STUDY OF DEACTIVATION EFFECT OF SO, ON SUPPORTED
LaCoO3; AND LaMnO; PEROVSKITES USED AS CATALYSTS FOR
TOTAL OXIDATION OF METHANE

M. Alifanti”, B. Delmon™

Supported LaCoO; and LaMnO; perovskites were prepared by different synthesis procedures.
Chosen carrier was Cey3Zry2,0, solid solution. All catalysts were thoroughly characterized by
Seer, XRD and XPS. Catalytic activity with time-on-stream was evaluated for complete
oxidation of methane in the presence of 20ppm of SO,. The most robust catalysts were those
prepared starting from citrate precursors that had increased resistance to deactivation with
respect to the corresponding unsupported peroskite. Some factors responsible for perovskite
deactivation in the presence of SO, are presented.

Introduction

Perovskites are largely used as total oxidation catalysts. This class of mixed oxides is less
expensive and thermally more stable than noble metals when used for environmental
purposes. However, the major limitation arises from their lower surface area thus another
approach appears to be tempting, namely the deposition of the perovskites on adequate
thermally stable oxides.

Gallagher et al. [1, 2] and Johnson et al. [3, 4] reported for the first time their attempts for
supporting perovskites on cordierite monoliths. However, the perovskite components
(mainly Co-based perovskites) usually react with the commonly used supports (alumina,
silica) yielding stable compounds such as spinels, which are catalytically inactive [16-18].
For such cases a solution is the pre-coating of Al-containing support with La,0; proved to
be effective in preventing Co migration into the bulk of the carrier oxide [5-8].

An interesting study of Fujii et al. [9] showed that Co-based perovskites are loaded on
different carrier oxides the reaction rate for propane oxidation depend in a large extent to
the nature of the support. The most active catalysts were those supported on ceria and
zirconia. With respect to the deposition method of perovskite on adequate supports,
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decomposition of the citrate precursors offers the possibility to obtain small particle-size
perovskite-type oxides at relatively low temperatures, such as 600-700°C [10-12].

The metal loading of supported oxide catalysts is typically much higher (one or two orders
of magnitude) than for noble metals due to their generally low inherent activity per exposed
atom of catalysts [13-15]. An advantage for some applications, however, is that the higher
overall loading of metal oxide catalyst makes them more tolerant to catalyst poisons. In the
case of supported noble metal catalysts some compounds, even at low concentration, may
quickly deactivate the apparently limited number of oxidation sites present [16].

In the present study were prepared LaCoO; and LaMnO; perovskites supported on
CegZry,0, (Table 1) and their robustness was evaluated in the reaction of total oxidation
of methane. Several preparation methods were employed in order to see how the physico-
chemical properties and the resistance to SO, depend on the synthesis route.

Experimental

a) Preparation of the support

The used carrier for perovskite loading was CeggZry,0,. Ceq3Zr;,0, solid solution was
prepared by the “citrate” method [17] and was calcined at 700°C. The calcined material
was pressed at 5t/cm? into binderless wafers, crushed and sieved to 40-100pum particle size
before perovskite deposition.

b) Preparation of supported perovskites

La(NO;);-6H,0  (Aldrich), Ce(NO;);-:6H,0 (Fluka), Co(NO;),-6H,O (Aldrich),
Mn(NO3),-4H,0 (Merck) and citric acid monohydrate (Merck) were used as starting
materials. Aqueous solutions with cation ratio La:M of 1:1 and La:Ce:M of 0.8:0.2:1
(M=Co, Mn) were prepared. Wet impregnation was realized following two routes:

i) by contacting the Ce(gZry,0, support with a solution containing the corresponding
nitrates (ratio solution/solid = 10/1) in order to obtain perovskite loadings of 2, 5, 10, 15, 20
and 30%wt. The corresponding samples will be denoted as NIT-catalysts.

ii) by contacting the CejgZry,0, support with a solution of nitrates and citric acid. The
amount of salts was calculated as to correspond to 2, 5, 10, 15, 20 and 30%wt perovskite on
the surface of the support. The corresponding samples will be denoted as CIT-catalysts.

