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Abstract: A series of Co-Ce clay-based catalysts were prepared via the wet impregnation method and
tested for the catalytic combustion of diesel soot and carbon monoxide. The objective of this work was
to find a suitable catalyst with an optimized active phase composition in order to structure this system
using a 3D-printing technique. The physicochemical characterization indicated that the support was
mainly composed of kaolinite and quartz. When supported on commercial clay, the mixture of oxides
(Co30y4 spinel and CeO, fluorite) had higher activity than the individual oxides. The formation of a
solid Co-Ce solution was verified along with a synergistic effect between these two selected metal
oxides. The optimal molar composition was Co:Ce = 90:10. The corresponding catalyst showed the
highest catalytic activity for soot combustion, with 335 °C being the temperature of the maximum
combustion rate. Also, it produced the best system for CO oxidation. This formulation showed a
balanced proportion of Co®* and Co?* on the surface and had the highest content of Ce>* surface
species among the catalysts prepared, which played a key role in the oxidation reactions studied.

Keywords: clay-based catalyst; kaolinite; cobalt-cerium; soot combustion; CO oxidation

1. Introduction

Natural clays or hydrous-layer aluminosilicates are environmentally benign materials
that have several applications, mainly due to their low cost and abundance. The term clay
refers to a naturally occurring material composed primarily of fine-grained minerals, which
is generally plastic at appropriate water contents and hardens with drying or firing [1]. A
wide variety of clays can be found, which are classified such as kaolinite [2], smectite [3],
illite [4] and chlorite [5] groups [6].

Different clays have a wide range of beneficial features such as tunable surface area
and porosity, as well as swelling, hydration, and ion exchange abilities, among others.
These aspects can be exploited in order to function as catalyst supports with advantageous
characteristics. Hence, catalysts prepared from clays are more sustainable and bio-based
materials [6]. They have been studied in a variety of processes and applications such
as organic synthesis [7], the removal of contaminants by adsorption [8], catalytic oxida-
tion [9,10], photocatalytic oxidation [11,12], catalytic wet peroxide oxidation (CWPO) [13],
or microbial inactivation [14]. The catalytic ones included cyclization [15], degradation [16],
reforming [17] and oxidation [18], among others. Similarly, the oxidation of diesel soot
is an application of these clays that is receiving significant environmental interest, which
involves a solid reactant (particulate matter) and gas-phase compounds (oxygen and/or
nitrogen oxide). Diesel engines are widely employed both light and heavy vehicles because
of their durability, reliability, and fuel economy, although their exhaust gases contain high
amounts of soot particles that must be removed before their release to the atmosphere [19].
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Diesel particulate filter (DPF) technology is the most accepted after-treatment technique. It
promotes soot trapping and then burning with a suitable catalyst. Several catalysts have
been developed for this reaction [20-22]. The reported active phases include formulations
with noble and alkaline metals, rare earth elements, transition metals, and mixed oxides
with perovskite and spinel structures [23,24]. Particularly, cobalt- and cerium-oxide-based
catalysts have been widely studied due to their oxidizing ability and their oxygen storage
and release capacities [25,26]. They have also been studied when supported on clays,
displaying good durability and a high conversion of toluene. In this case, the addition of
CeO; to the structure enhanced the oxygen storage/transport capacity and improved the
dispersion of cobalt oxide [27].

In addition to being active in soot combustion, these materials are also effective in the
oxidation of carbon monoxide, which has usually been studied as a model environmental
reaction [28-30]. Within this frame of reference, the goal of this work was to develop
suitable low-cost clay-supported catalysts with cobalt-cerium oxides as the active phases,
optimizing their composition for soot and carbon monoxide oxidation reactions. This
study was precisely performed to build structured catalytic systems using a 3D-printing
technique, taking advantage of the rheology and plasticity of the aluminosilicate layer.
Both a commercial clay used as support and the prepared catalysts were thoroughly
characterized by N, adsorption (BET), thermogravimetric analysis (TGA), X-ray diffraction
(XRD) and fluorescence (XRF), temperature-programmed reduction (H,-TPR), as well as
Fourier transform infrared (FTIR), Raman (R), and X-ray photoelectron (XP) spectroscopies.
Then, they were tested in soot and carbon monoxide oxidation reactions (TPO).

