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Abstract

The characterization of manganese—lanthanum oxides modifiedsiliér has been performed in order to identify factors responsible
for the variation of their activity in the oxidation of methane. A significant increase in the activity per unit surface area in silver-containing
catalysts occurred above 800 K, where a new source of surface oxygen appeared. It is probably oxygen released from filled oxygen vacancie
more weakly bound in the oxides structure inmgmarison with lattice oxide ions, more mobiknd therefore easilgiccessible to methane
oxidation. Such oxygen is probly neighboring with silver ions. The remaining paftloe catalyst may constitute a reservoir of oxygen ions
with which the vacancies are filled and which is supplementik thhe gaseous oxygen. A conseque of filling up oxygen vacancies is
the appearance of a larger number of manganese ions in the unstable oxidation étatd Mnrate of methane oxidation is a function of
the Mrf"/Mn3+ surface ratio which is a parameter characterizing the intrinsic properties of the manganese—lanthanum oxides, influencing
their activity.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction methane combustiofil,7—10] Their heat resistance, and
thus also the possibility of industrial utilization, improves
Interest in the catalytic combustion of methane results when manganese oxide becomes bound in the perovskite
mainly from the possibility of lowering the combustion tem- structure of the general formula ABQe.g., lanthanum-
perature so that minor amounts of nitrogen oxides are pro-based perovskite LaMr§which is one of the most active
duced, smaller than those which remain in the waste gasegerovskite oxide catalysts for the combustion of methane
even after treatment with the most effective methdds5]. [9-18] The rare earth metals in the perovskite provide
A catalyst may also make it possible to purify waste gases of thermal stability of transition metal oxid¢9,11,19] Lan-
methane when they contain such small amounts of methanehanum oxide alone also shows activity in the reaction of
that they would not undergo ignition in ordinary burners. the complete oxidation of methane, though much lower
Manganese oxides are among the various oxide cat-than manganese oxidi8]. In recent years it has been
alytic materials showing a fairly good activity in flameless demonstrated that doping of perovskites Lapli0aMnQOs,
LaCoQ; [20,21], LaFe@, and LaFg 03 [22] with silver
" Corresponding author. Fax: (+48-81) 5375565, increases their activity in ntieane c.om-bus.tion. Moreover,
E-mail addresses: machocki@hermes.umcs.lublin (. Machocki), Ag-doped LaCo@showed no deactivation in methane com-
theo@terpsi.iceht.forth.giT. loannides). bustion during 50 h at 600GC [20]. Even greater activity
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enhancement in comparison with LaMs@as observed in  electron spectroscopy, tempéure-programmed reduction,
the case of composite Ag/Mn/perovskites catalysts in CO and temperature-programmed oxygen desorption, in order
oxidation[19,21] In perovskites some part of basic cations to identify factors responsible for the variation of the cata-
may be replaced by other metal cations with similar ionic lysts activity and to elucidate the modifying role of silver in
radii, with perovskite crystalline structure being almost unal- these catalysts.

tered. In the case of LaMn3ilver cations may only replace

lanthanum cations (the ionic radii being Ad..40 A, L&t

1.22 A, Mr®t 0.66 A, Mt 0.56 A [12]), forming per- 2. Experimental

ovskites of the type La_ ;Ag,MnOs. Naturally, such cation

exchange must entail the appaace of structural defects Catalysts MnLa, 0.1AgMnLa, and 0.3AgMnLa were ob-
compensating the charge and ggeving the electroneutral-  tained by coprecipitation from aqueous solutions of nitrates
ity of the perovskite, which affect its catalytic activity. An by tetraethylammonium hydroxide (§85)4NOH) or am-
increase in the activity of perovskites in the reactions of the monium carbonate ((NfJ2CQOs3) as precipitating agents.
full oxidation of CO and hydrocarbons was also obtained Digits 0.1 or 0.3 in the catalyst’'s symbol denote the mole
following substitution of lanthanum ions by cations of other fraction of lanthanum replaced with silver. The precipi-
metals, e.g., Sr, Ca, ¢8,12,13,15,18,23] tated precursors were either dried conventionally at 373 K

The promoting action of silver is not confined only for (catalysts marked with CD—conventional drying) or with
perovskites. There have been reports of activity enhance-supercritical carbon dioxide (catalysts marked with SD—
ment in CO and VOC oxidatiofi24—31] after doping of supercritical drying) and calcined at 1073 K for 1 h in air.
manganese or cobalt oxigle-unsupported or supported on Prior to supercritical drying, water in the precipitates was
Al>,Oz—with silver. It has been suggested that the increased exchanged with ethanol. In all experiments the catalysts
activity of these silver-modified catalysts results from a syn- were applied in the form of powder (mean grain size about
ergistic interaction between silver oxide and manganese or20 um). The data regarding claaterization of catalysts are
cobalt oxides and from increase of the lability of lattice presented iMable 1
oxygen. Manganese-silver and cobalt—silver oxides had a The bulk contents of manganese, lanthanum, and silver
higher activity than eacimdividual catalysf25,27-29] Dif- in catalysts were determined by X-ray fluorescence spec-
ferences in the activities of pure manganese and silver cat-troscopy. Pellets for the XRF analysis were prepared by
alysts depended on the accepted basis of comparison. Irpressing catalysts powder. The measurements were per-
unsupported catalysts the activity of silver oxide in CO oxi- formed by the energy-dispersive XRF spectrometer (Can-
dation in reference to its weight was much smaller than that berra 1510) equipped with the liquid nitrogen-cooled Si(Li)
of manganese oxid@5,29]and of cobalt oxid¢25,28], but detector. The AXIL software package was used for spectral
on a surface area basis silver oxide exhibited very high ac-deconvolution and for the calculation of the component con-
tivity [28]. For Al,Os-supported catalysts the temperature tents of the catalysts.
required for 98% conversion of CO and VOCs on the silver ~ BET total surface area of the catalysts was measured
catalyst depended on Ag loading but generally was lower by argon adsorption at the liquid nitrogen temperature in a
than on the manganese catalj&t], which is a reverse de-  static-volumetric glass apparatus, which ensured a vacuum
pendence than in the case of unsupported catalysts. better than 2« 106 kPa.

Silver alone is known to be a good partial oxidation X-ray powder diffraction patterns of calcined catalysts
catalyst; it is used in industry for the partial oxidation of were collected with an upgraded Zeiss HZG-4 diffractome-
methanol to formaldehyde and for the oxidation of ethylene ter using Ni-filtered Cu-K radiation. The samples were
to ethylene epoxide. The reports cited above indicate thatscanned by a step-by-step technique gainfervals of 0.08
silver may also be a catalyst of complete oxidation. Stud- and a recording time of 10 sifeach step. The measured pat-
ies [32] also show that silver supported on zirconia may terns were compared with the JCPDS (Joint Committee on
catalyze the complete oxidation of methane (the only oxi- Powder Diffraction Standards) database for phase identifica-
dation products were carbon dioxide and water). Methane tion.
conversion strongly depended on silver state and dispersion: The infrared spectra were recorded by means of a Bio-
the catalyst activity was higher when metallic Ag crystallites Rad Excalibur FTIR spectrometer at a resolution of 4ém
were larger than 10 nm and partially oxidized. in the fundamental frequencies region where the IR bands

The present paper reports experimental results con-are produced by the lattice vibrations of the solid oxides
cerning the preparation, claterization, and activity of  themselves. A sample of a catalyst (5 mg) was mixed and
silver-modified, manganese—lanthanum oxide compositeground in an agate mortar with 400 mg of spectroscopically
catalysts in the complete oxidation of methane. The cat- pure dry potassium bromide to a fine powder and then it was
alysts were prepared by a coprecipitation method with pressed to form a disk less than 1 mm thick. Data were col-
various precipitation agents and by various drying pro- lected in the transmission mode at room temperature under
cedures. The characterization of the catalysts was per-air. Interferograms of 256 scans were averaged for each IR
formed by X-ray diffraction, infrared spectroscopy, photo- spectrum.
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Table 1

Catalyst characterization results

Catalyst Precipitaft Drying method Atomic ratiB Phase compositién Surface area

Mn  La Ag (m2/g)

MnLa-CD TAOH Conventional 1 o7 - LaMnG; 5 (main), MrpO3 and/or MiyOy4 (v.S.), 175
LapO3 and La(OH} (v.s.)