The obtained slurries were stirred for Sh and the water was slowly evaporated at room
temperature in a revolving flask. The drying process was completed by heating the powder
in a vacuum oven set at 60°C under a pressure of 200kPa for 16h.

Four samples with the nominal compositions 10%wt LaMOs/Ce3Zr;,0, and 20%wt
LaMO;/Ce gZry,0, (M=Co, Mn) were prepared by the citrate method [17], namely mixing
the corresponding nitrates with citric acid. It should be mentioned that in this case the
notation LaMO; does not represent the perovskite structure but the composition. The
corresponding samples will be denoted as CITRATE-catalysts.
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All the samples were calcined for 5h at 700°C in air.

Two samples were prepared by mechanical mixing of appropriate amounts (10 wt% and 20
wt%, respectively) of LaCoO; previously prepared by the citrate method [17] with
Ceo3Zr)20,. These oxides were calcined at 700°C before mixing. The corresponding
samples will be denoted as MM-catalysts.

¢) Catalyst characterization

BET specific surface areas (SSA) were determined by nitrogen adsorption on a
Micromeritics ASAP 2000 instrument. Prior to each analysis the catalyst powder was
degassed 2 h at 150°C under a pressure of 0.1 Pa.

XRD patterns were recorded on a Kristalloflex Siemens D5000 diffractometer using the
Cu-Ka radiation at A=1.5418 A. Data acquisition was realized in the 20 range 2-65° with a
scan step size of 0.03°.

XPS spectra were recorded at room temperature and under a pressure of 10”7 Pa on a SSX-
100 Model 206 Surface Science Instrument spectrometer with monochromatized Al-K«
radiation (hv=1486.6eV). Charge correction was made considering that the Cls signal of
contaminating carbon (C-C or C-H bonds) was centered at 284.8 eV.

d) Catalytic activity evaluation

Deactivation studies were performed measuring the methane conversion (1% methane in
air, 0.1 g of catalyst loaded in a U-shape quartz microreactor operating in a down-flow
mode at atmospheric pressure, total flow: 75 ml/min) in isothermal conditions at 600°C in
the presence of 20ppmV of SO,. Prior to each evaluation, the catalyst was activated 2 h at
650°C under flow of air and then cooled to 600°C. The outlet and inlet gas compositions
were followed using an on-line Delsi 2000 gas-chromatograph, equipped with a
Carbosphere packed column and a thermal conductivity detector (TCD). Helium was used
as a carrier gas at a flow of 25 ml/min and the analysis was conducted isothermally at
150°C. The intensity of deactivation can be represented by Relative Loss of Activity (RLA)
defined as

X(0) — X(15)
X(0)
where X(15) is the fractional conversion of methane after 15 hours on-stream in the

presence of sulfur-dioxide and X(0) represents the initial conversion. According to the
definition, the lower the value of RLA the more resistant is the catalyst.

RLA=

Results and discussion

Table 1 comprises the results of textural and structural characterization of the considered
catalysts. Both CIT- and NIT-samples have a lower specific surface area than CejsZr,,0,
support (40m*g). The surface area decreases in parallel with the active phase loading,
independent to the nature of the precursor. This shows that the materials deposited on the
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support block some pores for loadings larger than 2%wt. The NIT-samples present SSA
systematically lower than the CIT-corresponding materials whatever the loading. XRD
patterns showed either for CIT- or NIT-samples no other phases than the cubic CeqgZr;,0,
if the loading was less than 15%wt (Table 1). Perovskite phase formation at the surface of
Ce3Zr( -0, is evidenced by XRD starting with 15%wt LaCoOs.

For the NIT-sample (Table 1), apart from perovskite lines, only traces of Co;O4 were
observed. La,0; signals, indicating an incomplete perovskite formation is XRD silent
showing that La** is soluble in ceria. In the case of supported LaMnOs, only the perovskite
peaks were observed.

