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Introduction

La-based catalysts with ABO; perovskite-like struc-
ture [1—4] have been proposed as a valid alternative for the
low temperature catalytic flameless combustion of meth-
ane (CFC). Indeed, perovskite catalysts combine low cost,
thermo-chemical stability at high operating temperature
and satisfactory catalytic activity [5—8]. Interest is grow-
ing for these materials because of their interesting trans-
port properties [9—20], such as oxygen mobility, impor-
tant for their activity as catalysts in the catalytic flameless
combustion of methane [18—20] and for solid oxide fuel
cells. Transport properties are strongly dependent on the
nature of the ions partially substituting for La** [19] as
well as on the preparation procedure [20].

A common way to tune catalytic activity is the partial
substitution of one of the ions constituting the structure,
which bring to different cell parameters of the perovskite
lattice or the addition of a small amount of noble metals
[21—23]. Furthermore, catalytic activity may be improved
by the increase of specific surface area of catalysts.

One of the key problems dealing with catalytic conver-
sion of natural gas is the presence of sulphur compounds,
added as odorisers in the distribution grid, possibly lead-
ing to catalyst poisoning [24—26]. As all heterogeneous
processes poisoning start from the adsorption of SO, on
the surface of the catalysts, which may simply block the
active sites or modify their chemical nature. Indeed, once
adsorbed, unstable SO, surface species can react with ac-
tivated oxygen, which leads to formation of different sul-
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fur species (SO,, SO;, SO32’, SO‘%’ and Sz’) [1]. In addi-
tion, prolonged exposure to SO, can lead to a complete
destruction of the perovskite structure. Doping with noble
metals or the introduction of transition metal ions forming
stable sulfates (e.g. Ti, Zr, V, Sn, Sr, Ce) in catalyst for-
mulation are possible means to improve the resistance to
sulphur poisoning. Rosso et al [5, 27—28] also showed the
beneficial role of MgO, which acts as a protective shield,
forming stable sulphates and hence competing with the
active phase for SO, adsorption. Its protective action is
however provisional, due to its consumption. In a previ-
ous investigation [29] intraframework Sr doping proved
an interesting mean to improve catalyst resistance to poi-
soning, as well as the addition of noble metals, such as Pd
or Pt. However, the former method showed beneficial for
LaMnO; based catalysts, whereas LaCoO; showed de-
creasing activity upon Sr addition, besides being intrinsi-
cally less resistant to S poisoning.

In our work we summarise the results of different at-
tempts to modify the perovskite structure to impart higher
activity for the catalytic flameless combustion of methane
and resistance to sulphur poisoning. For this purpose dif-
ferent series of catalysts were synthesized with schematic
formula La;_ A MeOs, were A = Sr, Ce, Ag; Me = Co,
Mn; x=0.05; 0.1; 0.2. In addition, samples promoted with
noble metals were prepared (LaMeO; + 0,5 % NM were
Me = Co, Mn; NM = Pt, Pd, Ag). Two preparation pro-
cedures have been followed: the traditional sol-gel method
compared with flame pyrolysis (FP, [2—4]), leading to na-
nostructured catalysts.

Experimental part

2.1. Samples preparation

Since only partial Ag incorporation in the LaMeO; lat-
tice can be reached (vide infra), the formula La;_ Ag MeO;
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should be better represented by y-Ag/La;_,_,Ag,MeO;3,
where x represents the fraction of Ag incorporated into the
perovskite framework, whereas y is the Ag molar fraction
in extraframework position. However, to avoid complex
notations, the nominal composition only will be used in
the following.

2.1.1. Flame pyrolysis

All the precursors solutions were prepared by dissolv-
ing in propionic acid (Aldrich, pur. 97 %) salts of the se-
lected metals La(CH;CO0);2H,0 (Aldrich, pur. 99.9 %),
Co(CH;CO00),4H,0 (Fluka, pur. 99 %), Mn(CH;COO),x
x4H,0 (Aldrich, pur. 99 %), Sr(CH;COO), (Aldrich,
pur. 99 %), Ce(CH;COO), (Aldrich, pur. 99.9 %),
Pd(CH;COO), (Fluka, Pd 47 wt.%), Pt(AcAc), (Aldrich,
pur. 97 %), Ag(CH;COO) in the desired ratio and metal
concentration. The FP apparatus has been described in
detail elsewhere [30]. Briefly, it consists of a capillary tube
(inner diameter 0.6 mm) ending in the centre of a verti-
cal nozzle and connected with a syringe pump (Harvard,
mod. 975), feeding the solution of the mixed oxide precur-
sors. The nozzle was co-fed with oxygen (SIAD, purity >
>99.95 %, flow rate 5 L/min), acting both as oxidant and
as dispersing agent, able to form micro-droplets of solu-
tion. Gas flow rate was regulated by MKS (mod. 1259C)
mass flow meters, controlled by a MKS (mod. 247C) con-
trol unit. The synthesized nano-particles were collected
by means of a 10 kV electrostatic precipitator [31].

2.1.2. Sol-gel method

Appropriate amounts of La(NOs3);6H,0 (Chem-
Spectr, pur. > 98 %), Co(NOs),"6H,O (Reachem, pur. >
> 98 %), Mn(NO3),6H,0 (Reachem, pur. > 98 %) and
AgNO; (Reachem, pur. 99.95 %) were dissolved in dis-
tilled water. Citric acid (Reachem, pur. 99.9 %) was added
to the solution as complexing agent with a 1.5:1 molar ratio
with respect to the sum of metal cations. After evapora-
tion of the solvent, a bulk powder was obtained, which was
consecutively ignited at 300 °C for 1h and at 550 °C and
700 °C for 3h.

