as noble metal-based catalysts, with
emphasis on Pt-based catalysts [2-4], and transition metal oxide-based
catalysts (e.g. perovskites, spinels, tunneled and/or layered structures)
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transition-metal oxides are gaining considerable attention as promising
active phases, whose performance may be significantly improved by the
optimized promotion with alkali [7,12,13].

Alkali addition affects the mechanism of soot combustion, strongly
modifying the electronic properties of metal oxide catalysts [14,15].
Alkali adsorption on the surface of metal oxides results in a decrease in
the work function (WF, e) of the materials according to the Topping
equation (Eg. 1), with the local minimum corresponding to the optimum
alkali loading [7]. This minimum correlates with the maximum activity
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in the soot combustion for many transition metal-based catalysts [7,14,
16].

(1

where: |i - dipole moment of the individual adsorbate, a - surface con-
centration of the dipoles, a - adsorbate polarizability.

To increase the effectivity of the catalysts, the active phases are often
dispersed on carriers characterized by a high specific surface area. In the
case of soot combustion catalysts, mainly ceria, zirconia, alumina, and
silica were used [5-7,10]. Surprisingly, mesoporous zeolitic materials,
although popular in catalysis, were not widely explored as supports for
the soot combustion catalysts. There are only a few papers addressing
zeolite-based soot combustion catalysts. It was shown that a promising
catalytic activity of Pt catalysts supported on zeolites such as TS-1,
H-ZSM5, and USY can be achieved [2-4].

Notably, zeolites are widely used as molecular sieves, adsorbents,
detergents, and catalyst supports, but also as catalysts themselves
[17-21]. Zeolites-based catalysts are intensively studied for applications
in petrochemistry, biomass conversion, environmental catalysis (i.e.
NOx removal, CO2 capture, and conversion), or in lithium-ion batteries
[17,22-26]. In our previous paper, we have shown that very active
catalysts for steam reforming of ethanol (ESR) can be developed based
on zeolites [27]. The cobalt catalyst based on high-silica and pure silica
nanometric ZSM-5 zeolite supports indicated extraordinary performance
(high selectivity and stability) in the ESR reaction, corresponding to a
relatively low degree of carbon deposit formation over the catalysts.
Furthermore, the carbon deposit formed during the ESR process was
relatively easy to remove under oxidation conditions giving premises for
the promising catalytic activity of catalysts in the combustion of
carbonaceous materials such as soot particles.

Thus, in this work, we aimed to investigate whether the ferrierite
zeolite materials (FER) are suitable candidates as supports for soot
combustion catalysts. We prepared a series of cobalt-containing zeolite
materials doped with potassium in the range of 0 - 14 wt percent and
characterized them with a wide range of complementary techniques. We
tested their catalytic activity in tight and loose contact modes of the soot
combustion reaction. Moreover, since NO is often present in the gas feed
of exhaust engine gases, its effect on catalyst activity is of vital interest
for the soot oxidation process [12,13,28], especially in the loose contact
mode, where the contact between the soot and catalyst is limited.
Therefore, we also tested the selected catalysts in loose contact mode
with NO in the gas stream. The strong promotional effect of potassium
on the activity of the ferrierite-supported cobalt catalyst (Co/FER) was
discussed in terms of work function changes upon K-loading. We
corroborated the relationship of observed activity-electronic properties
by potassium surface state studies with the species-resolved thermal
alkali desorption method (SR-TAD) [29]. We also compared the effect of
NO on the undoped Co/FER and optimized potassium-doped Co/FER
catalysts and evaluated the results based on the in-depth spectroscopic
studies.