MnLa-SD TAOH Supercritical CQ 1 110 - LaMnG; 5 (main), MrpO3 and/or MiyOy4 (v.S.), 157
LapO3 and La(OH} (v.s.)

0.1AgMnLa-CD (NH;)2CO3 Conventional 1 ®1 013 LaMnGs ;. s (main), MOz and/or MigOq4 (S.), 85
Lap0,COg3, LapOg3, La(OH)3, Ag (tr.)

0.1AgMnLa-SD (NH)2CO3 Supercritical CQ 1 0.96 013 LaMnGs ;. s (main), MOz and/or MgOy (tr.), 111
LayOg3, La(OH)3, Lap0,CO3 (s.), Ag (s.)

0.3AgMnLa-CD TAOH Conventional 1 .02 033 LaMnGs ;4 5 (main), MnG (v.s.), MmOz and/or 127
Mn3Oy (tr.), LapO3 and La(OH} (v.s.), Ag (v.s.)

0.3AgMnLa-SD TAOH Supercritical C® 1 0.73 034 LaMnGs ; 5 (main), MnG (v.s.), MmOz and/or 133

Mn3Oy (tr.), LapO3 and La(OH} (v.s.), Ag (s.)

& TAOH, tetraethylammonium hydroxide $8l5)4NOH, 35 wt% aqueous solution.
b Element contents determined by X-ray fluorescence spectroscopy (XRF).
¢ Phase composition determined by X-ray diffraction (XRD): s., small amount; v.s., very small amount; tr., traces.

X-ray photoelectron spectra of samples were taken in awas removed in a cold trap (immersed in liquid nitrogen—
commercial ultrahigh vacuum system, which consists of a methanol slush) placed before the thermal conductivity de-
fast entry specimen assemblypi@eparation, and an analysis tector (TCD). The TCD signal was calibrated by injecting
chamber. The analysis chamber is equipped with a hemi-55 pl of argon to the carrier gas—the argon—hydrogen mix-
spherical electron energy analyzer (SPECS LH-10), a twin ture.
anode X-ray gun for XPS, and a discharge lamp for UPS  The temperature-programmed oxygen desorption from
measurements. The base pressure wasl® 1% mbar. The the catalysts was performed with the apparatus AMI-1 cou-
spectrometer was calibrated using the Fermi edge position ofpled with a quadrupole mass spectrometer HAL 201 RC
a sputter-cleaned Au foil, whitwas defined as binding en-  (Hiden Analytical). Catalyst samples weighing 0.2 g were
ergy (BE) zero of the spectra. Unmonochromatized Al-K  placed in the quartz reactor. Tpeetreatment of the sample
line at 1486.6 eV and an analyzer pass energy of 97 eV, giv- consisted of a heating ramp of 2Q'iin to 1053 K in a mix-
ing a full width at half-maximum (FWHM) of 1.7 eV for  ture of 5% Q/He with flow rate of 30 cri/min, followed by
the Au 4f;/» peak, were used in all XPS measurements. The cooling to room temperature. The end pretreatment temper-
electron binding energies e referenced to the Au 46 ature was by 20 K lower than the calcination temperature for
peak of the Au foil, at 84.06- 0.05 eV. all catalysts; so such pretreatment did not change the charac-

The samples were mounted on a steel holder and trans-eristic of the catalysts. TPD of oxygen was performed with
ferred to the main chamber in order to be characterized by helium as carrier gas and a heating rate of 20nkh up to
XPS. All spectra were taken in normal emission and the 1173 K. The signal of the mass spectrometer correspond-
measurements were performed under pressures less than 5 ing to oxygen f:/e = 32) desorbed from the sample was
10~8 mbar. The XPS core-level spectra were analyzed with recorded.

a fitting routine which decomposes each spectrum into in-  The methane—air mixturandergoes ignition when the

dividual, mixed Gaussian—Lorentzian peaks using a Shirley methane content is above 5.3 vol% and then the adiabatic
background subtraction over the energy range of the fit. Thetemperature rise is possible. In order to prevent an un-
binding energies were calculated by reference to the energycontrolled temperature rise and to keep the catalyst bed
of the C 1s peak of contaminant carbon at 285 eV. The sur- quasi-isothermal, experiments with flameless combustion
face composition of all the samples in terms of atomic ratios performed at ambient pressure in the quartz reactor em-
was calculated, using a Shirley-type background and empir-ployed a methane—air mixture in which the methane concen-
ical cross-section factors for XHS3]. tration was 2 vol% and a small amount, 0.15 g, of powdered

The temperature-programmed reduction of the catalystscatalyst additionally diluted by mixing it with quartz at a
was carried out in the apparatus AMI-1 (Altamira Instru- ratio of 1:15. The reaction mixture was fed at a flow rate
ments Inc.) using 0.05 g of ayst placed in a flow quartz  of 300 cn?¥/min. The small amount of the catalyst, its very
reactor with an internal diameter 7 mm. A 6%-Ar mix- small grains, and the high space velocity of the oxygen-rich
ture was used as carrier gas at a flow rate of 38/onin.; reaction mixture, equal to 120,000 &pth geag), Minimized
the linear temperature increase was 10rih. Immediately the external and internal mass and heat transport limita-
before reduction, the samples were dried in a stream of ar-tion. The reaction temperature was monitored by a chromel—
gon (30 cni/min.) at 373 K for 0.5 h and then cooled alumel thermocouple inserted in the center of the catalytic
to room temperature. Water vapor formed during reduction bed. The initial examination of the reaction of methane ox-
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idation demonstrated that qua showed catalytic activity =~ JCPDS 18-802) and lanthanum oxide,0g (JCPDS 22-
only at temperatures much higher than those at which com-369 and 24-554) were also present. Their amounts were
plete combustion of methane in the presence of catalysts wasmall for most catalysts. Since the samples were exposed
obtained. The reaction temperature was increased step-byin air before and during these analyses, the XRD patterns
step, until 100% methane conversion was achieved. After indicate the presence of phases of lanthanum hydroxide
20 min of stabilization at eachrperature, analyses of the (La(OH); (JCPDS 36-1481)) and lanthanum dioxycarbon-
reaction products were conducted 3—-4 times, and then re-ate (L0,COs; (JCPDS 23-320, 23-322, and 22-1127)).
sults were averaged. The same procedure was applied durTheir presence is justified by the basicity of lanthanum ox-
ing cooling of the catalyst starting from the temperature at ide, due to which it easily binds water vapor and carbon
which complete conversion of methane occurred. The re- dioxide from air[34]. Hydroxyl compounds are readily re-
action products, unreacted methane, and oxygen, were anmovable by heating to 573 K and that is why during methane
alyzed by gas chromatography, using an Alltech CTR1 col- oxidation they should not be present in the catalysts. The
umn made of two coaxial columns—the inner column was carbonate phases decompose above 10785Kand lan-
packed with a porous polymer mixture, whereas the outer thanum dioxycarbonate is formed as an intermediate in the
one contained an activatetblecular sieve packing. decompositior{34]. Its presence may then result from in-
complete carbonate decomjtam during calcination and
from the fact that LaO,CO3z decomposition is a reversible