2.2. Catalyst characterization

The crystal structure of the prepared samples was de-
termined by X-ray powder diffractometry on a Philips
PW3020 diffractometer operating with Cu-K, radiation
(A= 1.5418 A). Patterns were collected in the range 5° <
<20 < 80° with A20 = 0.02° steps. The patterns obtained
were compared with literature data for phase recognition
[32]. The surface area of the synthesized powders was meas-
ured by N, adsorption/desorption at —196 °C on a Mic-
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Fig. 1. XRD patterns of Lay gAg, ,Co0; catalysts prepared
by flame pyrolysis (1) and sol-gel (2) methods. Reflection
of metallic silver indicated with cross (O)

I(a.u.)

o o o
’k\ L
\
1 "W—m;m y W‘ i M\NT»M.‘J Ao, o
0 10 20 30 40 50 2

60 70
Fig. 2. XRD patterns of La, ¢Ag, 1MnOj; catalysts prepared
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of metallic silver indicated with cross (O0)
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Fig. 3. Temperature-Programmed Reduction (TPR) pattern

of selected samples: FP-LaCoOj; (1), FP-Lag g5Agg.05C005 (2),
FP-LaMnO; (3) and FP-Lag gAgy 1Mn0; (4)

romeritics ASAP2010 apparatus, after outgassing at 300 °C
overnight. Scanning electron miscoscopy (SEM) analysis
was carried out on a LEICA LEO 1420 instrument.
Temperature programmed reduction (TPR) was car-
ried out on ca. 0.15 g of catalyst, pretreated in He (40 cm3/
min) from room temperature up to 8§00 °C (10 °C/min)
and kept for 1h, then presaturated by oxygen in air flow at
750 °C for 1h, by flowing 40 cm?/min of 10 vol.% H,in He
gas mixture and by increasing temperature from r.t. up to
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800 °C by 10 °C/min. The analysis was accomplished by
on line quadrupolar mass spectrometry, by using the same
apparatus described for activity testing.

2.3. Catalytic activity testing

Catalytic activity tests were carried out by means of a
continuous quartz tubular reactor on ca. 0.15 g of catalyst,
pelletized, ground and sieved to 0.15—0.25 mm particles.
Prior to each run, the catalyst was activated in flowing air
(20 cm?/min), while increasing temperature by 10 °C/min
up to 600 °C, then kept for 1 h. The activity tests were car-
ried out by feeding a mixture composed of 0.34 vol.% CHy,
33.3 vol.% air, He balance, while increasing temperature
by 10 °C/min from 200 °C up to 600 °C. Gas flow rate was
regulated by means of mass flowmeters (Brooks Instru-
ments, mod. 5850) governed by a control unit (Brooks,
mod. 0154). The total gas flow rate was 30 ml/min. The
outcoming gas was analyzed in line by means of a quadru-
polar mass spectrometer (MKS, PPT Residual Gas Ana-
lyzer), selecting proper mass fragments.

Catalyst poisoning tests were carried out in the same
apparatus at 450 °C by injecting 4 doses of 0.15 mg of tet-
rahydrothiophene (THT, Fluka, pur. > 97 %) per lg of
catalyst, each group of four injections being defined as
cycle (corresponding to 0.6 mg THT per g of catalyst).
The catalytic activity was monitored «in operando» dur-
ing poisoning, by continuously analyzing the relevant
mass fragments (CHy, THT, SO,, SO;, CO, CO,, H,0)
and plotting them as partial pressure versus time. The data
have been further elaborated by calculating the slope of
some descriptive lines, indicating the transient response of
the catalyst during poisoning, as better detailed in the fol-
lowing. The standard activity test was then repeated after
each poisoning cycle.

Results and discussion

3.1. Catalysts characterization

For the Sr- and Ce-containing catalysts, all the present
samples were characterized by high phase purity, since no
reflection of extraneous phases has been ever observed for
the fresh samples. Thisindicates dopant incorporationinto
the framework or at least very high dispersion as small ag-
gregates, whose size was lower than the detection limit of
the XRD technique. Peak broadening has been observed
for every sample due to the small particles size imparted
by the FP preparation technique. Sometimes a bi-modal
crystal-size distribution has been observed, i.e. fitting of
the reflections described by two overlapping distributions.
BET surface area ranged between 43 mz/g for LaCoO; to

70 m?/g for La, ¢St ,MnO;, due to the flash calcination
characterising the FP technique, which limits a deep sin-
tering of the powder. No significant correlation was found
between surface area and the nature, or the concentration
of the various components. The particle size, determined
by SEM analysis, was rather uniform and its mean value
ranged between 20 and 50 nm.

According to the XRD (Fig. 1) data for all the samples
ofthe La;_, Ag, CoOj series the main phase was the rhom-
bohedral LaCoOj; (characterized by a double reflection at
20 = 33°). Typically, the reflections of metallic silver were
also observed (20 = 38.1°, 44.6° and 64.6°), whose inten-
sity increased with increasing Ag loading. This allowed to
conclude a low Ag incorporation in the LaCoO; frame-
work [33, 34]. Due to poor silver solubility, the lattice pa-
rameters of the host perovskite did not change dramati-
cally, i.e. no relevant shift of the maximum reflection was
observed for Ag-doped samples when compared with the
undoped LaCoO;. Silver doping lead to opposite effects
on surface area for SG and FP samples. For SG catalysts
silver doping led to a slight decrease of specific surface
area and increasing crystal size, likely due to silver segre-
gation as separate phase.