The patterns of supported LajsCey,MO; (M=Co, Mn) were similar to the corresponding
LaMOs; [18]. No new lines that might be ascribed to the formation of new phases by means
of a solid state reaction between La, Co or Mn with the support have been detected. In
conclusion, XRD patterns showed that a pure perovskite was obtained only for
impregnation with citrates, namely for CIT-catalysts.

Table 1. Specific surface area (m*g) and phase composition of the investigated catalysts as a function of the
synthesis route. Values in the parenthesis stand for bulk perovskite surface area

Catalyst Loading Synthesis route Crystallographic phases®
(Yowt) CIT NIT CITRATE CIT NIT CITRATE
2 38.0 362 - (074 CzZ -
5 302 277 - (074 CzZ -
10 284 234 20.5 Ccz CZ Ccz
LaCo0; (11.3) 15 282 217 - CZ+P  CZ+P+Co -
20 25.3 19.8 18.5 CZ+P CZ+P+Co CzZ+Co
30 24.6 18.2 - CZ+P CZ+P+Co -
5 332 272 - (074 CzZ -
10 292 227 38.5 Ccz CZ Ccz
LaMnO:; (16.5) 15 27.4 19.7 - CZ+P CZ+P -
20 25.6 17.6 36.3 CZ+P CZ+P Ccz
30 24.2 17.8 - CZ+P CZ+P -
10 273 244 - Ccz CZ -
La0sCe02Co0; (14.2) 20 217 195 - CZ+P__ CZ+P+Co -
e A T

P = perovskite phase; CZ = ceria-zirconia phase; Co — Co;O4 phase

Table 2 Binding energies (eV) for supported LaCoO;

Loading La 3d5 Co 2p3 Ce 3d5 Zr 3d5
(Yowt) CIT NIT CIT NIT CIT NIT CIT NIT
0 - 882.3 182.1

10 834.1 8342 7797 7799 882.1 8823 182.0 182.0
20 8342 8344 7797 7795 8822 8823 1821 182.0
30 8339 834.1 7794 779.6 8824 8822 182.0 182.1
100 834.0 - 7799 - - - - -
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Table 3 Binding energies (eV) for supported LaMnO;

Loading La 3d5 Mn 2p3 Ce 3d5 Zr 3d5
(Yowt) CIT NIT CIT NIT CIT NIT CIT NIT
0 - - - - 8823 - 182.1 -
5 834.1 834.1 6413 6412 8822 8821 182.1 182.0
10 8342 834.1 6413 6413 8824 8822 182.0 1819
100 8343 - 641.6 - - - - -

Tables 2 and 3 show some data obtained by XPS for selected catalysts. Binding energies
showed that all elements are in their fully oxidized form. No significant shift of the binding
energies of the elements occurred as compared to the bulk perovskites (Tables 2 and 3).
Even if LaCoO; is deposited at the surface of CejgZr,,0, the structure of oxygen signal
remained unchanged, presenting the two characteristic peaks associated to lattice and
adsorbed oxygen species (not shown).

The percent conversion of methane was used as a measure of catalytic activity.

Table 4 gives the values of Relative Loss of Activity (RLA) after 15h of isothermal
combustion of methane at 600°C in the presence of 20ppm of SO,. From the data
presented, no clear-cut correlation could be seen between the loading or the nature of the
phase deposited on Ce,3Zr;,0, and the resistance to SO,. However, some observations
may be made:

i) CIT-catalysts were generally more resistant than the corresponding NIT-samples;

ii) The RLA was around 0.4 for 20%wt and 30%wt loading while for loadings of 15%wt
and below, the RLA was between 0.7 and 0.9. It appears that the samples with high
perovskite loading had a better resistance to poisoning;

iii) mechanical mixtures and CITRATE-catalysts were the most poisoned. This is
consistent with the high deactivation levels observed for bulk LaCoOs;, LaMnQOj3, C030y,,
Ml’l203 [19] and Ce(ngI'()‘zOz.