2. Experimental
2.1. Catalystpreparation

A series of potassium-doped cobalt catalysts supported on ferrierite
(K Co/FER) were synthesized using the commercial NaKFER zeolite
(TOSOH 720KOA). The Co304 phase was deposited by the incipient
wetness impregnation (IWI) method using a water solution of Co(NO3)2
with an appropriate concentration to obtain about 15 wt% loading of
cobalt. The Co/FER sample was next dried in the air at 60 °C for 24 h
and calcined in the air at 500 °C for 4 h. In the subsequent step, the
potassium promoter in the amount of 0 - 14 wt% was added to Co/FER,
also by the IWI method, using KNO3 aqueous solutions with appropriate

concentrations, and dried and calcined again according to the procedure
described above. A reference Co-exchanged catalyst, CoFER, was pre-
pared by the ion-exchange of native NaKFER in a 1 M Co(NO3)2solution
at 80 °C, followed by drying in room temperature and calcination in air
at 500 °C for 4 h.

2.2. Materials characterization

The phase composition was examined with the X-ray diffraction
method (XRD) using a Rigaku Multiflex X-ray diffractometer. The
diffraction patterns were taken using the CuKaradiation of X= 1.54 A (2
theta between 5° and 90°, step of 0.02°, 2° per minute). Micro-Raman
spectroscopy was applied to confirm the spinel structure of the cobalt
phase present in the samples (fresh and used catalysts). The Raman
spectra (in the range of 100-1000 cm~1 resolution of 1cm-1) were
recorded at room temperature using a Renishaw InVia spectrometer
(laser 785 nm). The elemental composition of the obtained catalyst was
checked wusing an X-ray Fluorescence Spectrometer (XRF, ARL
QUANT’X). The Rh anode was applied to generate the X-rays of 4 -
50 kV (1 kV step). The texture of the catalysts was analyzed by N2-
physisorption at —196 °C with a Quantachrome Autosorb-1-MP gas
sorption apparatus using the procedure described elsewhere [30].

The Quanta 3D FEG scanning electron microscope (SEM) of the FEI
Company was used for sample imaging. The catalyst samples were
applied to aluminum supports covered by carbon conductive tape and
then transferred to the microscope. Microscopic characterization of the
catalysts was carried out at an accelerating voltage of 30 kV. The
detailed morphological characterization of the samples was carried out
using the scanning transmission electron microscope (TEM, Titan G2
60-300 kV, FEI Company) with an acceleration voltage of the electron
beam equal to 300 kV (the experimental details described elsewhere
[31]). Information on the distribution of the elements was obtained by
energy dispersion X-ray spectroscopy (EDX). The mapping was carried
out in the scanning TEM mode (STEM). Phase separation in the
cobalt-based catalysts was performed with the fast Fourier transform
(FFT) by using masking available in the Gatan Digital Micrograph soft-
ware package.

Hydrogen temperature programmed reduction (H2-TPR) was carried
out in a fixed-bed quartz flow microreactor system connected to a
thermal conductivity detector, TCD (TCD3, Valco, Houston, TX, USA).
50 mg of the sample was placed in the reactor and degassed in a flow of
high purity Ar (99.999%) at 550 °C for 30 min. Subsequently, the
reactor was cooled to 80 °Cand the sample was reduced in a gas mixture
of 5 mol% H2 in Ar (both pure 99.999%) with a 10 mI-min~1 flow rate,
controlled by the mass flow controller in the temperature range of
80-950 °Cwith a heating rate of 10 °-min~1. The water produced during
the reduction was removed by a cold trap.

Changes in the work function of catalysts due to potassium doping
were examined by measuring contact potential difference (CPD) using
the Kelvin probe method with a KP6500 device (McAllister Technical
Services, Coeurd’Alene, ID, USA). The stainless steel plate (d = 3 mm)
was used as a reference electrode (WFref = 4.3 eV). The studies were
performed under ambient conditions, with vibration frequency at
114 Hz and amplitude at 40 arb. uni.