2. Results and Discussion
2.1. Bare Clay Characterization

Silicon, aluminum, and calcium were the main constituents of the clay according to
X-ray fluorescence analysis (Table 1). When their oxide forms were considered, these three
elements represented more than 93 wt.% of the composition. The Si/Al molar ratio of
the studied clay was 1.3. Other elements such as Mg, K, Fe, Ti, Ba, Zr, and S were also
identified, but they were present in minor amounts.

Table 1. Clay composition expressed as oxide forms obtained by XRF analysis.

Component SiO, Al,O3 CaO MgO K;O Fe;0O3 TiO, BaO ZrO, SO; LOI!
wt. % 527 345 64 24 1.5 1.4 0.6 0.2 0.1 0.1 10.6
1 LOI: loss on ignition at 900 °C.

In order to determine the phases in the clay and their transformation steps, different
samples of the clay were calcined at different temperatures. Also, a thermogravimetric
analysis was performed up to 900 °C. The specific aim of these two tests was to establish the
minimum temperature that obtained a balance between the stability of the structure while
minimizing the loss of its textural properties. From the nitrogen adsorption-desorption
curves, a specific surface area of 17 m?/g was determined through the BET method for the
uncalcined sample (bare clay, BC).

Figure 1 shows the corresponding TGA profile with three stages of weight loss, with
onset temperatures of around 50, 400, and 600 °C. In the first stage, a weight loss be-
low ~1 wt.% occurred at temperatures up to 150 °C. The second region of weight loss of
~4.3 wt.% was located between ~410 and 570 °C, while the next stage ranged from around
570 to 740 °C, with an additional loss of 5.4 wt.%. From the DTA curve, it was verified that
these were endothermic processes. The loss on ignition (LOI, Table 1) at 900 °C showed
a mass loss of 10.6 wt.%, which was in line with the total mass loss observed from the
thermogravimetric analysis (Figure 1).
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Figure 1. Thermogravimetric analysis of the bare clay (BC).

To identify crystalline phases before and after the different thermal treatments, the
X-ray diffraction technique was employed (Figure 2). The diffractograms obtained for the
bare clay (BC) showed the characteristic kaolinite peaks (JCPDS N° 00-029-1488) and the
signals of quartz (JCPDS N° 01-083-2465), calcite (JCPDS N° 01-085-1108), and dolomite
(JCPDS N° 00-036-0426), which can be found in clay-type samples. In addition, very-low-
intensity peaks at 27.4° and 36.0° that corresponded to the titanium dioxide phase (JCPDS
N° 00-034-0180) were observed.

= SiO, - Quartz
Al,Si,05(0H), - Kaolinite
© CaCO, - Calcite

¢ MgCa(CO;), - Dolomite
4 TiO, - Rutile

A SiO, - Cristobalite

*

Intensity (a.u.)

26 (°)
Figure 2. X-ray diffractograms of bare clay (BC) treated at different temperatures.

Despite being detected with XRF analysis, no distinctive signals from iron-containing
crystalline phases were identified, which indicated that iron was present as single or mixed
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oxides, whose signals overlapped with the characteristic peaks of kaolinite, titanium oxide,
and quartz. Also, the presence of crystalline domains with small crystallites (smaller than
4 nm) or amorphous forms was possible.

For the 80 °C-treated sample (uncalcined), the peak at 26 = 12.3° (001 plane) indicated
the presence of 7.1 A kaolinite [31]. When the corresponding reflections of the kaolinite
phase disappeared. The diffractogram of the sample treated at 900 °C was somewhat
different from that at 750 °C, with barely visible new peaks, which could be ascribed to the
presence of incipient crystalline phases. Nevertheless, they were difficult to elucidate due
to the partial overlapping and very low intensities of these reflections.

In addition, the characteristic signals of quartz were intense and clear in the untreated
sample, which suggested that it was present in considerable amounts (Table 1). The
intensities of these peaks diminished markedly when the calcination temperature rose from
80 °C to 1100 °C. Also, a sharp peak at 20 = 21.6° appeared in the diffractogram of the
sample treated at the highest temperature. Both findings indicated that the quartz phase
changed its crystalline arrangement, finally showing the presence of SiO, in its cristobalite
form (JCPDS N° 01-077-1317).