Table 4. Relative Loss of Activity (RLA) due to poisoning by SO,
Relative loss of activity

3 0,
Catalyst Loading, %wt CIT NIT CITRATE MM
5 0.72 0.83 ; -
10 0.75 0.41 0.75 -
LaCoO; 15 0.61 0.70 ; .
20 038 0.61 0.87 -
30 0.18 0.41 ; -
5 0.72 0.78 - -
10 0.66 0.71 0.82 0.79
LaMnO; 15 0.46 0.62 ; -
20 0.41 0.89 0.96 0.82
30 0.43 0.56 ; -
10 0.72 081 } 0.76
LaosCeo2L00s 20 034 0.88 : 0.55
LaosCeo.MnO; ég gfé 0.89 ] ]

Ce32r0.20, - - - 0.93 -
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The tested catalysts were investigated by XRD, Sggt and XPS.

XRD indicated a loss of crystallinity after 15h of methane combustion in the presence of
20ppmV SO, at 600°C (Fig. 1). At the same time, the perovskite phase signals disappeared
in parallel with Co;0,4 formation. For Mn-containing catalysts the loss of crystallinity is
accompanied by a disappearance of the perovskite signals without any new XRD detectable
phase formation. These modifications are clearly caused by the SO, presence in the feed
mixture. However, no reflection of a S-containing phase could be seen.

The used catalysts had systematically lower surface areas by about 10-20% than the fresh
materials. This proved that the structural changes observed by XRD also modified the
textural properties of our catalysts.

XPS measurements performed on the samples tested in the presence of SO, showed that the
binding energy of the constitutive elements of the catalysts remained unchanged except for
the case of La. The signal of La3ds/, had a shift from 834¢V in the fresh samples (Tables 2
and 3) to 834.8-836eV (Fig. 2). The sulfur present at the surface was exclusively in the S°*
state (BE~169¢V). According to these observations it appears that mainly lanthanum is
affected, leading to superficial sulfate formation [19]. La,(SO,); formation brings about the
collapse of the perovskite structure by La extraction as sulfate.

J # (b)

* * (a)

20 25 30 35 40 45 50 55 60 65
2 theta

Fig. 1. XRD patterns for CIT-20%wt LaCoOs: (a) fresh sample and (b) tested in the presence of 20ppmV SO; at
600°C for 15h; (*) perovskite phase, (#) Co30;4
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(b)

La3d;,
La3dy,

870 865 860 855 850 845 840 835 830 825

Binding energy, eV

Fig. 2. XPS signal for La3d level from a supported LaMnQOj; sample; (a) fresh catalyst and (b) tested 15h at
600°C for methane combustion (1%vol in air)in the presence of 20ppmV SO,

CIT-catalysts were more resistant to deactivation than the corresponding NIT-samples.
This could be due to a much uniform coating of the support and, more probably, to a more
homogeneous surface composition obtained by citrate decomposition [11, 18, 20]. Indeed,
Co304 phase observed in XRD for fresh NIT-catalysts is the result of incomplete perovskite
phase formation. For NIT-LaMnO;, the parallel information provided by XRD, on which
only the perovskite-phase signal is observed, and XPS, which showed surface composition
different to the one of bulk LaMnOs;, suggest the incomplete perovskite formation and the
presence of very dispersed Mn,O; [18]. At the same time, it was shown that bulk Co;04
and Mn,0; are very active but easily poisoned by SO, [19]. Thus, the initial high activity
that might be induced by Co or Mn oxide presence at the surface is rapidly lost.

Conclusions

A uniform dispersion of the LaCoO; and LaMnO; perovskites on Ce,gZry,0, support can
be realized by in situ perovskite formation via the corresponding citrates decomposition.
This facilitates the apparition of a homogeneous perovskite phase at lower temperatures
than the decomposition of La, Co or Mn nitrates.

By deposition of LaCoO3 and LaMnOs on Ce 3Zr(,0, the deactivation rate in the presence
of SO, is retarded when compared to bulk perovskite. The perovskite — CeO, phase
cooperation that was suggested in previous papers [11, 21] for explaining the abnormal
resistance of La; ,Ce,MO; (x>0)(M=Co, Mn) seems to occur in the same way.
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