3. Results process in an atmosphere containing carbon diof3éé.
In 0.1AgMnLa catalysts, precipitated with ammonium car-
3.1. Catalyst characterization bonate, the amounts of phases of lanthanum compounds and

free manganese oxides, in comparison with the amounts of

The XRD analysis Fig. 1) showed that the main phase perovskite phase, were much higher than in the catalysts pre-
of the catalysts is an oxide system with a perovskite struc- Pared with tetraethylammonium hydroxide. Relatively large
ture (Table 9. It was nonstoichiometric oxygen-excess amounts of lanthanum compounds unbound with the per-
LaMnOs.s with a rhombohedral-hexagonal structure OVskite structure and free manganese oxides;®4rand/or
(JCPDS 32-484), rather than orthorhombic, rigorously sto- Mn3Oa, were presentin 0.1AgMnLa-CD. Precise identifica-
ichiometric LaMnQ (JCPDS 33-713). Manganese oxides tion of these manganese oxides, whose amounts were still

(Mn,Oz JCPDS 18-803, MgD4 JCPDS 24-734, Mn® lower than those of lanthanum compounds, was difficult
because of the overlapping dfffraction lines of various

fo_ @ B o & B o & phases. = .

o oA Rol WA _Fo > b X o The bulk silver phase which can undoubtedly be observed
in XRD patterns of catalysts 0.1AgMnLa and 0.3AgMnLa
was metallic silver (JCPDS 4-783). Its amount depended on
the drying method—higher diffraction peaks of silver are

0.1AgMnLa-CD observable after supercritical drying of catalyst precursors.
3 The great proximity of the strongest diffraction lines of sil-
S 0.1AgMnLa-SD ver (29 = 38.16), silver oxide AgO (20 = 32.78 and 37.97
> according to JCPDS 12-793), and perovskité £32.59
‘@ and 32.96) and weaker lines of manganese oxides and lan-
3 0.3AgMnLa-CD thanum compounds made it impossible to state unequivo-
£ cally that bulk AgO was present. Quiteertainly the cata-
’\ 0.3AgMnLa-SD lysts did not contain a AgD phase in agreement with JCPDS
19-1155 (the strongest diffraction line a@ 2 38.62). The
ﬂ VI absence of the bulk phase of silver oxide with the simultane-
ous presence of metallic silver is understandable, since the
decomposition of AgO to the metal occurs at temperatures
R 'l\"?L]aI'SIDI of about 500-600 K25,37] that is, at a temperature lower
than that of catalyst calcinatioNor did the catalysts contain
20 30 . ‘_10 50 60 70 AgMn,04 in agreement with JCPDS 16-740 or AdngO16
Diffraction degree (20) (JCPDS 29-1143). This does not necessarily imply absence
O LaMnOg3 15 =*Mny,O3 XMn3O4 +MnO, CAg of silver cations in thg catalysts, which may be present in_
[1LaMnO; A Lay,03 ¥ Lay0,CO5 >La(OH)s a separate, strongly dispersed phase of surface oxidized sil-

ver[32] or in the perovskite structure. The substitution of a
Fig. 1. XRD patterns of manganese-tzamum catalysts. The diffraction ~ Small ampunt of |a.nthanum cations in the perovskite with an-
lines characteristic of various phases are given at the top; the main lines areother cation practically does not change its crystallographic
marked by filled symbols. structurg[19,23,38—40]
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Fig. 2. Transmission FTIR spectramianganese—lanthanum catalysts.

While phase identification can be obtained from X-ray
diffraction data, FTIR spectroscopy can provide information
on the local environments of metal cations in the oxide lat-
tice and on the local lattice distortions. IR spectra of the
catalysts are shown iRig. 2 The spectra are dominated by
an absorption band in the region 700-550¢mncentered
at 610-620 cm. Other bands are visible at 550—470Tn
and below 470 cm®. It has been reportdd1,42]that the IR
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(also Ag-O in silver-modified catalysts) occurring in the
perovskite structure may bemected to appear in the far in-
frared region, i.e., in the low-frequency (below 400 T
region [41,44] The spectra inFig. 2 do not cover that
infrared region. However, in the spectra of all catalysts
there appears the broad vibrational absorption band at 550—
470 cntt, more intensive at 540-530 crh Only in MnLa
catalysts this is rather weak, especially in MnLa-SD. The
modification of the catalysts with silver greatly increases
the intensity of that band. Its presence in the spectra of un-
modified catalysts excludes A@ as its source. The band
characteristic of this oxide should appear at 550 &if@5];
therefore, it may be assumed that in none of the silver-
containing catalysts the IR sptra showed the presence of
pure AgO. However, the considerable increase in the inten-
sity of the bands at 550470 crhin the spectra of modified
catalysts may indicate its connection with the presence of
silver and the replacement of some lanthanum ions with
silver ions in the perovskite structure. In silver-containing
manganese—lanthanum oxide catalysts, whett lia sub-
stituted by Ag™ in the perovskite structurei)(a large-size
Ag™ ion with the lower oxidation state is incorporated in
place of the smaller size B4 ion, and (i) Mn3* ions are
oxidized to the smaller Mi ions. Mr*+ and Mrf ions in

the rhombohedral and orthorhombic structure of perovskites
can be arranged only in a disordered mardéj. Conse-
quences of the substitution of lanthanum ions also involve
changes in the local symmetry of the Mg@nits and the de-
gree of distortion of the Mn@octahedrons. Deformations of
the perfect oxygen octahedral construction with parallel axes
of octahedrons are greater; they consist in the deflection of
octahedrons from vertical positions and twists of octahedral

spectrum of the lanthanum—manganese powder perovskitechains. There emerges a distorted perovskite lattice. The re-

in the mean infrared region shows an evident band at 650—

550 cnm! (which arises from the asymmetric Mn—O—Mn
stretching in the perfect octahedral species Mn€ausing
the internal motion of the manganese ion against the MnO
octahedron), bands at 480 cfi(weak), and at 395 cnt.
The splitting of the higher frequency band (with two com-
ponents at 608 and 570 cthonly partially resolved) and
the low complexity of the region below 500 crhwas in-

sultis a large variation in the local environment around man-
ganese ions and the appearance of additional frequencies in
the vibrational spectrum. The broad band at 550-470%cm
may be interpreted as originating from the bending vibration
sensitive to octahedral distortion and to Mn—O-Mn bond
angle modulation$44,47] The intensities of the bending
vibration band are smaller than those of the stretching vi-
brations associated with the Mn—O bond-distance variations.

terpreted as being more in agreement with the rhombohedralThe rise in the intensity of the vibrational band at about

oxygen-rich structure than with the orthorhombic stoichio-

400 cnt? (arising from external deformation of the MgO

metric phase. In the spectra of manganese—lanthanum cataectahedron§44,47) in the spectra of modified catalysts, in

lysts (MnLa-SD and MnLa-CD) shown iRig. 2, the main

comparison with the unmodified ones, also indicates that sil-

bands may be considered—also in agreement with the XRD ver ions have been incorporatiecthe perovskite structure.

results—as derived from the perovskite with an oxygen-rich

The general broadness of our IR spectra and the ev-

structure. The broadening of the IR bands may indicate aident, though weak, bands ipositions other than those

random nonstoichiometry of the perovskjie?]. Since the
perovskite structure cannbbst interstitid oxygen, the de-
fect chemistry of LaMn@.. s was described with randomly
distributed La and Mn vacancies in equal amoy#Ag].