For kaolinite-type clays, thermal treatments eliminate the water from the structure,
collapsing and reconstructing the layered arrangement [32]. Fabbri et al. reported that a
thermal treatment at around 700 °C of kaolinite-type clays produced metakaolin, which
exhibited a similar or higher specific surface area compared to its untreated counterpart [33].
High-temperature treatments of clays tend to induce the formation of micro-cracks or the
widening of the current pores on the surface. Sun et al. reported that at temperatures higher
than 500 °C, the number of pores and porosity of the material increased, showing the effect
of the treatments on the physical properties of mineral clays [34]. Hence, a controlled ther-
mal treatment applied to bare clay could make it a suitable catalyst support due to its pore
volume and surface area as well as its capability to disperse active phases on its surface.

The TGA results (Figure 1) show an initial mass loss of 1 wt.% up to 150 °C, which
could be ascribed to the loss of the adsorbed water at the surface. Moreover, the more impor-
tant weight loss that occurred between 400 and 570 °C was associated with metakaolinite
phase formation through the dehydroxylation of the structure as follows: Al;SiOs5(OH)4
— AlSiyO7 + 2 HO. This modification could not be properly detected by X-ray diffraction
because of the amorphous nature of this new phase (Figure 2). The position of the tempera-
ture range in which kaolinite is dehydroxylated and transformed into metakaolinite mainly
depends on the type of structure and the binding of the hydroxyl groups. Additionally, its
shape and range are mainly affected by the crystallinity and particle size distribution [35].

In the case of the sample treated at 750 °C, the XRD signals corresponding to calcite
and dolomite were not detected (Figure 2). These results could be linked to the partial
decomposition of calcium and magnesium carbonates [36], which was verified with the cor-
responding mass loss in the TGA profile in the temperature range of 550-740 °C (Figure 1).

According to the above TGA and XRD results, a major constituent of the bare clay
was kaolinite, which presented characteristic FTIR absorption bands [37]. Kaolinite with
mostly Al in the octahedral positions had four absorption bands in the OH-stretching
region. The inner hydroxyl groups, lying between the tetrahedral and octahedral sheets,
produced an absorption signal near 3620 cm ™. The other three OH groups were located
at the octahedral surface of the layers and form weak hydrogen bonds with the oxygens
of the Si-O-Si bonds in the next layer. The strong band around 3695 cm™! is related to
the in-phase symmetric stretching vibration, and the other two weak absorptions at 3670
and 3654 cm~! were assigned to out-of-plane stretching vibrations [38]. The group of these
stretching bands and the signals at ~1033 (stretching vibrations of silicate tetrahedron Si-O)
and 914 cm~! (Al-OH) in the spectrum of the bare clay (BC) confirmed the presence of
kaolinite in an ordered arrangement (Figure 3) [39,40]. The spectrum also showed a broad
absorption band around at 3440 cm ! and another one positioned at ~1637 cm !, which
indicated the presence of absorbed water (H-O-H) [39,41].
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Figure 3. FTIR spectra of the bare clay (BC) and clay calcined at 750 °C (CC).

Quartz can be identified through the presence of symmetrical stretching vibrations at
around 780 and 796 cm !, while Si-O symmetrical bending vibrations are located around
694 cm~!. The position of this band at this wavenumber can be linked to the presence
of small particles of these phases [42]. Additionally, the absorption signal centered at
535 cm ™! is assigned to the Si-O-Al bond in kaolinite, although it could be also related
to the hematite phase [43], while the signal around at 468 cm~! is associated to Si-O-Si
bending vibration [44]. Moreover, the band at ~1431 cm~! and the very weak band located
at ~870 cm ™! are both linked to the presence of carbonates [45].

The spectrum corresponding to calcined clay (CC) showed differences compared with
the spectrum corresponding to the untreated sample (BC) (Figure 3). Some characteristic
bands of kaolinite in the OH-stretching region (37003600 cm~!) and in the OH-bending
region (signals at 936 and 914 cm ') were absent. Also, the broad band at 1000~1100 cm !
region is associated with the presence of the metakaolinite phase (Si-O bonds in amorphous
silica) [40].

The low-intensity band assigned to carbonates at ~870 cm™" is sensitive to changes in
the chemical environments of these phases, e.g., amorphous to crystalline forms. In the CC
spectrum, this band slightly changed compared with that in the BC spectrum, which could
suggest some modifications to the carbonate-type phases after the thermal treatment [45].
All the observations stated were in complete agreement with the TGA and XRD results.