For the La;_,Ag, MnOs; series a lower specific surface
area was obtained with the SG-prepared catalysts than
with the FP ones, silver doping increasing the surface area
in all cases. However, also in this case no clear relation-
ship between surface area and silver loading was drawn.

According to the XRD data for SG samples the main
phase corresponds to rhombohedral (non-stoichiometric)
LaMnOs, 5, whereas for the FP samples the main phase
corresponds to monoclinic LaMnOs. Reflections of me-
tallic silver (20 = 38.1°, 44.6° and 64.6° were sometimes
observed) for the doped samples, with increasing intensity
at high Ag loading, in line with the much lower solubility
of Ag in the LaMnO; framework with respect to differ-
ent dopants, such as Sr [33, 34]. The FP-prepared sam-
ples (Fig. 2) showed a small reflection of metallic silver
even after 5 % Ag loading, whereas it was almost unde-
tectable for the SG prepared ones. An evident broaden-
ing of Bragg’s peaks was observed also in this case for the
FP samples due to nanostructuring. Regrettably, it was
impossible to ascertain whether or not Ag,O was present
in the perovskite-structured samples, because the main
Ag,0 (1 1 1) reflection (26 = 33°) perfectly overlaps the
main LaMnO; phase.

3.2. Catalytic activity

All the catalysts exhibited a very high activity. Indeed,
under the adopted reaction conditions full methane con-
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version was attained below 600 °C and carbon dioxide +
+ water were the only detected products. Mass spectro-
metric data showed sometimes a small drift of the base-
line, which led to uncertain determination of 7y, i.e. the
temperature at which methane conversion started. Hence,
the same activity tests were repeated while analysing the
effluent gas by gas-chromatography, in order to check da-
ta accuracy. The results were comparable within =10 °C.

The activity data collected on fresh catalysts are pre-
sented in Tables 1 and 2. T5,was chosen as the main indi-
cator of activity (75, = temperature at which 50 % conver-
sion of methane is achieved), the lower is this parameter,
the higher is activity. At difference with what reported
elsewhere [35], doping at A position for the FP samples did
not bring about very significant effects on catalytic activ-
ity, i.e. Ty were similar for differently substituted samples,
at least within the detection limits of the detection appa-
ratus (vide supra). This is also due to the high catalytic
activity of the whole set of samples, which flattens small
differences in conversion.

Table 1

10 % Sr substitution moderately enhanced the activ-
ity of Mn-based perovskite and slightly decreased the
activity of Co-based one. Further Sr addition in Mn-
based perovskite did not show any positive effect on ac-
tivity. By contrast, Ce*"-containing samples may show a
La,_,Ceyd, ,MeO; formula, & being a cationic vacancy
formed upon CeO, segregation in extraframework posi-
tion. In our Ce-substituted catalysts y = x, since the re-
flections of the CeO, phase were never detected by XRD.
In this case, Ce*" in framework position can force an
equivalent portion of the trivalent B metal ion to reduce
to a formally divalent oxidation state. This usually stabi-
lises the catalyst in reducing atmosphere and makes the
formation of oxygen vacancies uneasy. However, Ce can
act as oxygen buffer and its own 4+/3+ redox cycle, occur-
ring at temperature near to that of the B metal, can give a
contribution to the whole catalytic reaction. By contrast,
Sr-doping should lead to the increase of oxygen vacancies
concentration, as well as to the increase of the B metal
ion formal oxidation state, depending on its nature. The

Activity data of fresh and poisoned La;_,A,Me0; and LaMeO; + 0.5 % NM catalysts (after 4 poisoning cycles,
if not specified differently). 75, = temperature of 50 % CH, conversion; Conv,sq - = CH, % conversion

at 450 °C. Activity data for poisoned samples given as residual CH, % conversion at 450 °C. A = activity
loss due to poisoning (conversion of fresh sample - residual conversion after the last poisoning cycle)

expressed in points %

Fresh catalyst Poisoned catalyst
Sample A%
Tso Convyggoc | Icycle Convyggoc | Last cycle Convygg oc
LaCoO, 449 52.3 43.0 35.7 16.6
Lag ¢Srg 1C005 453 48 46.6 44.2" 3.78"
Lag oCep 1004 447 52.5 53 bbb 8.2
LaMnO, 435 59.4 54.1 49.9 9.5
Lag oCep 1MnO; 433 59.5 55.5 45.7 13.8
Lag ¢Sy ;MN05 419 70 66.5 63.6 6.8
Lag ¢Sy ,MN0; 434 60 57.4 53.7" 6.3
0.5 % Pt + LaCo0j 435 60.4 52.25 40.3 20.1
0.5 % Pt + LaMnO, 426 64.55 67.1 55 9.55
0.5 % Pd + LaCo0, 441 56.7 52.6 35.4 21.3
0.5 % Pd + LaMnO, 445 53 50 41.5 11.5

" After 5 cycles.
" After 6 cycles.
" After 9 cycles.
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Table 2

Activity data of fresh and poisoned (4 cycles) La,_,Ag,MeO0;. T, = temperature of 50 % CH, conversion;
Conv,sq oc = CH, % conversion at 450°C. Activity data for poisoned samples given as residual CH, % con-
version at 450 °C. A = activity loss due to poisoning (conversion of fresh sample - residual conversion

after the last poisoning cycle) expressed in points %

Fresh catalyst Poisoned catalyst
Sample Method A, %
Tso Convysg % | Icycle convygsy % | Last cycle convygg, %