The structure of the perovskite is described as a se-

guence of Mn@ octahedrons (linked through corners) with

expected for the perovskite, may be associated with the
presence of other phases. In positions 670, 600, 580, 530,
490, 450, and 410 cri, IR bands arising frona-Mn,O3
were observef#8]. The IR bands of MgO4 occur at 610—
620, 500, and 412-430 (weak) ch[48,49] and of MnQ

at 650-660, 600, and 520-530 th[48] or at 615 and

the L&t ions located in 12-coordinated sites between the 400 cnt! [50]. The great proximity of the bands makes it

MnQg layers. Bands arising from the apical bonds in La—O

difficult to distinguish manganese oxides in the IR spectra.
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Additionally, many of these bands may be superimposed onwith TAOH the participatio of surface-adsorbed oxygen
bands characteristic of the perovskite in the catalysts of this species, probably mostly hydroxyls, was the same and it
work. However, the small peaks centered at around 670 andequaled about 60% of the total amount of oxygen, whereas
415-420 cm! and the shoulder at 650 cthmay originate in catalysts precipitated with ammonium carbonate it was
from the presence of small amounts of pure manganese ox-much greater—about 76% in the case of 0.1AgMnLa-CD
ides, found also in XRD patterns. and about 82% in that of 0.1AgMnLa-SD. Such an increased
FTIR spectra did not show the presence of pureQs participation of Qurfacein catalysts precipitated with ammo-
in any of the catalysts—the band of this oxide should oc- nium carbonate certainly results from the presence of greater
cur at around 450 cnt [51]. Nevertheless, there are prob- amounts of carbonate groups, confirming the results of XRD
ably small amounts of lanthanum hydroxide whose bands and FTIR. The method of precursor drying does not affect
at 640-647 cm? [51,52], characteristic of bending OH vi-  the distribution of the oxygen species in the surface layer of
brations, are poorly marked in IR spectra. It is an effect of the catalysts. The low values of the ratig&¢Mn may im-
the contact of the surface of the samples with air. In cata- ply the presence of lattice vacancies dfQons on the cata-
lyst 0.1AgMnLa-CD, in positions around 845 and 870¢dm lysts surface, eventually filteup with adsorbed, weakly held
there are clearly marked bands (with lower intensity also (i.e., in comparison with & ions) oxygen species and/or
in 0.1AgMnLa-SD) derived respectively from the carbonate surface hydroxyl and carbonate groups. An alternative may
group in Lga0,COs and an unidentately bound carbonate be the presence of coordinatively unsaturated surface ions
specieq34,52] This is in agreement with the XRD results, of manganese in all the catalysts. As has been noted ear-
which reveal the presence of a fraction of lanthanum not in- lier, when discussing XRD results, adsorbed oxygen and hy-
volved in the perovskite structure in catalysts precipitated droxyl groups are readily removable. The carbonate species
with ammonium carbonate. are harder to remove and during methane oxidation they may
The characterization of ch@cal species located in the remain on the surface of the catalysts.
near-surface region of the catalysts was carried out by XPS  The binding energy values of La 3d and La 3d,> (the
and the results are summarizediable 2 The O 1s spectra  spin—orbit splitting of La wad6.8 eV) were almost con-
exhibit two features, which are shownhig. 3. The peak at  stant for all the catalystd={g. 3) and were close to values
lower binding energy, 529.4-529.8 eV, corresponds to lattice characteristic of pure lanthanum oxide, i.e., 834.4 for La
oxygen (&), whereas the one at 531.25-531.8 eV corre- 3ds/2 and 837.8 eV for La 3> [53,54] Small variations
sponds to several O Is states assigned to the surface-adsorbemdere ascribed to changes in the crystal structure and/or elec-
oxygen such as £~ or O, in the form of hydroxyl OH tronic structure. In Ref[57] the La 3d,> spectrum of the
and carbonate C§3~ species (all fall in the 531-532 eV LaMnOjs. 5 was deconvoluted to four peaks. The peak at
range) as well as associated with adsorbed molecular wa-833.7 eV (in[58] at 833.9 eV) was attributed to B4 of the
ter (above 533.0 eM[23,39,53-56]In catalysts precipitated  perovskite and the signal at 835.7 eV to the*taf lan-

Table 2
La 3d, Mn 2p, Ag 3d, and O 1s binding energies (C 1s at 285 eV)
Catalyst La3d Mn2p Ag3d Ols Mn*t/Mn3t  La/Mn  (La+Ag)/, Ag/Mn  Ag/la  Ogra/Mn  Ojattice/MN
(eV) (eVv) (eV) (eV) Mn
MnLa-CD 83435 64145 52965
838 643 53125 0746 Q0278 Q0278 206 0834
645
MnLa-SD 8346 6416 5298
8382 6432 5316 0.909 Q334 Q334 236 093
6451
0.1AgMnLa-CD 83465 64147 36825 5296
83832 64293 37425 53175 111 0467 Q574 Q107 Q174 303 0718
64484
0.1AgMnLa-SD 83415 6415 36825 5294
837.8 6435 37425 5318 113 0478 0617 Q139 Q029 336 0614
646
0.3AgMnLa-CD 83432 6416 3683 52975
838 643 378 53175 116 0291 Q453 Q162 Q559 248 0992
644.8
0.3AgMnLa-SD 8343 6415 3683 52955
8379 64285 3743 5314 1.06 0338 Q0527 Q189 0558 254 102
644.8

The surface composition of samples is presented in terms of atomic ratios.
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Fig. 3. XPS spectra for O 1s, Mn 2p, and L& & manganese—lanthanum catalysts.

thanum surface carbonate7,58] The peaks at 837.8 and Mn**/Mn3+ in modified catalysts were observed, despite
839.0 eV were interpreted as due to the strong screeningdifferent amounts of silver in their bulk phase. Varied pa-
effect of f electrons of the two first 1% features[57]. rameters of the preparation, i.e., both the kind of the pre-
The present La 3¢, spectra undoubtedly indicate that lan- cipitating agent and the method of precursor drying, had no
thanum ions in trivalent form, without any neighboring oxy- unequivocal influence on the mutual ratios of both kinds of
gen vacancies, occur on the surface of all the catalysts. How-manganese ions in the surface layer of the catalysts.

ever, they are fewer than in the bulk of the catalysts, whichis  Analysis of the values of Lavin and (La+ Ag)/Mn ra-
indicated by the values of the ratios \Mn and Ag/La, also tios indicates that the surface of all catalysts has been sig-
shown inTable 2 The ratio L&Mn in samples dried with su-  nificantly enriched with manganese. In the surface layer of
percritical carbon dioxide during preparation is greater than unmodified catalysts manganese ions are about three times

in samples dried conventionally. more numerous in relation to lanthanum ions than in the
The binding energies of Mn 2 and Mn 2p/2 (Table 2 bulk phase. In silver-containing catalysts, in which the bulk
are very similar to those reported in the literat{28,54] La/Mn ratio was about 0.9 or 0.7, the migration of man-