The multi-chamber ultra-high vacuum system (PREVAC) was uti-
lized to conduct X-ray photoelectron spectroscopy (XPS) studies, with a
hemispherical Scienta R4000 electron analyzer for collecting spectra.
Complementary equipment included a Scienta SAX-100 X-ray source (Al
Ka, 1486.6 eV, 0.8 eV band) and the XM 650 X-Ray Monochromator
(0.2 eV band). For survey spectra, the pass energy ofthe analyzer was set
at 200 eV with a 500 meV step, and for high-resolution spectra (Si 2p, Al
2p, Co2p, O 1s, K2p, N 1s, and C 1 s), the pass energy was set at 50 eV
with a 50-100 meV step. The analysis chamber had a base pressure of
5-10~9 mbar, which did not exceed 3-10~8 mbar during the spectra
collection. Data processing was carried out using CasaXPS software (v
2.3.23 PR1.0) [32].



For the IR studies the pristine and reagent-contacted catalysts (5 mg)
were mixed with potassium bromide (100 mg) and pressed in the form
of thin pellets. IR spectra were acquired in transmission mode with a
Bruker Vertex 70 spectrophotometer equipped with an MCT detector
that collected 100 scans for each spectrum with 2 cm- 1resolution.

2.3. Thermal alkali desorption studies

Alkali promoters are known to desorb from catalyst surfaces in high
temperatures. If the loss of the alkali dopant is extensive, the properties
of the catalyst will change and its activity usually deteriorates. Thus,
detailed studies of the evolution of their surface state are of the greatest
importance. As shown in our previous works [29,33,34], it is possible by
monitoring the thermal desorption flux of alkali using the
species-resolved thermal alkali desorption method (SR-TAD). Upon
heating of an alkali-containing catalyst, the energy needed for the alkali
desorption (atoms, cations, Rydberg atoms), the temperature range of
desorption, and the amount of desorbing individuals can be determined.
The analysis of the desorption parameters such as the onset and intensity
of desorption flux as well as desorption energies gives information about
the alkali chemical state (localization, identification of surface phases
containing alkali admixtures), alkali surface dynamics (mobility of al-
kali), and stability of alkali on the catalyst surface (including mechanism
and energy barriers of their escape). The desorption flux of potassium
atoms during heating and subsequent cooling of the sample was
measured with a surface ionization detector. The experiments were done
in avacuum apparatus (10- 8mbar). The pelletized samples (diameter of
13 mm) were heated to 600 °C and then cooled down (rate 10 °C/min)
[34,35].

2.4, Catalytic tests

The soot oxidation tests were performed using thermogravimetric
analysis using TGA/DSC 1 equipment (Mettler Toledo). The samples for
catalytic tests were prepared by mixing (shaking in Eppendorf tube)
50 mg of catalyst and 5 mg of soot for 1 min (loose contact) and
grounding the same amounts of sample and soot in an agate mortar for
10 min (tight contact). The prepared mixtures were then placed in an
alumina crucible and heated in a flow 0f 5% O2/He 60 ml-min-1 (mixed
with Ar 20 ml-min-1) in a temperature range of 30-900 °C at a heating
rate of 10 °C/min.

For the loose contact mode, the effect of NO in the gas stream was
investigated by performing temperature-programmed soot oxidation
tests in the temperature range of 30-800 °C. The samples were prepared
in the same way as for the TGA experiments. Measurements were carried
out in a U-shaped quartz reactor using 5% O2/He and 3.3% 020.33%
NO/He gas mixtures with a total flow of 60 ml-min-1. The composition of
the gas phase was monitored with a QMS detector (Hiden, lines for CO
(m/z = 28), CO2 (m/z = 44), NO (m/z = 30), and O2 (m/z = 32)).