In summary and based on the above results, the bare clay underwent important
changes in its structure after calcination at high temperature (Figures 2 and 3). In addition,
after the thermal treatment at 750 °C, the specific surface area measured through the
BET method revealed practically the same value as that of the uncalcined sample (17 and
16 m? /g, respectively). Thus, considering the thermal stability of the structure from 740 °C
(Figure 1) and the almost-constant values of the specific surface area for BC and CC, the
temperature chosen for the thermal treatment of the bare clay was 750 °C, aiming to support
catalytic active phases.

1

2.2. Catalyst Characterization

The prepared catalysts were characterized in order to elucidate their physicochemical
features, aiming to obtain efficient oxidation systems. The catalyst compositions were
determined by the XRF technique and are shown in Table 2. As expected, the weight
percentage ratios of the main bare clay components (SiO,, Al,O3, and CaO) were preserved
(Table 1). After the active- phase incorporation, the Co/(Co + Ce) ratios obtained (exp)
were very close to the nominal ones (nom).
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Table 2. Catalyst compositions (weight percentages obtained from XRF).

Weight Percentages (Expressed as Oxides)
Oxide  C0100-CC  Co090Cel0-CC  Co75Ce25-CC  Co50Ce50-CC  Co025Ce75-CC  Cel00-CC

Co304 225 20.4 17.4 11.8 5.8 0.0
CeO, 0.0 3.9 11.1 22.7 325 41.9
SiO; 41.1 394 38.4 35.6 33.8 31.8
Al, O3 27.8 27.5 26.4 23.3 21.6 20.7
CaO 5.3 5.0 49 4.7 4.2 3.9

Elemental atomic ratios

_Co__ 1.00 0.90 0.75 0.50 0.25 0.00

Co+Ce nom

o= Co 1.00 0.92 0.77 0.53 0.28 0.00
0+Ce

exp

Depending on the corresponding cobalt and cerium loadings, the diffractograms
obtained (Figure 4) showed the reflections of cobalt oxide (spinel form, JCPDS N° 43-1003)
and cerium oxide (fluorite-like phase, JCPDS N° 34-0394). The characteristic reflections
were weak, thus suggesting the high dispersion of this phase in the cobalt-containing
formulations. Additionally, the possibility presence of mixed oxides containing cobalt as
spinel CoAl,Oy4 could not be ignored. The crystallite sizes for cerium oxide, calculated using
Scherrer’s equation, ranged from 5.9 to 7.4 nm for Co75Ce25-CC and Ce100-CC, respectively.
The corresponding crystallites sizes of the cobalt oxide could not be properly calculated
since some signals of the clay overlapped with the main signals of the Co304 phase.

* Co,0, + CeO,

SN ST A

*
*

* * o Co100-CC

L
-
I~
IR WY
e

Intensity (a.u.)

Co50Ce50-CC
. Co25Ce75-CC

Ce100-CC

10 20 30 40 50 60 70 8 90
26 (°)

Figure 4. XRD patterns of the cobalt- and cerium-clay-based catalysts.

Raman spectroscopy was also utilized to characterize the support and catalysts
(Figure 5). The spectrum of the calcined clay presented bands at 126, 205, and 465 cm ™!,
which were related to the presence of quartz. The first one was associated with the
E(LO+TO) mode of the Si-O tetrahedra, while the second one was characteristic of the
Al mode of vibration. The last one corresponded to the symmetrical stretching—bending
vibration [46,47].
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Figure 5. Raman spectra of the calcined bare clay (CC) and cobalt-cerium catalysts.

Cobalt oxide has five active Raman modes (Alg + Eg + 3 F2;), with bands appearing
at 196, 482, 521, 618, and 687 cm ™1, corresponding to the Co304 phase in a spinel-type
structure [48]. In agreement with the XRD results, the spectra of the cobalt-containing
catalysts showed a band at ~688 cm~!, which was assigned to the symmetric stretching
vibration of Co**-O (Co octahedral sites) of the Al; mode, while the signal located at
520 cm ™! corresponded to the F2; mode (Co tetrahedral sites), thus corroborating the
presence of Co3zOy4. Also, the spectra of the cerium-containing catalysts showed a band
located at ~462 cm~! that corresponded to cerium oxide in the fluorite-type structure [49].
As was expected, the intensity of this band was the highest for the solid, which contained
more amounts of Ce, while it was much weaker for the samples with lower loadings.