LaCoO4 FP 450 50 43.0 35.7 14.3
LaCoO4 SG 490 30 22.9 17.5 12.5
Lag. 95Agg 05C005 FP 457 44,5 32.3 29.1 15.4
Lag 95Ad 05C005 SG 456 46.9 45.0 35.9 11
Lag.9Ago €005 FP 480 32.9 22.5 21.3 11.6
Lag 9Agy ;€005 SG 482 33.2 22.7 25.8 7.4
Lag gAgo ,C00; FP 435 58.6 47.3 40.6 18
Lag gAgo ,C00; SG 480 36.6 17.2 16.7 19.9
LaMnO; FP 435 59 54.1 49.9 9.1
LaMnO0, SG 583 7.5 4.0 2.0 5.5

Lag.95Adg gsMn0; FP 427 66 60.5 58 8
Lag 95Adg gsMNn0; SG 479 36.3 27.5 17.0 19.3
Lag oAgo 1MnO; FP 395 84 82.0 75.0 9.0
Lag oAgg ;MnO; SG 464 43.6 30.1 22.1 21.5
Lag gAgo ,MnO; SG 535 15.4 15.0 14.0 1.4

former effect is more likely with B = Co, though Naka-
mura et al [36, 37] showed that in some cases oxygen va-
cancies did not form up to x = 0,4 with B = Mn.

It was reported that catalytic activity of perovskites can
be increased through the addition of small amounts of no-
ble metals [23, 38, 39]. This is confirmed by the present
data (Table 1) for Co-based perovskites doped with either
Pt or Pd. By contrast, for Mn-based catalysts Pt doping
led to an activity improvement, while Pd doping decreased
methane conversion. Furthermore, as for undoped sam-
ples, catalytic activity for Mn-based perovskite was gener-
ally a bit higher than for the Co-based ones.

The total activity of silver containing series may be
defined by the correlation of 4 factors [40]. Silver incor-
poration in framework position increases the concentra-
tion of lattice defects, which in turn affect oxygen mobility
through the framework. This factor improves the intrafa-
cial mechanism of the reaction and the catalytic activity.

Onthe other hand, TPR data (Fig. 3) shown that the reduc-
tion temperature of Co** to Co*™, represented by the first
TPR feature, increased of ca. 50 °C with the FP-prepared
Laj 95Ag( 05C005_g5 sample with respect to the undoped
catalyst and of further 10 °C for the La, gAg, ,C0oO5_5 SG
catalyst, confirming a lower reducibility. It can be noticed
the particular shoulder at ca. 530 °C for the latter sample,
likely due to the reduction of Ag containing species and
present only at high Ag loading. Thus framework silver
decreases Co reducibility and lead to slower redox cycle,
which in turn lead to a negative effect on activity.

Silver in extraframework position may also play two
opposite roles. It was reported in literature [41—44] that
silver particle larger then 5 nm show catalytic activity for
methane combustion by itself and thereby increase the to-
tal activity of the catalyst. By contrast, small silver particle
would lead to too strong Ag—O bonds, so decreasing the
number of active sites for methane oxidation under mild
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conditions [44]. This type of silver is catalytically inert
and plays the role of inert additive thereby decrease the
total activity of catalyst per mass of catalyst loaded. In all
particular case one of these factors is prevailing and deter-
mines the activity of sample.

Partial substitution of Ag for La led to moderate contri-
bution to activity in the case of Co-based sol-gel samples,
an evident improvement of conversion appearing only at
low Ag-loading. By contrast, the FP samples showed an
activity improvement only with 20 mol.% Ag doping, low-
er silver addition inducing even negative effects on catalyst
performance (Table 2). This can be explained considering
the poor Ag incorporation in such samples leading to well
dispersed extralattice small Ag particles.

For the Ag doped Mn-based catalysts, the activity
of FP-prepared samples was always higher than that of
SG-prepared ones with identical nominal composition
(Table 2). At the contrary than for cobaltites, the partial
substitution of Ag for La led to increasing activity both
for SG- and FP-prepared Mn-based catalysts and the
catalytic activity always increased with increasing Ag sub-
stitution. Another interesting difference with respect to
La;_,Ag,Co0O; systems is that the partial substitution of
Ag" for La’" led to a decrease of the onset temperature
of the first reduction peak and enlarged the reducibility
range of Mn ions. Indeed, by comparing with Co-based
catalysts, a higher solubility of Ag in the manganite frame-
work can be deduced with respect to the cobaltite one, as
supported by XRD data. This likely excludes or limits the
catalytic effect of extraframework metallic Ag in the Mn-
based catalysts. The attention must be then focused on
the effect of lattice Ag™ ions on Mn reducibility and oxy-
gen mobility. The higher Mn*" reducibility, witnessed by
TPR analysis, improved catalytic activity and the growing
Mn*" reduction with higher Ag loading showed beneficial
to oxygen mobility. This was particularly relevant for the
nanosized FP samples, for which a short bulk to surface
pathway for framework oxygen is present. The latter fea-
ture favours methane oxidation by increasing the avail-
ability of bulk oxygen and easing catalyst reoxidation in
the second step of the Mars van Krevelen mechanism.

Finally, it should be noticed that the present FP-pre-
pared Laj gAg, ;MnO;; catalyst showed the most active
among the wide series of cobaltite and manganese per-
ovskites prepared and tested for this application.