3. Results and discussion
3.1. Physicochemical characterization of the catalysts

The series of K-doped Co/FER catalysts were characterized in terms
of their chemical and phase composition, reducibility, and morphology
(XRF XRD, Raman Spectroscopy, H2-TPR SEM, HR-TEM/EDX/FFT). XRF
analysis revealed that the desired loading of the active cobalt phase was
successfully achieved at the level of 13.2 + 2.5 wt% (Table 1). The re-
sults also confirmed that we obtained the series of potassium-doped
samples with increasing K-loading, in the range of 0-14 wt%. Almost
all studied samples contained native potassium located in ion-exchanged
positions of the zeolite framework; the potassium content for pure
NaKFER zeolitic support determined from XRF studies equaled 5.9 wt%.
A lower potassium content in the case of the ion-exchanged CoFER
sample can be explained by the potassium replacement with cobalt ions

Table 1
Cobalt and potassium content in the studied catalysts from the XRF studies.

Catalyst Content by weight/%

Co K
CoFER 14 26
Co/FER 139 0*
2 KCo/FER 135 1.3*
6 K Co/FER 10.6 5.7*
10 K Co/FER 145 10.0%
14 K Co/FER 13.3 13.1*

* The content of potassium was calculated as the difference between the total
amount of Kand the amount from the undoped Co/FER catalyst.

occupying ion-exchange positions [36].

From the X-ray diffractograms collected in Fig. 1A, it can be inferred
that there was no change in the crystal structure of ferrierite support
after the addition of cobalt. Both positions and intensities of the
diffraction lines representative of the FER structure remained unaf-
fected. The maxima marked by *at 20 equal to 19.1, 31.3, 36.9, 44.9,
55.7, and 59.4 in the diffractograms of Co/FER and 14 K Co/FER cata-
lysts were identified as corresponding to the (111), (220), (311), (400),
(422), and (511) reflection planes of Co304 (ICSD 69378), respectively.
Moreover, no additional reflexes indicating the formation of potassium-
originated phases, such as KNO3, were detected in the XRD pattern of the
14 K Co/FER catalyst, which we selected for XRD studies as a repre-
sentative K-containing sample, due to its highest content of potassium.

Raman spectra of the selected, Co/FER and 6 K Co/FER, catalysts are
shown in Fig. 1B. Five bands located at 187 (F2g), 476 (Eg), 515 (F2g),
613 (F2g), and 684 (Alg) cm-1 confirmed the presence of the spinel
phase.

In the TPR profiles of the catalysts (Fig. 1C), three main maxima at
ca. 330, 360, and 410 °C are usually assigned to the Co3+” Co2+ and
Co2+ " CoOreduction processes [37]. The presence of three maxima may
be explained by two locations of cobalt, in the form of cobalt spinel on
the external surface of ferrierite and in the form of Co2+ species in
ion-exchanged positions. Although almost no change in the reducibility
ofthe active cobalt phase is observed upon the introduction of potassium
in the amount of 2wt% (2 K Co/FER), a substantial change in the
reduction profile is observed for the 6 K Co/FER sample. Itis illustrated
by the shift of the TPR profile by about 40 °C towards higher tempera-
tures and the sharp, intense peak in the range of 400 —600 °C for the
6 K Co/FER sample. The latter peak was attributed [29] to the nitrates
on the surface ofthe catalyst that originate from the potassium source. In
turn, the high-temperature peak (>800 °C) observed for CoFER is
typical for reduction of cobalt in ion-exchange positions [30].

The representative SEM images of the zeolite support (NaKFER), Co-
exchanged ferrierite (CoFER), and Co and Kimpregnated ferrierite (Co/
FER, 2 K Co/FER, 6 K Co/FER) are shown in Fig. 2.

The morphology of NaKFER (Fig. 2A) and Co-containing catalysts
(CoFER, Co/FER, Fig. 2B,C) is characterized by aggregated lamellar and
needle-shaped crystallites with irregular sizes and shapes typical of the
FER morphology [38-41]. For bare zeolite, the grains are loosely ar-
ranged, whereas they are much more compact in the case of Co catalysts;
there are no large spaces between the grains, and the grains are much
more squeezed together. In the case of potassium-doped samples
(Fig. 2D,E) the grains of the catalyst are additionally covered with a
phase of an indefinite shape, which also fills the spaces between the
grains. The grain boundaries are more difficult to define. These obser-
vations are consistent with the observed decrease in the specific surface
area upon K-doping (Table S1).