Since the differences between the binding energy valuesganese ions toward the surface is smaller, but their amount in
of Mn3t and Mrf* ions are small, a peak synthesis pro- the surface layer is still about two times greater. The degree
cedure, which includes three components—MnMn**, of manganese segregation (1.6—2.2 times higher) is similar
and a satellit¢23,54}—was applied. The fitted XPS spectra also in relation to the sum of lanthanum and silver. Supercrit-
of Mn 2p are shown irFig. 3. The component at 641.4— ical drying facilitated the preparation of materials in which
641.6 eV is attributed to Mt and that at 642.8-643.5eV manganese enrichment of the surface was somewhat smaller
to Mn** ions [23]. The value of the Mfir/Mn3* ratio than after conventional drying. Manganese enrichment of the
(Table 2 in the surface layer of MnLa catalysts was quite surface of manganese—lanthanum perovskites was reported
high (0.75-0.9) and still increased to about 1.1 in modified in [23], but migration of lanthanum toward the surface has
catalysts—the presence of sih@rforced the transformation  been also observgd4,58] Our results confirm the findings

of a larger amount of M# ions to Mrf*+ ions. In order of the former report.

to check for the possibility of surface reduction during the The XPS spectra for Ag 3d and the Auger MNN spec-
XPS measurements, the Mn 2p peak was recorded both intra of the manganese—lanthanum catalysts modified with
the beginning and in the end of the measurements (i.e., af-silver are shown inFig. 4 The binding energies of Ag

ter prolonged irradiation time) and no change in the shape or3ds,, and Ag 3@, (Table 2 may be interpreted as corre-
intensity of the Mn 2p peak was found. The transformation sponding to metallic silver. According to literature data, the
of a larger amount of M#tt ions to Mrf* ions in the pres-  binding energy of Ag 3¢)> for metallic silver is 368.3 eV,
ence of silver is caused by thadt that charge compensation 367.5 eV for AgO, and 367.3 eV for Ag(d28]. On the

in LaMnOg 5 after the substitution of some lanthanum ions surface of the catalysts modified with silver there are no
with silver ions may be achieved by manganese oxidation silver ions derived from pure silver oxides, which is in
and by oxygen loss with eventual appearance of oxygen va-agreement with the results of XRD and FTIR, where such
cancies. No significant differences in the values of the ratio phases were not detected. We also examined the kinetic en-
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Fig. 4. XPS spectra for Ag 3d and Auger MNN spectra of man-
ganese-lanthanum catalysts modified with silver.

ergy of the Ag NMM Auger electrons emitted from silver-
containing catalystsHig. 4). However, there appears a dif-
ficulty, because the Auger line of silver is very close to
the XPS line of lanthanum; nevertheless, the kinetic en-
ergy of the Auger MN4sN4s peak is closer to the kinetic
energy of Ag (356.6 eV) than the kinetic energy of Ag
(358.1 eV)[32]. The calculated Auger parameters (Auger
parameter= Ag 3ds/2 + (MsNasNas + 6 eV)) for the cat-
alysts were equal to 725.2 eV in the case of 0.1AgMnLa-
CD, 725.0 eV for 0.1AgMnLa-SD, and 724.65 eV for both
0.3AnMnLa-CD and 0.3AgMnLa-SD. Because in the liter-
ature[33] the Auger parameter reported for metallic silver
Aglis 725.8-726.3 eV and for Algions 724.5 eV, it appears
that most of silver in the near-surface region of the silver-
containing catalysts is presess partially oxidized, i.e., as
AgT ions. In Ref[32] such a situation was interpreted as the
oxide-covered or the oxygen-covered surface of metallic sil-
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Table 3
Surfacé and bull® (in brackets) composition of the manganese—lanthanum
catalysts in terms of atomic ratios

Catalyst Mn (at%) La (at%) Ag (at%) O (at%)
MnLa-CD 300 (17.4) 8.3(186) 61.7 (65.0)
MnLa-SD 270 (17.1)  8.3(188) 64.7 (64.0)
0.1AgMnLa-CD 217 (16.1) 10.0(146) 22(2.1) 66.1 (67.1)
0.1AgMnLa-SD 20 (17.4) 9.6(166) 2.8(23) 67.6(637)
0.3AgMnLa-CD 254 (15.7) 74(113) 4251 63.0 (68.0)
0.3AgMnLa-SD 245(168) 8.3(123) 4.7(57) 625 (65.1)

@ Surface element contents determined by X-ray photoelectron spec-
troscopy (XPS).
b Bulk element contents determined by X-ray fluorescence spectroscopy

(XRF).
0.3AgMnLa-CD
0.3AgMnLa-SD
0.1AgMnLa-CD
0.1AgMnLa-SD
MnLa-CD
MnLa-SD

300 500 700 900 1100
Temperature (K)

Hydrogen consumption (a.u.)

Fig. 5. H,-TPD profiles of manganesknthanum catalysts.

temperature region up to 1100-1130 K. Two major peaks

ver particles (which were supported on zirconia). Since the during temperature-programmed reduction of lanthanum-—
XRD experiments of modified catalysts showed the presencemanganese perovskites have been observed previously
of a separate phase of metallic silver, one may suppose tha{13,17,59—the first phase of the reduction was interpreted
this is also covered with an oxygen-containing layer and the as the reduction of Mh to Mn®t+, while the other was

presence of strongly dispersed Ay invisible in the XRD,

ascribed to the reduction of Mh to Mn?t with concomi-

is also possible. In manganese—lanthanum oxides modifiedtant destruction of the perovskite structure. In the case of

with silver the Ag" ions should also occur in the perovskite
structure.

The values of the ratio AGvVin did not indicate the enrich-
ment of the surface layer of modified catalysts with silver; in
the case of 0.3AgMnLa it was even poorer with silver than
their bulk. On the other hand, the mutual ratios of silver and
lanthanum (AgLa) were in each case higher than in the bulk
of the catalysts, which is certainly a result of the lanthanum
depletion of their surface. The chemical composition of the
near-surface region of the catats in comparison with their
bulk phase is shown imable 3

Experiments of the reducibility of the catalysts have
shown Fig. 5 that their reduction occurs in two regions:
a low-temperature region, up to about 800 K, and a high-