3.3. Resistance to sulphur poisoning

Tetrahydrothiophene (THT) has been selected as poi-
son due to its wide use as odorising agent in the methane
distribution grid (where its concentration is ca. 8 ppm).

The common poison used in the literature for poison-
ing tests is SO,, because many papers dealing with this
topic focus on catalytic mufflers, where exhaust combus-
tion gases are the feeding mixture of the catalytic reactor
(muffler). In the present case we concentrated on the use
of odorised methane as feed for catalytic combustors and
hence we took into consideration also the decomposition
mechanism of the S-containing species under operating
conditions as near as possible to the operating ones. It
should be underlined that this is relevant not only to cen-
tralized power generation, but, most of all, to distributed
micro-generation, where the natural gas grid provides the
feed without the possibility of very efficient pretreatment.
A preliminary set of experiments allowed concluding that
THT instantly decomposed to SO,, CO, and H,O in the
presence of every catalyst at 450 °C. This temperature has
been selected because most samples exhibit the highest re-
action rate around this value and the conversion curve is
very steep, so to magnify the effect of poisoning.

All samples lost part of their initial activity for methane
combustion after poisoning (Table 1, 2). However, the de-
gree of activity loss varied considerably with composition.
For the estimation of the resistance against poisoning we
have chosen to compare methane conversion at 450 °C for
the fresh and poisoned samples.

Sr substitution improved the resistance to sulphur poi-
soning for both Co- and Mn-based perovskites, the resist-
ance increasing with increasing the substitution degree.
Sr-doping may force the B site cation to its highest valence
state and/or increase the number of oxygen ion vacan-
cies, so increasing the mobility of lattice oxygen. The acid
character of a metal ion increases with its oxidation state
and therefore the SO, bonding with the surface might be
weakened. On the other hand, Ce*"-substitution showed a
different effect. In the case of Co-based perovskites it led
to improved resistance to poisoning, while the opposite
effect was observed for Mn-containing perovskites. The
addition of Ce** brings about a partial reduction of the B
ion, i.e. to less acidic B ions.

Among the set of noble metal doped samples 0,5 % Pt/
LaMnO; showed the highest resistance to sulphur poison-
ing. For Mn-based perovskites the resistance was higher
than for the Co-based one, as observed for the non-sub-
stituted samples (Table 1). However, the most evident ef-
fect has been observed after the first poisoning injections,
suggesting that noble metals protect the surface sites by
reacting more promptly with sulphur [22], Pt doping being
more effective than Pd.

For the (La, Ag) CoOj series, sol-gel prepared sam-
ples seemed a bit more resistant to sulphur addition than
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the FP-synthesised ones. Indeed, when comparing the re-
sidual conversion at 450 °C after THT injection, the SG
samples lost in average one point % of conversion less than
the FP samples (Table 2, column A%). The difference of
conversion levels between the fresh and the poisoned sam-
ples increased with Ag loading, except for a minimum
with Lag gAg CoO; for both the FP and SG preparation
methods (—10...—11 points %), up to 20 points % with the
highest silver amount. The relatively lower impact of the
poison on SG-prepared samples can be explained on the
basis of their lower surface area.

For (La, Ag) MnOsj series silver substitution did not
change appreciably the resistance to poisoning for the FP
prepared samples (Table 2), methane conversion decreas-
ing by ca. 8—9 points % as for the unsubstituted sample.
On the other hand, a higher absolute drop of conversion
was visible for the SG-prepared Ag-doped samples with re-
spect to the unsubstituted sample. Nevertheless, due to the
very poor catalytic performance of sample SG-LaMnO;,
the residual activity after poisoning was less than
30 % of the initial value (Table 2).

As already mentioned, silver doping changed the lat-
tice parameters and the properties of the perovskite, but its
effect on the resistance to sulphur poisoning is controver-
sial. On one hand, the difference of valence state between
La and Ag brings part of Mn3" to a higher valence state,
namely to Mn**, which is more acidic with the conse-
quence above stated. On the other hand, framework Ag*
substitution increases the amount of oxygen vacancies,
as in the case of Co-based perovskites that in turn makes
easier SO, adsorption. It should be also mentioned that
extraframework metallic silver may directly act as a sul-
phur guard by reacting more promptly with sulphur com-
pounds than the main perovskitic phase. The latter effect
showed less sensitive for the present catalysts with respect
to the (La, Ag) CoO; samples, due to the already men-
tioned higher solubility of Ag in the manganite structure
than in the cobaltite one. However, it may explain why the
FP-prepared samples showed much more resistant to sul-
phur poisoning than the SG ones.

For the SG-prepared samples with low Ag loading,
in which silver was mainly in lattice position, the partial
oxidation of Mn®** to Mn** helped improving the re-
sistance to poisoning. FP-prepared catalysts, even with
a low substitution level, were characterised by a lower
Ag incorporation into the lattice with respect to the SG
samples, extraframework silver exploiting its beneficial
effect as sulphur guard rather than as activity enhancer,
since Ag® particle size was too small from that point of
view.

However, it should be underlined by looking at the
present data that Ag showed less effective than Sr from
the point of view of catalyst protection against poisoning.
With the present Ag-doped samples the main advantage is
the improved initial activity of some of them, which leads
to satisfactory results even after more or less severe poi-
soning. Indeed, when the comparison between the activ-
ity on fresh and doped samples is carried out by consider-
ing the whole activity curve, one may observe that even
after poisoning the FP prepared Laj gAg,,CoO; sample
showed satisfactory activity, e.g. lower than the undoped
FP prepared LaCoOs, but higher than the SG prepared
one, even when considering the fresh samples. Further-
more, the FP-Laj¢Ag, ;MnO; sample was still able to
convert 75 % of methane at 450 °C after four poisoning
cycles, a catalytic performance much better even than that
of the fresh FP-LaMnO; sample.