The TEM images together with the complementary phase identifi-
cation of Co/FER and 6 K Co/FER are presented in Fig. 3. The cobalt
spinel nanograins of the size in the range of 10-30 nm are dispersed on
the grains of the ferrierite support.

The STEM images together with the complementary EDX elemental



Fig. 1. A) XRD patterns of the NaKFER zeolite support and CoFER, Co/FER, 14 K Co/FER catalysts. B) Raman spectra of the Co/FER and 6 K Co/FER catalysts. C) H2-

TPR profiles of the CoFER, Co/FER, 2 K Co/FER, and 6 K Co/FER catalysts.

Fig. 2. SEM images of the A - NaKFER, B - CoFER, C -

maps for NaKFER, CoFER, Co/FER, 2 K Co/FER, and 6 K Co/FER cata-
lysts are presented in Fig. 4. First, the STEM images revealed that the
morphology of zeolite is preserved after the introduction of cobalt and
potassium. Second, the collected elemental maps revealed the uniform
distribution of cobalt on the zeolite support for Co/FER, 2 K Co/FER,
and 6 K Co/FER catalysts. Additionally, the cobalt map collected for the
CoFER cobalt-exchanged sample indicated a uniform cobalt distribution
in the zeolite channels. The potassium maps indicated that it is well
distributed on the surfaces of all catalysts.

Co/FER, D - 2 K Co/FER, E - 6 K Co/FER catalysts.

3.2. The nature ofpotassium promotional effect

In Fig. 5A we compared the activity in the soot combustion reaction,
expressed as the temperature of 10%, 50%, and 90% conversion, carried
out in tight contact mode for the series of NaKFER, CoFER, Co/FER, and
K-doped Co/FER samples. The presented results revealed a negligible
activity of bare ferrierite and cobalt-exchanged zeolite. For these sam-
ples, soot is oxidized in the same temperature window as for the non-
catalytic process.

The Co/FER catalyst containing the cobalt spinel phase segregated



Fig. 3. TEM images with phase identification for the Co/FER (A1-As) and ¢ K Co/FER (B1-Bs) catalysts.

on the external surface of the support exhibited a significantly higher
activity with respect to the non-catalytic process. The most significant
activity enhancement was observed at the beginning of the process,
where T1o%was reduced by about 130 °C, whereas the temperatures of
50% and 90% of conversion were lowered by about 75-80 °C. Most
importantly, the addition of potassium promoter significantly improves
the activity of the Co/FER catalyst and strongly depends on the K
loading. For the 2 K Co/FER sample we observed a Ts0% decrease of
about 45 °C. The optimal potassium content was found for the 6 K Co/
FER sample, for which T90%equals about 460 °C and corresponds to a
150 °C shift toward lower temperatures. Further increase of K content
did not improve the activity of our catalysts, in fact we observed a slight
increase in T90%for 10 KCo/FER and 14 KCo/FER. Moreover, the three
subsequent catalytic tests for the most active sample, 6 K Co/FER,
indicated its very high stability (Fig. 5B). The catalytic parameters such
as T10% T50%, and T90%are almost the same for three consecutive soot
combustion cycles. The structural and morphological characterization of
the used catalyst indicated no significant changes after the stability
testing (Fig. S1).

For the selected CoFER, Co/FER, and 6 K Co/FER catalysts, we
performed thermogravimetric soot combustion studies in the loose
contact mode. These conditions are closer to real-life scenarios, in which
the soot is trapped on the catalyst external surface in the exhaust diesel
particulate filter. As expected, the activity of all three catalysts,
decreased significantly due to limited contact between the soot and
catalyst (Fig. 6, S2). However, the general trend in activity is preserved,
the comparison of the temperature of 90% conversion indicates a posi-
tive effect of potassium in the loose contact mode as well (the full set of
the activity parameters is presented in Fig. S2).