A careful analysis of the main band assigned to cobalt oxide showed that it slightly
shifted in position when cerium was present in the formulation. This could be associated
with a more distorted structure of the spinel because of the formation of a solid solu-
tion, CoxCe1xOy [48,50,51]. This change was visible in the main signal of cobalt oxide
(~688 cm~!) and less perceptible in the main band of cerium oxide (~462 cm™1!).

Reduction properties are important for the catalytic activity of solids applied in oxida-
tion reactions. Therefore, the prepared catalysts were characterized by H,-TPR, and the
results are shown in Figure 6. The profile of the calcined (CC) presented a broad reduction
zone between 400 and 700 °C, which was probably related to the reduction of the single
or mixed iron oxides present in the treated sample (Table 1). This could be indicative
of various steps associated with the reduction of Fe3* to Fe” involving the formation of
different intermediates [52].
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Figure 6. Temperature-programmed reduction profiles of calcined clay (CC) and cobalt-cerium catalysts.

The profile of the cobalt-free catalyst (Ce100-CC) showed two reduction peaks: one
at a higher temperature, associated with the reduction of bulk oxygen in cerium oxide
(maximum at 830 °C), and another one at a lower temperature, attributed to the reduction
of surface oxygen (maximum at 550 °C). These temperature values are somewhat higher
than others reported, probably linked to the interaction of the ceria with the support [53,54].

Some researchers observed one step for cobalt oxide reduction [55], while others
confirmed two stages [56,57]. Nevertheless, previous studies demonstrated that cobalt in
different environments is reduced at different temperatures, which is strongly influenced
not only by the oxidation state of the element but also by the nature of the neighboring
metal cations and metal oxide phases. Also, the particle sizes affect the reducibility process.
For example, in the case of cobalt supported on alumina, four different temperatures have
been reported: (a) Co3zO; crystallite reduction at ~330 °C; (b) dispersed surface Co%* ions at
~480 °C; () surface Co?* ions at ~630 °C, and (d) subsurface Co%* ions or aluminate-like
phases with reduction at >850 °C [58].

For the prepared catalysts, the peak located at lower temperature (around 350 °C)
of the cobalt-containing profiles was ascribed to the first reduction step of cobalt (Co>*
to Co?*); accordingly, its area increased with the Co content (Figure 6). In addition, the
modified reducibility of the cobalt-cerium catalysts compared to the single oxides was
noticed. The interaction between Co and Ce and with the clay support modified the
reduction behavior of these species. Also, the reduction of the surface oxygen species on
CeO, was overlapped by the reduction of cobalt species (Co** to Co"). As reported, the
presence of cobalt promotes ceria reduction [59]. Therefore, the bulk reduction of ceria
would overlap in the region below 800 °C (Figure 6).

In order to obtain insights into the surfaces of the catalysts, XPS spectra were acquired.
Figure 7 shows the Co 2p spectra, where the regions corresponding to Co 2p; /, and Co 2p3,»
can be observed (Figure 7a). The ABE of the spin-orbital splitting of Co 2p; /»_2p3,> was
around 15.4 eV. Each region was deconvoluted, with the two components corresponding
to Co®* and Co?* species, along with a satellite peak located at a higher binding energy
(~6 eV), which was characteristic of the latter. This was in concordance with the previous
characterization results (XRD, TPR, Raman), which showed the presence of spinel cobalt.
Table 3 shows that the relative amount of Co%* (Isat/ Imp) decreased as the cobalt content
in the samples increased. This ratio was close to the unity when all cobalt was under the
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2+ oxidation state (CoQ), for which the values reported in Table 3 indicate the presence of
both species, Co?* and Co®* (Co**Coy3+0y).

Co2p @ Ce 3d (®)
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Figure 7. XPS spectra of the cobalt-cerium catalysts: (a) Co 2p and (b) Ce 3d regions.

Table 3. Surface characteristics of Co-Ce catalysts.