Conclusions

A set of doped La;_,.4,MeO; samples have been pre-
pared by different preparation methods, namely sol-gel
and flame pyrolysis, leading to variable surface area and
crystal size. Some dopants, like Sr*2 and Ce*, showed a
good substitution degree for La into the perovskite lattice,
while silver incorporation was generally poor. This pos-
sibly left extraframework metallic silver, showing its own
catalytic activity provided that proper Ag crystal size was
reached. However, silver solubility strongly depended on
preparation procedure.

All the present perovskite-like catalysts prepared by FP
showed good activity for the CFC of methane, the best re-
sults being achieved with silver doped Mn-based catalysts
(namely Laj gAgy ;MnO3,5). Good results have been also
obtained with Laj ¢Sty ;MnOj; and by adding 0,5 wt.% Pt
to LaMnO; or LaCoO;.

Upon sulphur doping, a more or less evident conver-
sion decrease was always observed except upon doping of
manganites with Sr*2. Also noble metals provide some
protection, at least after addition of a small amount of sul-
phur. Silver is not very effective from the point of view of
protection against poisoning, but initial improvement of
activity leads to a satisfactory results even after poisoning.
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B pabGore mnpeanoxeHO pelleHue 3KOJOTMYeCKOi
po06IeMBl OeCIIaMEHHOTO CKMTAHMS METaHa 110 Tep-
MOKAaTaJIUTUYECKOU TEXHOJIOT M.

Katanutuueckoe 6ecnimamenHoe cxkuranue (KbC)
MeTaHa UMeeT IIPEUMYIIEeCTBA 0 CPaBHECHUIO C OOBIU-
HBIM CKMTaHUEM: CONTPOBOXIAETCS MEHBIIINM BhIIEJIE-
HUEM 3arpsI3HSIONIMX aTeHTOB (HEe OKMCJICHHBIE YTJIEBO-
moponsl, CO u OKCHIBI a30Ta); 00eCIIeYnBaeT ITOJHYIO
KOHBEPCUIO MeTaHa Mpu 0ojiee HU3KON TeMIieparype.
TpanuIIMOHHO MCIOJIb3YeMbIe B IPOMBIIIJIEHHOCTH Ka-
TaJaU3aTOPhl, OCHOBAHHBIC HA OJIATOPOAHEBIX MeTajjiax,
TaKuX, Kak IIaTUHA ¥ Majjaanii, 06ecrneduBaloT BEICO-
KYI0 aKTUBHOCTb, OHAKO SIBJSIIOTCS] TOPOTOCTOSIIIUMU
¥, KpOME TOT'0, UMEIOT HU3KYIO TEPMO- U XMUMUIECKYIO
CTaOMJBHOCTh. AJNBTEPHATUBON MOTYT OBITH JaHTa-
HOBBIE KAaTaJIU3aTOPbl C IIEPOBCKUTHON CTPYKTYpOM
(ABOs). OHu obxoxmsTcst AelleBie, UMEIOT OONbIIYIO
CTaOMJILHOCTh M TEPMOCTOMKOCTD IPU paboyeit TeMIie-
paType W yIOBJIEeTBOPUTEIbHON aKTMBHOCTU. HecMoT-
psI Ha 3TO, IO CHUX IIOP OCTAIOTCS HEPEIICHHBIMH IIPO-
0JieMbl, OrpaHUYMBAIOLINE IMPOKOE MPOMBIIIICHHOE
MpUMEHEHUE 3TUX KaTaau3aTopoB. OmHONH M3 TaKMX
po0yIeM SBIISIETCS YYBCTBUTEIBHOCTH IIEPOBCKUTOB K
Pa3JMYHBIM KaTaJUTUUYECKUM SI1aM U B TIEPBYIO OYe-
penp K cepocoiepXalluM coeuHeHusiM. B HacTosiee
BpEeMSI MEXaHU3M OTPaBJICHU S TAHTAHOBBIX IICPOBCKUT-
HBIX KaTaJIM3aTOPOB M3yYeH W MpPeNCcTaBjieH B JIUTepa-
Type HeIOCTaTOUHO.

YacTuuHoe 3aMeIIeHUEe MEeTAJIJIOB KPUCTALINUECKOM
peLIeTKY IEPOBCKUTOB SIBJISIETCSI OMHUM M3 BaXKHEU T X
NyTel peryJupoBaHUs KaTaJUTUUYECKON aKTHMBHOCTHU.
W3 nuTepaTypbl M3BECTHO O MHOTHX HMCCIIEIOBAHUSIX
10 U3YYEHUIO BJIUSTHUS 3aMeIleHU S YacTu JaHTaHa Ha
JIpyTrue MeTaJbl ¢ BaJeHTHOCThIo 11 u IV.