For the performed catalytic tests, the mass spectrometry analysis of
the outlet gas composition showed almost 100% selectivity to CO2
(Fig. S3).

According to a recent review on soot combustion [7], the most active

catalysts that meet the target conditions for catalytic soot removal are
the ones containing noble metals, in particular platinum. However, a
recent trend in soot oxidation aims at the development of
noble-metal-free catalysts. The most active materials reported in the
literature operate in the temperature range of 400-600 °C. Moreover,
the tight contact mode performance of our best catalyst, 6 K Co/FER, is
atthe lower end ofthis range, approaching the highly active noble-metal
catalysts.

3.3. Analysis of the potassium promotion effect in terms of the catalyst
work function changes

Electronic surface promotion plays a key role in the soot oxidation
reaction [7], therefore, we investigated the influence of potassium on
the electronic properties of the catalyst by measuring the changes in the
work function upon Kdoping using the Kelvin method. Fig. 7 illustrates
similar profiles of the changes in work function and catalytic activity
measured in the tight contact mode with the potassium content deter-
mined from XRF studies. Both the WF and T90% data sets show non-
monotonous behavior, with a minimum corresponding to the 6 K
Co/FER sample. The initial linear decrease in the work function with
increasing potassium loading results from surface dipole formation and
the resultant increase of the surface electron density. Then, after passing
the work function minimum, a further increase in potassium coverage
leads to depolarisation and a consequent increase in the work function.
The WF minimum, related to the optimal dispersion of the potassium
species forming surface dipoles, corresponds with the best catalytic
activity.

This strong correlation results from the decrease ofthe energy barrier
for the interfacial electron transfer and thus facilitation of the formation
of reactive surface oxygen species such as O- 02, o2- produced during
the O2activation step responsible for soot oxidation [7,8].



Fig. 4. STEM images together with EDX maps of Si (blue), Al (green), Co (yellow), and K (dark blue) distributions in the NaKFER, CoFER, Co/FER, 2 K Co/FER, and

6 K Co/FER samples.

3.4. Thesurface state ofpotassium studied by the species-resolved thermal
alkali desorption method

In Fig. 8 the profiles of the K-desorption fluxes registered for the 2 K
Co/FER, 6 K Co/FER, and 10 K Co/FER catalysts are collected. We
presented the heating (red) and cooling (blue) stages of the measure-
ment. The onset of the potassium atoms desorption is observed at 450 °C
for the all studied samples. However, the courses of desorption curves
vary significantly, revealing differences in the potassium surface state
for these three samples.

For the 2 K Co/FER catalyst (Fig. 8A) we observed the exponential
character of Katom desorption during both heating and cooling phases
of the experiment; however, these two stages did not follow the same
path. The desorption profile measured during the sample cooling step is

shifted toward higher temperatures, which may be related to the low
potassium content and desorption of the most loosely bonded fraction of
the potassium species during the heating stage. For the 6 K Co/FER
sample we observed the exponential character ofthe Kdesorption signal
with increasing temperature and the same course for heating and cool-
ing steps. It confirms that there is a large pool of well-dispersed potas-
sium species without an apparent segregation (Fig. 8B). In turn, the
segregation is evident for 10 K Co/FER, where a local maximum in the
desorption signal is centered at approximately 500 °C, indicating the
presence of a loosely bonded potassium species fraction (Fig. 8C). These
results corroborate the WF changes studies indicating that the 6 K Co/
FER catalyst is the optimal material in terms of the dispersion of K
promoter, exhibiting a uniform surface coverage, without an appre-
ciable segregation.



Fig. 5. Optimization of K-loading for the cobalt-based ferrierite-supported catalyst for the soot combustion reaction. A) T10%, T50% and T90% and B) stability of
catalytic activity of 6 K Co/FER catalyst over three subsequent tests. Tests were performed in the tight contact mode in 5% O2/He atmosphere with a TGA analysis.