Binding Energy (eV)
Catalyst - AB.E. Lat/Imp **  Ce3*/Cer ***
Co 2p3pp * Satellite
Co100-CC 779.5 780.8 785.4 15.3 0.41 -
Co090Ce10-CC 779.4 780.7 785.1 15.2 0.42 0.35
Co75Ce25-CC 779.5 781.0 785.3 154 0.38 0.27
Co050Ce50-CC 779.7 781.2 785.2 15.5 0.47 0.28
Co25Ce75-CC 779.6 781.3 785.7 154 0.78 0.23
Cel00-CC - - - - - 0.25

* Left values correspond to Co®* and right values correspond to Co%t. ** I/ Imp = area satellite Co 2p/area

(component 1 Co 2p3,, + component 2 Co 2p3 ;). *** Ce>* /Cer = area (vo + v/ +ug + u')/area (vo + v+ v/ + v/ +

v" +ug+u+u +u’ +u”).

The spectra corresponding to Ce 3d regions are shown in Figure 7b. All spectra were
deconvoluted with ten peaks, which are characteristic of Ce?* and Ce** species [60,61]. The
Ce3* /Cer ratios were calculated from the deconvoluted peaks, showing that as cerium
loadings increased, the Ce®* amounts decreased (Table 3). The O 1s region was decon-
voluted with two components: The first one was located at a lower BE (529.6 eV), which
was ascribed to lattice oxygen species [62]. The second one, situated at approximately
531.9 eV, was related to low coordinated oxygen in different chemical environments such
as hydroxyl groups, adsorbed water, carbonates, and Si-O bonds [63].

2.3. Catalytic Activity
2.3.1. Soot Combustion

The TPO profiles of the soot combustion of the Co-Ce clay-based catalysts are shown
in Figure 8. All catalysts presented a main peak with different temperatures producing
the maximum combustion rate (Ty;) depending on the cobalt and cerium amounts. The
Ce100 catalyst performed worse for this reaction than the Co100 catalyst. Thus, it suggested
that under the same loadings of active element (molar amount) and experimental condi-
tions studied, cobalt oxide showed better oxidation capacity than cerium oxide. When
mixed Co-Ce catalysts were evaluated, they performed better than the Co or Ce catalysts
alone. This is in agreement with previous reports on bulk Co-Ce catalysts [64]. The best
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catalytic performance was achieved with the Co90Cel0 catalyst, verifying a synergistic
effect between Co and Ce and that the proportion of these elements play a key role in the
catalytic properties (Figure 8 and Table 4). The higher activity of this catalyst could be
related to the presence of the solid CoxCe;.xOy solution as detected by Raman spectroscopy.
In addition, this catalyst showed the highest Ce* /Cer surface ratio along with a balanced
ratio between Co?* and Co®* species (Co?*/Cor ratio = 0.42, close to 0.5).

—&—C0100-CC 335°C

C090Ce10-CC T 462°C
—B— Co75Ce25-CC T
—A— C050Ce50-CC

—®—Co025Ce75-CC
—WV—Ce100-CC

CO, concentration (a.u.)

100 200 300 400 500 600
Temperature (°C)

Figure 8. Temperature-programmed oxidation of soot with cobalt-cerium catalysts.

The TPO curves of the best above-mentioned catalytic formulation regarding soot
combustion performed under tight or loose contact regimes are shown in Figure 9. As
expected, the temperature of the maximum rate of soot combustion shifted to higher values
(around 100 °C) under loose contact, which was related to the reduced interaction between
the soot particles and the active sites of the catalyst.

loose contact 335°C Co90Ce10-CC
tight contact
B
S
c
S 440°C
©
= }
@
O
c
I}
o
N
(@]
O
1 i I n 1 N 1 " 1 "
100 200 300 400 500 600

Temperature (°C)

Figure 9. Temperature-programmed oxidation of soot with Co90Cel0 catalyst under loose and tight
contact conditions.



Catalysts 2024, 14, 882 11 0f 16
Table 4. Representative temperatures of soot combustion and CO oxidation tests.
Soot Combustion CO Oxidation
Catalyst
T10 (°O) Tm CO) Ts0 (°O) Tyo (°C)
Co100-CC 309 420 198 228
C090Cel0-CC 241 335 201 221
Co75Ce25-CC 285 360 205 232
Co50Ce50-CC 307 404 210 237
Co25Ce75-CC 333 420 217 253
Cel00-CC 349 462 354 406