B Hamrm nHM MHOTO BHUMAaHMS yIESIeTCSI KaTaIn3a-
TOpaM, XapaKTepU3YIOIMMCS HaHOpa3MepaMu YacTHII.
YMeHblIeHHe pa3Mepa MOCIeAHUX IIPUBOIUT B YBEJIU-

1 Kadbenpa husmnyeckoit Xumum u aneKTpoxumumn, MunaHckuit yHuBepcuTeT
2 PoccUCKUIT XUMUKO-TeXHUYeCKUit yHuBepcuTeT um. .M. MeHpeneesa

YEHUIO YIEJAbHOI MOBEPXHOCTU U AcdeKTaM KpucTai-
JINYECKOM pelIeTKH, YTO 00JIerdyaeT MoaABUXKHOCTh KHC-
Jlopojia B Hell, TTOBBIIIAsT aKTUBHOCTH KaTajanu3aropa. B
paboTe mpeacTaBlieHa CKOHCTPYHMpPOBaHHasl aBTOpaMu
YCTAHOBKA IIJISI TOJTYIeHU S IIEPOBCKUTHBIX CMEIIIaHHBIX
OKCHJIOB METOAOM IIJIJaMeHHOTro muponn3a. OCHOBHOM
y3eJI YCTaHOBKM — CIellMaJbHasl ropejika, B KOTOPYIO
MMOJAaeTcsa KUCJIOPON M OpPraHMYECKHUiIl pacTBOp IIpe-
KypcopoB. TormmBoM a1l 00pa3oBaBIIErocs MIaMeHU
SIBJISIETCSI OPTAaHUYECKUI pacTBOPUTEb. [IepOBCKUTHI,
CHHTEe3UpPOBaHHBIC JAHHBIM CIIOCOOOM, MMEIOT BBICO-
KYIO CTeNeHb YMCTOTHI, MaJIbie pa3Mephl YacTUIl, pa3-
BUTYIO YACJIbHYIO IMOBEPXHOCTH (B HEKOTOPHIX CIyda-
ax 6onpiie 100 MZ/F; JUJISI CpaBHEHMS: TpaaAULIMOHHBI
30JIb-T€JIb METOJ ITO3BOJISIET MOJYyYaTh MEPOBCKUTHI C
yAeIbHOM TMTOBEPXHOCTBIO TTopsiaka 10 M2/F). Kpowme To-
r'o, BBICOKAS TeMIlepaTypa CHHTe3a TapaHTUPYET J0CTa-
TOYHYIO TePMOCTAOMJIBHOCTD MOJy4YaeMbIX 00pa31ioB.

MeTtonmoM IJIaMEHHOTO MMpPOJIn3a Oblia MPUTOTOB-
JIeHa cephs o0pas3moB, OTBEYAIOIINX oOmIeit dopmyire
La;_,A,MeO;, rne A = Ce, St, Ag; Me = Mn, Co, x = 0;
0,1; 0,2. O6pa3ubl UCCIeTOBAIUCh KaK B YUCTOM BUJE,
TaK U ¢ moOaBlIeHHeM OyaropomHbIXx MetaainoB (Pt, Pd
u Ag). Cepedbpocoaepxalliye MepoOBCKUTHI ObLIU MPU-
TOTOBJICHBI TPAIUIIMOHHBIM 30J1b-TeJIb MeTonoM. Kara-
JIMTUYECKast aKTUBHOCTB OIIpeIessIach METOIOM Macce-
cnektpomeTpuu. Ocoboe BHMMaHHE OOpallajoch Ha
YCTOMYUBOCTH 00Pa3IOB K CEpOCOAEPKAIIUM COSIUHE-
HUSIM. B KauecTBe OTpaBJIsIOLIEro areHTa Obl1 BbIOpaH
TeTParuApOTHOPEH, YACTO IMIPUMEHSIEMBI B IPOMBIIII-
JICHHOCTHM KaK OJOPaHT IJIsI IPUPOIHOIO rasa.

Kak m oxumanoch, KaTaau3aTOpbl, ITOJYYCHHBIC
IJIAMEHHBIM TTHUPOJIN30M, MMEJIN BBICOKYIO CTEIeHBb
yucTtoThl; Ha XRD crnekTpax OTCyTCTBOBalu ITMKH,
CBOIICTBEHHBIC MHINBUIYAJIbHBIM OKCHUIAM METAJLJIOB,
BXOIOSIIIUM B CTPYKTYpy ITepOBCKMTA. MCKITioueHUe
COCTaBMJIM CEPUM KaTaJau3aTOPOB C JOOABJIECHUEM Ce-
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pebpa. BeaencTBue HU3KOM pacTBOPUMOCTHU cepebpa B
KPUCTaIJINYECKON pellleTKe B CIIEKTPe IIPUCYTCTBOBA-
JIM TUKW WHINBUIYAJIBHOTO cepedbpa Jaxe mpu 100aB-
JIEHMH €r0 MUHUMaIbHOM KoHLeHTpauuu (5 %). Kpome
TOro, MOAUMUIIMPOBAHUE NPAKTUIECKU HE M3MEHUIIO
napaMeTPOB KPUCTAJTUICCKON PEIICTKH.