MnLa catalysts, the reduction begins at about 540 K and the
maximum rate of the low-temperature stage of the reduc-
tion occurs at about 670—680 K. The shoulder at the lowest
temperature, of about 590 K, was interpreted28] as the
removal of nonstoichiometric excess oxygen, which is most
weakly bound in the perovskite lattice. The second shoulder,
at temperatures above those of the first peak, may be a result
of the overlapping of the reduction peaks of perovskite and
of small amounts of free manganese oxides or those contain-
ing small amounts of lanthanum ions in their crystal lattice.
It has been reported ii60] that in the temperature range in
which the first stage of reduction takes place, there occurs
complete reduction of nonsupported Ma® MnO and the
beginning of MOz reduction; in Ref[61] they also ob-
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served peaks of the reduction of Mdy, while in Ref.[30] low lanthanum oxide content (easier to reduce) and with
complete reduction of MyO3 to MnO was observed. Small  the perovskite structure (hadto reduce). The XRD results
peaks at about 875 and 970 K may also derive from the re- of the catalysts indicated the existence of lanthanum com-
duction of manganese oxides, which are not incorporated in pounds not bound in the perovskite structure in catalysts
the perovskite structure. The maximum of the rate of the sec-0.1AgMnLa.
ond stage of perovskite reduction occurs at 1070-1080 K. The temperature range in which the high-temperature
The presence of silver in the catalyst considerably lowers stage of perovskite reduction takes place is similar for all
the temperature of the first stage of reduction, even by almostcatalysts, irrespective of whether they contain silver or not.
200 K. The facilitation of the reduction is greater, the more  The total amount of hydrogen utilized for the reduction
silver there is in the catalyst. A similarly large lowering of of the oxide phase in silver-modified catalysts is somewhat
the reduction temperature was observed in the case of com{arger (2.54-2.76 mmgg) than in the case of catalysts
plex manganese-silver oxid¢29,30] and Ag—Mn/AbO3 MnLa (2.14-2.18 mmglg). Yet there seems to be no sys-
catalysts[27], and the temperature of the beginning of the tematic dependence on the silver content in the catalyst or
reduction of binary oxides was close to that of the reduc- on the manner of the preparation (kind of the precipitating
tion of systems containing only silver. The promotion of the agent, drying method). An increase in the amount of utilized
reduction of manganese-containing oxides is sometimes ac-hydrogen is evidenced mainly in the low-temperature region
counted for by the activation and then the spillover of hydro- of the reduction. In the temperature range above 770 K the
gen from metallic silver, formed already during the calcina- utilization of hydrogen for all the catalysts shows only small
tion stage. Another explanation was offered in RE§2,63] differences, ranging from 0.94 to 1.16 mrmgl Such a tem-
which suggest that the presence of metals from the copperperature distribution of the amounts of utilized hydrogen
family (Cu, Ag, Au) leads to a weakening of the strength of may indicate a larger amount of easily removable oxygen
the metal-oxygen bonds in the main oxide being reduced,and a higher content of M ions in the modified cata-
located near the coinage metal. It may be expected that inlysts. Equally evident is also its small dependence on silver
a similar way silver facilitates the pulling out of oxygen content. This is in agreement with the XPS resulsle 2
from the crystal lattice of the oxides in the present case. The and it supports the conclusion regarding the increased value
structural defects induced by silver may also increase lattice of the Mrf* /Mn3* ratio in modified catalysts, also in their
oxygen mobility in the catalysts. Thanks to the weakening bulk phase.
of the bonds between oxide and manganese ions, the migra- O,-TPD experiments for manganese—lanthanum catalysts
tion of lattice oxygen to metallic silver becomes probable. showed the existence of three temperature ranges of de-
Since the release of oxygen from silver oxides (reduction at a sorption Fig. 6). The low-temperature desorption peaks (in
relatively low temperature, and even their spontaneous ther-the range of 500-700 K, with maxima at 550-560 K in the
mal decomposition) is easier than in the case of manganese
oxide compounds, then the sequence of events—the weak-
ening of the bonds Mn-0, imeased lattie oxygen mobility
and its migration to silver—results in the lowering of the
temperature necessary for the first stage of the reduction of
modified catalysts. Naturally, this is possible only after the
introduction of silver ions into the structure of manganese
oxide (perovskite) or after bringing about a very intimate
contact of silver and manganese phases in some other way.
Similarly to MnLa catalysts, additional reduction peaks
in silver-modified catalysts are complex and their inter-
pretation is even more complicated. There is an additional
factor to be taken into account—the extent of direct con-
tact of oxides being reduced with silver. The small peaks
of reduction at 635 K probably originate from the reduc-
tion of unmodified perovskite or manganese oxides. In
the profiles of temperature-programmed reduction of cat-
alysts 0.1AgMnLa, precipitated by ammonium carbonate,
the number and intensity of peaks in temperature ranges
characteristic of both low- and high-temperature reduction M
regions are greater than for themaining catalysts. This un- :
doubtedly results from the great nonhomogeneity of these 300 50 700 900 1100
catalysts (which is indicated in the analysis of XRD pat- Temperature (K)
terns and FTIR spectra) and the probable coexistence of two
phases of manganese—lanthanum composite oxides, with Fig. 6. O-TPD profiles of manganeskanthanum catalysts.
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case of MnLa and at about 590 and 610 K for 0.1AgMnLa manganese—-silver unsupported oxides was interpreted as
and 0.3AgMnLa, respectively) are ascribgd,64] to the originating from the lattice of AgO and MrOs [31]. The
weakest, molecularly adsorbed (suprafacial) oxygen on thetemperature of oxygen desorption from manganese oxide in
surface of the catalysts. The desorption of the second kindthe composite catalysts was more than 200 K lower than
of oxygen from MnLa catalysts begins very slowly at about that at which pure MgOs3 released its oxygen. The above
850 K and continues at higher temperatures. It is oxygen facts prove that the oxygen desorbed at 840-870 K from
originating from the crystal lattice of oxides (intrafacial our silver-containing catalysts is derived from manganese—
oxygen)—nonstoichiometric and connected with the reduc- silver phases in which both components are in very close
tion of Mn** to Mn®*, as suggested in Refd.2,13,23,39, contact, such that silver ions are homogeneously dispersed
64,65] In the presence of silver there appears a third peak in manganese oxides, as it happens in silver-substituted per-
of oxygen desorption (most probably also intrafacial) with ovskites. In the presence of silver ions in the perovskite
the maximum at about 840-870 K. The size of this addi- structure the lattice oxygen neighboring with them becomes
tional peak of oxygen desorption is inversely proportionalto thus much more labile (greatlability of the lattice oxygen

the intensity of diffraction lines of metallic silver observed was suggested also in the case of composite manganese—
in XRD spectra. It suggests that this kind of oxygen proba- silver oxides[24,31], probably due to the weakening of
bly does not derive from large crystallites of metallic silver, Mn—O bonds, and is desorbed at a lower temperature. This
observed in X-ray diffraction. This suggestion seems to be conclusion is further supported by the fact that the desorp-
confirmed by the results of Re66] in which two different tion of the remaining lattice oxygen, not activated by silver,
forms of subsurface atomic oxygen in metallic silver were begins at temperatures higher by about 200 K than in the
identified—the bulk-dissolved (§) and oxygen (@) which case of catalysts MnLa. Unfortunately, the interpretation of
substitutes silver atoms in the lattice. The latter form of oxy- the curves of oxygen desorption above 1050 K may con-
genis located only in the uppermost silver layer. The temper- tain errors caused by carbonate decomposition beginning at
ature of @ desorption was lower (a maximum below 760 K) this temperatur¢35] and fragmentation of released carbon
and the thermal desorption of,@xygen occurred at higher dioxide in the mass spectrometer. Nevertheless, the high-
temperatures (a maximum above 950 K) than those at whichtemperature part of the TPD profile of the 0.1AgMnLa-CD
desorption was observed in our silver-containing catalysts. catalyst, obtained by precipitation with ammonium carbon-
In Ref.[24] the desorption of lattice oxygen from an unsup- ate and dried qonventionally, again implies its considerable
ported silver oxide AgO was observed at about 650 K, i.e., honhomogeneity.