2.3.2. CO Oxidation

Carbon monoxide oxidation is considered a model reaction that causes environmental
concern. It was employed as a test reaction for the prepared clay-based catalysts. The CO
conversion profiles are shown in Figure 10, while Table 4 summarizes the Tsy and Ty values
for the CO oxidation reaction. The cobalt-free catalyst produced the worst performance,
while the cerium-free one had the best catalytic activity. This behavior was similar to that
displayed in the soot oxidation reaction, suggesting cobalt has better oxidation capacity
than cerium when the same amount of these elements is used in each formulation. In
addition, there were slight differences among the mixed cobalt-cerium catalysts. The
C090Ce10-CC sample performed the best. This evidenced the same trend as observed for
soot oxidation, demonstrating that this formulation was optimal for obtaining the best
activity. The soot ignition temperature with this catalyst (Co90Cel0-CC) was close to
220 °C. At this temperature, all catalysts achieved a conversion of CO to CO; of around
90% (except Cel00-CC), suggesting that soot combustion is mainly CO,-selective.
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Figure 10. Temperature-programmed oxidation of CO with cobalt-cerium catalysts.

In the TPR profiles (Figure 6) of the cobalt-containing samples, the low-temperature
peak corresponded to the reduction of Co®* to Co?*. Its proportion with respect to the
total area of the profile increased with the cobalt content, especially for the Col00-CC
formulation. At higher temperatures, especially around 800 °C, the reduction of Co?*
(coming from CoO or CoAl,Oy) to Co® occurred, along with the reduction of other mixed
phases such as iron-containing oxides or spinels (Fe;TiO4 or FeAl,Oy4). A similar behavior
was observed with XPS (Figure 7): the higher the cobalt bulk content, the higher the Co®*
surface concentration. Here, the higher proportion of Co®" (Table 3) on the surface of



Catalysts 2024, 14, 882

12 of 16

the catalysts implied larger amounts of Ce®* species (Co** + Ce** — Co®* + Ce®") and
consequently a higher concentration of oxygen vacancies, which plays a key role in the
studied oxidation reactions.

3. Material and Methods
3.1. Preparation of Supported Catalysts

The catalysts were prepared by the wet impregnation method. Firstly, a bare commer-
cial clay (BC) (Chimak 3D, DAFESE SRL, Buenos Aires, Argentina) was treated at 750 °C
for 2 h and then ground softly in an agate mortar. Separately, adequate amounts of cobalt
and/or cerium nitrate precursors (Merck, Boston, MA, USA, reagent-grade purity) were
dissolved in deionized water, heated to 80 °C, and kept under magnetic stirring. Once
completely dissolved, the clay was added and left until the complete evaporation of water.
The formed paste was dried in a stove at 120 °C until a constant weight was verified and
then ground again in an agate mortar. Finally, the solids obtained were calcined at 600 °C
for 2 h and sieved to obtain a particle size below 100 mesh. A catalyst series with different
Co:Ce molar percentages (100:0, 90:10, 75:25, 50:50, 25:75, 0:100) was prepared with a total
metal loading of 4 mmol/g, which was selected according to our previous studies [64].
Catalysts were designated as CoXCeY-CC, where Co and Ce are cobalt and cerium, X and
Y are the molar proportions of these elements, and CC corresponds to calcined clay.

3.2. Characterization
3.2.1. Specific Surface Area

N, adsorption isotherms were obtained with a Micromeritics (Norcross, GA, USA)
ASAP 2020 instrument. The specific surface area (Sg) was obtained through the BET method.
The samples were degassed at 250 °C for 3 h prior to the analysis.

3.2.2. Thermogravimetric Analysis (TGA, DTA)

Thermogravimetric analysis was carried out with a Mettler Toledo (Columbus, OH,
USA) STAR with a TGA /STDA 851 module. The analysis was performed from 25 °C to
900 °C with a 10 °C/min heating rate under air flow (30 mL/min).

3.2.3. X-Ray Fluorescence (XRF)

The element atomic contents in the catalyst formulations were estimated by analysis
with X-ray fluorescence using a Shimadzu (Kyoto, Japan) EDX-720. Several zones of the
samples were studied to obtain average element contents.

3.2.4. X-Ray Diffraction (XRD)

The diffractograms were obtained with PanAnalytical (Worcestershire, UK) equipment
with Cu K« radiation. Powder samples were analyzed adequately, and the scanning was
from 10° to 90° corresponding to 20 at 2° /min.