Bce o0Opa3subl, cMHTE3UpOBAaHHbBIE TJIAMEHHBIM TH-
POJIM30M, IPOSIBJISLIA BEICOKYIO aKTUBHOCTD B peaKIIU1
OecrnmaMeHHOTo CXXUTaHUsI MeTaHa. [ToTHast KOHBepCHU s
MeTaHa BO BCeX ClIydyasix TOCTHTajach Ipu TeMIlepaTy-
pe Huxe 600 °C, npuyeM eqUHCTBEHHBIMHU ITPOAYKTaMU
peaknuu SIBJISJINCh BOJAa M ABYOKHCH yriepoma. Yac-
THUYHOE 3aMeIleHNe JJaHTaHa Ha CTPOHIIUHN MW Lepuii
HE JaJI0 CYyIIECTBEHHOI'O YBEIUYCHUS aKTUBHOCTH, T.€.
TeMIiepaTypa, coorBeTcrByiomias 50 % KoHBepcuu, Obl-
JTa TIpUMEPHO OAMHAaKOBa KaK JJIST 3aMEIIeHHBIX, TaK 1
IUISI ICXOMHBIX 00pa3IloB, IO KpaliHel Mepe B IIpeaeaax
YYBCTBUTEIBHOCTH MeToma. Hambonee 3amMeTHEIN 3(-
(beKT TTOBBIIIEHUST aKTUBHOCTH OTMEUEH IJIs oOpasia
Ha OCHOBe MapraHiia, rae 10 % yjaHTaHa 3aMelIeHo Ha
cTpoHnuii. JlobaBIeHNe MIATUHBI U MaJIIaaus YBEJIHN-
YUJI0 aKTUBHOCTH OyIarofapsi «COOCTBEHHOMY» BKJIAIY
0JIarOpOIHBIX METAJJIOB B KaTaJMTHMUYECKHUI Ipoliecc.
ITpu noGaBkax cepedbpa U3MEHEHUS KaTaJIUTUYECKOU
AKTMBHOCTM He CTOJb ONHO3HA4YHBI. M3-3a HU3KOI
pPacTBOPMMOCTU cepedpa B KPUCTATIMUYECKON pelIeT-
K€ CcyMMapHass aKTHMBHOCTb o00Opasma OIlpemelsieTcs
HECKOJBKMMHU (pakTopamu. [Ipy HMCITOIB30BaHUU KO-
0anbTOBBIX 00pa3loB AO0OaBIeHUE cepedpa MpUBENIO K
3aMEeTHOMY yBeJIMYeHMIO TeMiepatyphl 50 % KOHBepCcUU
TOJIBKO TIPU KOHIIEHTPalluK, paBHOM 5 % B ciiydae 30J1b-
resib 00pa3ios. g 00pa3loB, CHHTE3UPOBAHHBIX Me-
TOIOM TJIAMEHHOT'O IUPOJIN3a, 3aMEeTHOE yBEJIMUYCHUE

aKTUBHOCTHM HabJronanoch B ciydae 20 %-Hoil KOHIIeH-
Tpalluu cepedpa B KOMITO3UIIMU. CTOUT OTMETUTD, YTO
JUTS MapTaHIIeBBIX KaTaaInu3aTOpPOB BBEJICHUE cepedpa B
CTPYKTYPY IIPUBEJIO K 3HAUMTEJIbHOMY MOBBIIIEHU IO aK-
THUBHOCTHU, 00Jiee TOro, aKTUBHOCTh BO3pacTaja C yBe-
JIMYEHUEM KOHIIEHTpAIlM U cepedpa.

Bce 00pa3ibl BHE 3aBUCMMOCTU OT COCTaBa U CIO-
coba cMHTe3a Mocjie OTPaBICHUS ITOTEPSIJIM YacTh Ha-
yaJibHOM akKTUBHOCTH. OMHAKO CTETNEHb 1e3aKTUBAIINY
KaTaJu3aTOpOB CYIIECTBEHHO pas3juyajiach B 3aBU-
CHUMOCTU OT KOMITO3ULIMHU. CTONKOCTh K OTPaBICHUIO
cepoil oka3zajach HauOOJbIIEH MPU 3aMEIIEHUN YacTU
JIJaHTaHa Ha CTPOHULMA, MpUYEM YCTOMUYMBOCTb KaTa-
JIN3aTopa BO3pacTaja ¢ yBeJIMUYCHUEM KOJINIEeCTBa BBe-
JneHHoro ctpoHuud. braroponusie metamnsl (Pt u Pd)
TaKXe pearupoBaiv ¢ CepocoaepKalliMu COeTUHEH -
sIMU OBICTpEe, YeM IMePOBCKUTHAS (hpa3a, mpeaoTBpalias
TakuM obpa3oM paspyliueHue nocieaHei. Cepedpo He
MOBBIIIAJIO0 YCTOUYMBOCTD K OTpaBjeHUIO cepoit. OmHa-
KO CTOUT OTMETHUTD, YTO B HEKOTOPBIX CIyJasiX YBEIU-
YyeHUMe KaTaJlUTUIeCKOW aKTUBHOCTH B pE3yJbTaTe J0-
0aBKM cepedpa ObLIO CTOJIb CYIIECTBEHHBIM, UTO JaXe
IOCJIe OTpaBJCHUSI aKTUBHOCTh 00pa3ila COXpaHMJIaCh
OJM3KOM K HayaJIbHOW aKTUBHOCTU HE3aMEIIeHHOTO
KaTtajauzaTopa Mogo0HO CTPYKTYPHI.

[puBeneHHBIC B HACTOSIIIEM UCCASIOBAHUY TaHHBIC
MOKAa3bIBAIOT BO3MOXHOCTH TOJyYEHUST KaTajanu3aTo-
pPOB /i OecnaMEHHOI0 CXXMUraHWsl MeTaHa, KOTOphIe
COYETaIOT B ce0e HU3KYI0 CTOMMOCTD, BBICOKYIO KaTa-
JIMTUYECKYI0 aKTUBHOCTD J]aKe IO CPaBHEHUIO C Tpaau-
LIMOHHO MCITOJIb3YEMBIMM B IIPOMBIIIJIEHHOCTU 0J1aro-
POTHBIMHU METaJIIaMHU, a TaKXe YIOBJECTBOPUTEIbHYIO
CTOWKOCTH K OTPABJISIIONINM areHTaM.
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