at a temperature much lower than that at which there oc-

curs the additional peak of oxygen desorption, characteristic 3.2. Performance in methane oxidation

of our silver-containing catalysts. However, the temperature

range of this additional peak of oxygen desorption is close  Carbon dioxide and water were the sole reaction prod-
to temperatures characteristic of oxygen desorption from sil- ucts of methane oxidation; therefore, there was no carbon
ver catalysts and manganese—silver catalysts supported omonoxide formed. The amount of carbon present in the form
Al203 [27] and from unsupported oxide catalysts Mg of carbon dioxide produced was equal to that in methane
(80/20) and MAg/Sm (80/20/5) [31]. In Ref.[27] the converted. The course of methane combustieig.(7) on
peaks at 850-920 K were ascribed to the overlap betweenall the catalysts was similar, and all the catalysts followed
desorption of the lattice oxygen of MpQand dispersed the same temperature profile during heating up to achieve
Ag20. The oxygen desorbed at 730 and 920 K from the 100% methane conversion and then during cooling. On cat-

Fig. 7. Catalytic combustion of methane overmganese—lanthanum oxides modified with silver.
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alysts dried with supercritical carbon dioxide the reaction of silver in manganese—lanthanum oxide catalysts had no
began at about 680 K and unreacted methane totally dis-significant influence on the terapatures at which flameless
appeared above 1020 K. The introduction of silver into the methane combustion begandamethane complete combus-
composition of the catalyst from this group increased its ac- tion was accomplished. The tentp&ure necessary to ignite
tivity, but only slightly. The beginning and end of methane the reaction was very close to that for Mp@l,O3 cata-
combustion on catalyst MnLa dried in a conventional way lyst, but almost 200 K lower than the temperature at which
occurred at temperatures similar to those in the case ofoxidation of methane began on 4@s/Al>O3 [8]. The pos-

the catalyst dried supercritically. Silver modification of the itive effect of silver modification of manganese—lanthanum
thus prepared catalyst caused a decrease of its activity aioxide catalysts in our experiments is by no means so obvi-
lower temperatures. At higher temperatures methane con-ous as indicated in Ref21] where a substitution of 30% of
version on 0.3AgMnLa-CD epeeded the values obtained lanthanum with silver in manganese—lanthanum perovskite
on unmodified MnLa-CD. The differences between temper- lowered the temperature of methane combustion by about
atures necessary for the combustion of 10, 50, and 90% o0f40 K.

methane on all the catalysts were not grdag(8). Only Yet, the observed course of methane combustion is a
on 0.1AgMnLa-CD were the values of these temperatures function not only of the catalyst composition but also of
higher than those of the remaining catalysts. One may sayits surface area. Taking into account the differences in the
that, on the whole, the preparation method and the presencesurface areas of the catalysT®ble 1), it appears that their
modification with silver causes an increase in the rate of
methane combustiori-{g. 9). An increase in the activity per
unit of surface area for silverenitaining catalysts in the tem-
perature range of 770-870 K, where the degree of methane

v
90 %
Nﬁ— conversion is from 6 to 50%, is greater, the higher the re-

- action temperature. At higher temperatures in this range

900 B\'&t smaller amounts of silver were sufficient to increase the rate

of the reaction—the differences between the rates of com-

-
-
o
o
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L gd i

800 © 10 % bustion on catalysts 0.1AgMnLa and 0.3AgMnLa are rather
b g small
4 . .

700 - The apparent energies of activation calculated from Ar-

rhenius plots for silver-containing catalysts were not very
different from the activation energies observed in the case
of unmodified catalystsHig. 9). This suggests that the pres-
ence of silver does not chantfee reaction mechanism; the
Fig. 8. Effect of the Ag:Mn atomic ratio on the temperature needed for 10, iNCrease in the reaction ratesults rather from a higher
50, and 90% conversion of methane (open symbols, conventional drying, number of active sites involved in the reaction or from their
CD; filled symbols, supercritical drying, SD). higher specific activity.
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4, Discussion

The manganese-lanthanum oxides modified with silver
turned out to be a complicatedultiphase catalytic system
with the dominance of the perovskite phase. More uniform
materials were obtained from precipitation with hydroxides
than by precipitation with ammonium carbonate. The higher
temperatures of the decomposition of carbonates compared
to hydroxides, and the especially high temperature of lan-
thanum dioxycarbonate decomposition, make the reactions
between manganese and lanthanum oxide phases during cal-
cination more difficult and not all lanthanum enters the per-
ovskite structure. The preparation of a more homogeneous ,’:0'0 [Trrrprrrrprrrrproros
phase composition of the oxides is facilitated by drying the s 00 01 02 03 04
precipitates with supercritical carbon dioxide. Due to the in- § Ag:Mn atomic ratio
hibition of the agglomeration processes of precipitated parti-
cles in this case, subsequent reactions between them duringig. 10. Effect of the Ag:Mn atomic ratio on the ¥h/Mn3* surface
calcination are easier and quicker. The greater surface are&tomic ratio, amount of hydrogen consumed in the Iow-temperature region

. . . .. of the reduction Vi, 1) TPR), the temperature of the maximum of the
of the contact o_f small particles of particular oxides faC|I|-. low-temperature peak of the reductiofya.T) TPR), and the temper-
tated the formation of the lanthanum-manganese perovskiteature of the start of the high-temperature peak of the oxygen desorption
structure. (Tstar(HT) TPDo,) (open symbols, conventional drying, CD; filled sym-

Only a part of silver introduced into the catalysts was Pols, supercritical drying, SD).
accommodated by the perovskite phase. In this case, the
supercritical drying of the precipitate favored a part of metal- compared to lattice oxide ions. These oxygen species, fill-
lic silver to remain as a separate phase. The cause of thisng the vacancies, may be responsible for the easier and
could be the lack of aggregation of precipitate particles with faster reaction with methane during its flameless combus-
silver oxide remaining in the form of separate particles. Sil- tion on modified catalysts. A comparisonfeigs. 9 and 10
ver oxide undergoes thermal decomposition already at aboutindicates that the temperatuaewhich the high-temperature
500-600 K[25,37] The absence of close contact with the peak of oxygen desorption starBfrHt) TPDo,) depends
particles of the other oxides could render their reaction with on the Ag:Mn atomic ratio in a way similar to the rate
metallic silver more difficult than in the case when silver, of methane oxidation. The more weakly bound oxygen in
still in the form of (hydro)oxide already at the beginning of silver-containing catalysts is more mobile and it may leave
calcination, was occluded in langaggregates of the precipi-  the catalyst surface more easily—it is therefore more read-
tate particles. The IR spectra of modified catalysts prove thatily available for methane oxidation. The binding strength of
part of the silver oxides was nevertheless incorporated into such oxygen species on the catalyst and the possibility of
the perovskite structure, also after supercritical drying. more facile desorption at lower temperaturieigé. 6 and 1p

Differences in the preparation modes of the catalysts andare significant for catalyst aeity. A considerable increase
their uniformity had only a small influence on their proper- in the rate of reaction of methane with oxygen after intro-
ties in the reaction of flameless methane combustion. Theducing silver into the catalyst occurred only at higher tem-
amounts of all kinds of cations in the near-surface region of peratures, at which the participation of oxygen released from
the catalysts, which is most significant for the course of the the crystal lattice or its filled up oxygen vacancies becomes
catalyzed reaction, practically did not depend on the mannerpossible.
of preparation. The surface of all the catalysts was enriched The weakening of oxygen binding in silver-modified cat-
with manganese ions in relation to the bulk of the solid and alysts and the importance of the ease of removing it from
the surface amount of silver was similar to that in the bulk the catalysts for the rate of methane oxidation are also in-
of the oxides. dicated by the TPR results. The rate of methane combustion