3.2.5. Fourier Transform Infrared Spectroscopy (FTIR)

A Shimadzu IR (Kyoto, Japan) Prestige-21 spectrometer was used to obtain the infrared
spectra. Samples were prepared in the form of wafers (ca. 1% in potassium bromide). All
spectra were obtained with 40 scans at an 8 cm ™! resolution.

3.2.6. Raman Spectroscopy (RS)

A Horiba Jobin (Glasgow, UK) Yvon LabRam HR instrument with a charge coupled
device (CCD) detector cooled to —70 °C using the Peltier effect was employed to obtain
the spectra. The excitation wavelength was 532.13 nm in all cases (Spectra Physics diode
pumped solid-state laser). The laser power was set at 30 mW. Several spectra were acquired
for each sample.
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3.2.7. Hy Temperature-Programmed Reduction (H,-TPR)

A Micromeritics AutoChem II 2920 (Norcross, GA, USA) was used to obtain the
reduction profiles, using a mixture of Hy/ Ar (2%) as the reducing gas. The heating rate
was 10 °C/min from room temperature to 900 °C. The samples were pretreated in argon at
100 °C for 30 min.

3.2.8. X-Ray Photoelectron Spectroscopy (XPS)

Measurements were performed with SPECS (Houston, TX, USA) multitechnique
equipment with a dual Mg/ Al X-ray source and a hemispherical PHOIBOS 150 analyzer
operating in fixed analyzer transmission (FAT) mode. The spectra were obtained with
a pass energy of 30 eV and a Mg-Kx X-ray source power of 200 W. The pressure in the
analyzing chamber was less than 2 x 10~ mbar. The spectral regions corresponding to
the Co 2p, Ce 3d, Si 2p, Al 2p, O 1s, and C 1s core levels were recorded for each sample.
The C 1s signal at 284.6 eV was considered as the reference. Peak fitting was performed
with CASAXPS software (2.3.14 Version). The peak areas were determined by integration,
employing a Shirley-type background. Peaks were considered as a mixture of Gaussian
and Lorentzian functions.

3.3. Catalytic Tests

The activity of the prepared catalysts were studied in both soot combustion and CO
oxidation reactions. To this end, a continuous-flow system with a quartz reactor was
used to perform both reactions in temperature-programmed tests. Reagents and products
were quantified by gas chromatography with a Shimadzu GC-2014 instrument with a
Porapak Q column and a TCD detector. The conversions of soot and carbon monoxide
were determined.

3.3.1. Soot Combustion

Soot (particulate matter, PM) was obtained after burning diesel fuel (YPF, Buenos
Aires, Argentina). After drying at 120 °C overnight, the soot was mixed with the catalyst
in a 1:20 weight ratio with two different procedures: (i) tight contact (TC), where the
mixing of PM and catalyst was performed in a mortar for 3 min, and (ii) loose contact
(LC), which was mixed with a spatula for 15 s. The reactor was loaded with 50 mg of the
mixture catalyst and soot. The reaction was performed at atmospheric pressure under a
temperature-programmed operation from room temperature to 600 °C at a heating rate of
5 °C/min. The reagent stream was fed with 0.1% NO and 18% O, and He as the balance
(20 mL/min total flow).

3.3.2. CO Oxidation

In this case, 50 mg of catalyst was loaded into the reactor. The reaction inlet flux was
30 mL/min with 1% CO, 2% O,, and He as the balance. The reaction temperature was
raised from 25 to 600 °C (5 °C/min rate).

4. Conclusions

The studied commercial clay was mainly composed of kaolinite and quartz. Minor
amounts of calcite, dolomite and titanium dioxide were also identified. Taking into account
the thermal stability of the structure and its textural properties, the thermal treatment
temperature adopted to guarantee the support had suitable properties prior to the catalyst
incorporation was 750 °C.

After those studies, powder-clay-based Co-Ce catalysts were prepared, which were
very active in the soot combustion and carbon monoxide oxidation reactions. As non-noble
metals, active Co and Ce elements were identified in their Co304 and CeO, oxide forms.

A synergistic effect between Co and Ce was observed, with the Co:Ce atomic ratio
of 90:10 being the optimal proportion studied. The balanced proportion of the surface
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concentrations of Co®" and Co?* and the high content of Ce>* played a key role in the
oxidation reactions studied.

The presented powder-clay-based catalysts have attractive properties for further
developing structured catalysts by means of 3D-printing technology.
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