Fig. 6. Comparison of the activity in soot combustion determined as the tem-
perature of the 90% conversion (T90%) for the selected catalysts: CoFER, Co/
FER, and 6 K Co/FER in tight and loose contact conditions in 5% 0%
He atmosphere.

Fig. 7. Relationships between the changes of (A) the work function and (B) the
catalyst activity in soot oxidation (tight contact, 5% O2/He) expressed as T90%
with the potassium concentration determined from XRF studies.

3.5. The effect of NO

In Fig. 9 we presented the comparison of the results of the catalytic
tests in loose contact mode with and without NO in the gas mixture for
our best 6 K Co/FER catalyst and the undoped Co/FER catalyst.

As expected, NO addition improved the activity of the Co/FER
catalyst, shifting the soot oxidation curve towards a lower temperature
(AT10% ~ 75 °C, AT50% ~ 70 °C, AT90% ~ 40 °C). Surprisingly, the
presence of NO deteriorates the reaction of soot oxidation over the
potassium-doped sample, 6 K Co/FER, and the higher the reaction
temperature, the more significant the conversion decrease is.

To understand the observed effect we performed FT-IR and XPS
spectroscopic studies for the fresh Co/FER and 6 KCo/FER catalysts and
their mixtures with soot after stopping the soot combustion reaction
(loose contact, 3.3% 020.33% NO/He, 60 ml-min-1 ) at the stage of
10% and 50% conversion. The temperatures, at which reactions were
stopped, had been estimated based on full temperature range experi-
ments performed previously (Fig. 9). The FT-IR spectra collected in
Fig. 10 revealed that the presence of potassium influences the surface
interaction with nitrate species. In the spectra of the potassium-free
catalyst (Fig. 10A) we observed two bands centered at 1393 and
1375 cm- 1 which are diagnostic for monodentate nitrates accommo-
dated on the catalyst surface due to their incomplete decomposition
during the calcination process.

Indeed, the NOx species are stable at higher temperatures and their
thermal stability depends on the structure and the kind of cation to
which they are bonded. Judging from the intensities of the nitrate bands,
we concluded their marginal accommodation on K-free samples. How-
ever, the abundance of nitrates increased for K-doped catalysts, which
was accompanied by a shift of their FT-IR bands toward higher fre-
quencies. Such behavior suggests that NOx species are released less
effectively from potassium than from cobalt sites during calcination
treatment. The phenomenon of K-induced accommodation of nitrates on
the catalyst surface is visible for the catalysts when NO is present in the
gas stream. During the oxidation of soot by a mixture of O- and NO
stable nitrate species are formed. Furthermore, the upshift of the nitrate
bands indicates a privileged location of NOx-formed at the Ksites: for
the 6 K Co/FER sample, the nitrate bands are located at higher fre-
quencies (1412 and 1390 cm-1). Based on the literature these bands
were attributed mainly to monodentate nitrates bonded to K+ cations
[42]. The high thermal stability of nitrates formed on K-enriched sur-
faces results in a deterioration of catalytic activity, which is most likely
related to blocking the active centers of the catalyst [28] and canceling
the electronic promotion effect due to Kdoping.

Similarly, an ex situ XPS analysis was performed to determine the



Fig. 8. Potassium thermal desorption signals corresponding to heating (red points) and cooling (blue points) of the 2 K Co/FER, 6 K Co/FER, and 10 K Co/

FER catalysts.