0,-TPD experiments showed that the modification of after the introduction of silverHig. 9) changes in a way sim-
manganese—lanthanum oxides with silver provides a newilar to that of the temperature of the low-temperature peak of
source of oxygen, more weakly bound in the oxide struc- reduction {maxL) TPR) (Fig. 10.
ture. Due to the high stability of the perovskite structure, It seems that for an increase in the rate of methane com-
substitution of lanthanum cations with silver cations should bustion large amounts of weakly bound oxygen are not
create structural defects, i.e., there should emerge oxygemecessary. The amount of hydrogen consumed in the low-
vacancies, which may be accompanied by a change in thetemperature region of reductio,t) TPR), which is a
balance between the transitional stages of manganese oximeasure of the amount of oxygen removed from the cat-
dation. These vacancies may be occupied by weakly heldalyst in this temperature range, also increases after cata-
oXygen species under an oxygen-containing atmosphere, a$yst modification Fig. 10. Yet, although an increase of the
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Ag:Mn atomic ratio from 0.1 to 0.3 further increased the the catalysts did not change its amount and binding strength
amount of consumed hydrogen, this did not cause an equiv-in any significant way. Therefore, this oxygen species is
alent increase in the rate of methane combustfeg. (9). not responsible for the specific activity of the modified
The smaller importance of a large amount of weakly bound catalysts. The intrafacial pcess, occurring at higher tem-
oxygen compared to the degree of bond weakening in the peratures, involves lattice oxygen as an active species. Our
catalyst is also indicated by the different sizes of the high- results indicate that the flameless combustion of methane

temperature peak of oxygen desorptiéig( 6)—the differ- over manganese—lanthanum oxides is an intrafacial process.
ent size of these peaks has no direct relation with catalystIn the first stages of the reaction a metal oxide or only its sur-
activity. face is reduced by methane atien, on successive stages,

The effect on the rate of methane combustion following the reduced metal oxide is again oxidized by oxygen ad-
introduction of increasing amounts of silver into the catalyst sorbed from the gas phase. The weakening of Mn—-O bonds,
(Fig. 9 is analogous to that on the surface ¥tjiMn3+ facilitating the release of oxygen from the near-surface re-
atomic ratios Fig. 10). Partial substitution of lanthanum gion of the catalyst layer, aceghtes the reaction of methane
in the perovskite structure can induce oxygen nonstoi- oxidation. This conclusion is supported by the results re-
chiometry. Still, the filling of oxygen vacancies must re- ported in[20], which demonstrate that the introduction of
sult in the appearance of a larger number of manganesesilver into the structure LaCofincreases the reactivity of
ions in the unstable oxidation state #n The value of the  the lattice oxygen during methane reaction, even in the ab-
Mn#t/Mn3* surface ratio may therefore be considered as sence of gaseous oxygen.

a significant parameter charegting the intrinsic proper- The fact of the weaker binding of oxygen with silver ions
ties of manganese—lanthanum oxides (and probably also of(reduction at a relatively low temperature and even spon-
other systems containing manganese oxides) which affectstaneous thermal decomposition of silver compounds) than
their activity in flameless combustion of methaikég. 11 with manganese ions is of great significance for the localiza-
shows that the rate of methane oxidation is a linear function tion of the sites of methane oxidation (filled oxygen vacan-
of the Mrft /Mn3+ surface atomic ratio. Our results suggest Cies) on the surface of silver-modified catalysts. During the
that significantly larger amounts of Mhions are connected ~ reaction, the oxygen neighboring with silver ions, which is
with the greater accessibility of oxygen for methane oxida- bound more weakly than the oxygen neighboring only with
tion. manganese ions, should be wdd first for methane oxida-

The oxidation reactions on perovskites have been char-tion. The remaining part of the catalyst structure in which
acterized as suprafacial or intrafacjaD]. The suprafacial ~ 0Xygen is bound only with manganese ions may constitute
process, which proceeds at a low temperature, involves@ specific reservoir of oxygen ions with which the vacan-
weakly bound oxygen species adsorbed on the catalystcies are filled up—the flow of oxygen in the perovskite,
surface. The low-temperature desorption of oxygen, most Where silver and manganese ions are in a common crystal
weakly bound with the catalyst surface, occurred at temper- lattice, should be even easier than through the contact site
atures lower than those at which the reaction of flameless0f two separate phases of manganese and silver oxides. The
methane combustion began. The introduction of silver into easiness of the flow of oxygen from manganese oxide to pal-

ladium was reported in Ref67] and from manganese oxide

= to copper in Ref[68]. In turn, oxygen from the gaseous
< 50 phase is first introduced in the neighborhood of easily ox-
(\"E E idized manganese ions, thfiling up oxygen vacancies in

5 40 the crystal lattice of the perovskite (or of manganese oxide).
e A similar mechanism of the oxidation of carbon monox-
g ] ide and methane on manganese—silver composite oxides was
c 3.0 proposed in Refg24,30,31]

S 204 -

-g : W 5. Conclusions

8 40 m 773K @

L:r 10 1 —® S d® Manganese—lanthanum oxides modified with silver con-
(:5 0.0 ] stitute a complicated multiphase catalytic systems with the
5 L L dominance of the perovskite phase. The precipitation of cat-
Py 0.8 1.0 1.2 alyst precursors with tetraethylammonium hydroxide and
§ Mn4+/Mn3+ atomic ratio their subsequent supercritical drying results in a more uni-

form catalytic material tharthe one obtained by precipi-
Fig. 11. Rate of flameless combustion of methane as a function of the tation with ammonium carl?onate and Conven“.onal drying.
Mn*t/Mn3+t surface atomic ratio (open symbols, conventional drying, Nevertheless, differences in catalyst preparation and their
CD; filled symbols, supercritical drying, SD). uniformity had only a small effect on the amounts of all
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kinds of cations in the near-surface region of the catalysts

and on the course of the reaction of flameless methane com-

bustion.

The modification of manganese—lanthanum oxide cata-
lysts with silver increases thate of flameless methane com-
bustion. A significant increase in the activity per unit surface
area in silver-containing catalysts occurred only for higher
reaction temperatures, at which the participation of a new
source of oxygen, more weakly bound in the oxides structure
in comparison with lattice oxide ions, is possible. Desorp-
tion of this kind of oxygen takes place in the temperatures by
about 100 K lower than on catalysts without silver. It is prob-
ably oxygen released from filled oxygen vacancies in the
crystal lattice of oxides, more mobile and easily accessible to

methane oxidation. Such defects of the crystal lattice appear

due to the great stability of the perovskite structure when
substituting lanthanum cations with silver cations. A conse-

guence of filling up oxygen vacancies is the appearance of a
larger number of manganese ions in the unstable oxidation

state M in the catalysts. The rate of methane oxidation
is a linear function of the Mt /Mn3+t surface atomic ra-
tio. The value of the Mfit/Mn3* surface atomic ratio is
therefore a significant parametgraracterizing the intrinsic

properties of the manganese—lanthanum oxides and influenc

ing their activity in the flameless combustion of methane.
The sites of filled oxygen vacancies, providing oxygen for
methane combustion, are probably neighboring with silver
ions. The remaining part of the catalyst structure, in which
oxygen is bound only with manganese ions, may constitute
a specific reservoir of oxygen ions with which the vacancies
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