Fig. 9. The effect of NO presence in the feed on the Co/FER and 6 K Co/FER
catalysts activity in the soot combustion reaction in loose contact mode.

surface composition of the catalyst/soot mixture at 10% and 50% of the
soot oxidation reaction stages (see Figs. S4-S6). The same two catalysts
were investigated; Co/FER and potassium-promoted 6 K Co/FER. Fresh
samples, without soot, were used as references. Mixing with soot leads to
covering of the whole Co/FER catalyst surface (decrease of surface
concentration of all elements except carbon, Fig. 11 A and B). An in-
crease in the oxidation of soot from 10% to 50% does not change
appreciably the surface composition of the mixture. At the same time,
the nitrogen atomic concentration remains at the background level for
all three samples (Fig. 11 B). The constant composition of the catalyst/
soot mixture may result from a uniform, non-preferential soot oxidation
over the entire catalyst surface. Similarly to the non-K-promoted sam-
ples, mixing with soot leads to covering of the 6 K Co/FER catalyst
surface (decrease of surface concentration of all elements but carbon,
Fig. 11 C and D). However, in contrast, an increase in soot oxidation
from 10% to 50% leads to an increase in the surface concentration of all
catalystcomponents but Kand a decrease in the surface concentration of
carbon. Furthermore, the atomic nitrogen concentration increases in the
samples after the partial oxidation of soot, indicating the formation of
nitrates (Fig. 11 D). A decrease in carbon content in the catalyst/soot
mixture results from preferential oxidation of the soot over the
potassium-promoted active centers and uncovering the catalyst surface.

We hypothesize that the decrease in the potassium content results
from the diffusion of potassium on the surface and into the soot particles,
enhancing their combustion. Although the thermal mobility of potas-
sium, shown in Fig. 8, indicates that Kdesorption detected with the SR-
TAD apparatus starts already at 450 °C, additional experimental studies
to confirm this hypothesis should be performed.

wavenumber/ cm"l

Fig. 10. FT-IR spectra collected in KBr of Co/FER (A) and 6 K Co/FER (B)
catalysts at different stages (0% conversion (A1, B1), 10% conversion (A2, B2),
and 50% conversion (A3, B3) of soot combustion reaction in loose contact mode
with NO in the gas flow.

4. Conclusions

The results of this research revealed that careful adjustment of po-
tassium promotion can lead to a promising cobalt catalyst for the soot
oxidation reaction based on the economically and environmentally
friendly ferrierite. Although our catalystis not reaching the activity level
of Pt-based materials, it provides a very good starting point to develop a
new class of eco-catalysts based on zeolites. The catalytic activity of K-
doped Co/FER catalyst strongly depends on potassium content. Tso%
decreases with K loading, reaches the minimum for 6 K Co/FER, and
increases slightly again for 10 K Co/FER and 14 K Co/FER. The 90%
conversion of soot for optimal 6 K Co/FER was achieved at a tempera-
ture below 450 °C. The strong correlation between the work function



Fig. 11. Quantification of the surface composition of the catalyst/soot mixture at 10% and 50% of the soot oxidation reaction stages for Co/FER A) Si, O, C; B) Co, N,

K, Al, and 6 K Co/FER C) Si, O, C; D) Co, N, K, Al

measured with the Kelvin method and the activity in soot oxidation
revealed the electronic character of K doping. Furthermore, the studies
of the surface state of potassium by SR-TAD method confirmed optimal
potassium dispersion for optimized 6 K Co/FER catalyst and potassium
overloading for 10 K Co/FER sample. These unique surface state studies
allowed us to confirm that optimal potassium promoter dispersion cor-
relates with the optimized electronic properties of the K-doped Co-FER
catalyst and its catalytic activity.

The presence of NO deteriorates the catalytic activity of the K-doped
sample, in contrast to the frequently reported positive effect of NO
addition. In-depth spectroscopic studies of the catalysts’ surfaces at
different stages of the soot oxidation reaction indicated that the opposite
effect of NO for K-doped and undoped catalysts is caused by an enhanced
formation of nitrate species on the surface of the K-containing catalyst.

This research opens a new class of catalytic supports for soot
oxidation catalysis. Although the applied zeolite support is completely
catalytically inactive, the reactive zeolite-supported catalysts can be
successfully developed.
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