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Abstract

Several samples of &1, Ag, TiO3 4 5 (x = 0, 0.1) perovskite-structured catalysts were prepared and tested for the title reaction under lean-
burn conditions. For the same overall nominal composition, catalyst activity and durability depend strongly on the method of preparation and,
for the samples prepared by the same method, mainly on temperature and on the residence time at such a temperature during preparation. |
Sty.9Ag0.1TiO3 4+ 5 catalysts Ag is present either as intra-crystallinéAglikely substituting for S#1 in the perovskite lattice, or as inter-
crystalline metallic Ag. The catalytic activity of §5Agg 1TiO3 .+ 5 is connected with the presence of OTi4+, O, ~/Ag, and Qf/AgZJF;
of 03_/Ti4+, O~ /SP*: or of O~ /Ti%t species, depending on preparation method and conditions. Furthermore, inter-crystalline metallic Ag
plays an important role in improving catalyst resistance to sintering; the most durable samples are those calcined for a sufficient residence time
at the highest temperature during preparation, that is, under conditions more favourable to the segregation of this metal from the perovskite
lattice.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction studied[5] for the present reaction, because of the increas-
ingly severe restrictions imposed to improve the quality of
The catalytic flameless combustion (CFC) of hydrocar- air. However, the .booming price qf noble metals, due to the
bons represents the most efficient way to exploit the chem- €nermously growing demand during the last three decades,
ical energy of hydrocarbons by oxidation of fuel/air lean has stimulated an intensive search for low-cost substitutes
mixtures, while substantially reducing or even virtually sup- for these catalysts. Among the various potential substitutes,
pressing any formation of NO[1-3]. Indeed, at low tem- ~ SOMe classes of transition-metal oxide mixtures, especially
peratures nitrogen oxides are thermodynamically unstableWith .perovsklte-hke structures, appear very promigiég].
and hence they cannot form during combustion. Thus, pro- ?mce tge late }gkgoz oufr re_sezrch _group .hﬁs hprepared
vided the combustion is carried out at a sufficiently low and tested several kinds o Mmixed oxIdes, W't_ the CFC
temperature£ 800°C), any need for post-combustion NO of methane as a test reaction, focusing particularly on
’ ! _ N .
abatement is eliminated. The efficiency of noble metals, es-A1A,BOs (A = La, Sr; A = Ce, Eu, Sr; B= Co, Mn,

pecially of Pt, as catalysts for the CFC of hydrocarbons Fe, N!) perq\(sklte—structurgq OX|de{8—_17]._ DUI’I!’IQ this
has been well known since the pioneering work of Fara- work, in addition to the traditional calcination-milliNg.8]

day and Davy[4], and these metals are still extensively and_sol—ge!—cnrates (SCEI] m_ethods, we have .proposed
an innovative flame hydrolysis (FH) preparation proce-

dure[11], and, more recently, the flame-spray pyrolysis (FP)
* Corresponding author. Fax: +39 02 50314300. method[20,21] has been applied. Furthermore, an extensive
E-mail address: lucio.forni@unimi.it(L. Forni). study has been carried out in our laboratory on the anchoring
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of the same catalysts on a cordierite honeycomb monolith Table 1

support, through a proper primer, that is, on preparing the Some relevant characteristics of the catalysts prepared and t&sfgd-

catalyst in the form usually selected for practical applica- temperature of 50% Cjdconversion during standard activity tests

tion[16,17] Catalyst Nominal SBET Agglomerated T1/2
Among the most recently tested catalysts, SgETi@as composition  (m?/g)  nanoparticle °C)

shown to be very active for the CFC of meth4®2], and its : clusters size (nm)

activity was found to further improve when Ag was partially S¢¢! SITiQ 1 30-400 573

; : SGC-3 SITi 28 30-200 525
substituted for Sr. This prompted us to undertake the present, e

; o ; X SGC-1  SpoAgoiTiOz 21 30-100 441
deeper investigation of these Sr-titanate and Ag-Sr-titanateagscc-2.5  SsoAgo TiO3 22 30-100 430
catalysts, with the goal of correlating their performance with AgSGC-5 S gAgp1TiOz 24 30-100 400
their physical-chemical characteristics. Furthermore, since AgFH S.oAgo.1TiIO3 12 50-800 542
the durability of any catalyst for the present reaction repre- P STy 107 30-60 520

. . ; P AgFP s Tog 67 30-60 402
sents a particularly important feature for practical applica- ~2 0.9A00.17103

tion, special attention was also paid to catalyst resistance to

decay. gen peroxide solution. To the clear, orange-coloured solu-
tion so obtained, a solution of Ag-nitrate and Sr-acetate
was added, which we prepared by dissolving AgiNOarlo

2. Experimental Erba; 99.8% pure) and Sr(GBOO), in a minimum of wa-
ter and then adding citric acid in a 2:1 molar ratio, with
2.1. Catalyst preparation respect to the sum of Agand Sft ions. The perfectly

clear final solution was evaporated in a rotavapor as previ-

A first set of catalysts was prepared by the SGC tech- ously described, and the powder obtained was divided into
nigue. However, a particular procedyg3] was needed for  three portions, which were calcined as follows in air flowing
the present materials, because of the sensitivityof ftin to at 50 cn?/min: after a first step in which the temperature
water, causing the immediate precipitation of 7i@riefly, was increased by 0% /min from 25 to 250 C and main-
5 cn?® of Ti-iso-propoxide (Fluka; purum) was dropped tained for 1 min for each sample, the temperature was in-
very slowly into 50 crd of vigorously stirred distilled wa-  creased to 858C and then maintained for 60 min. The rates
ter. To the so obtained suspension of freshly precipitated of temperature increase for the second heating step were 1,
TiO2 - H20, 3 mol of citric acid (Fluka; 99.5% pure) was 2.5, and 3C/min, respectively, for the three batches. These
added per 2 mol of Ti ions, followed by a few éraf hydro- three catalysts are referred to as AgSGC-1, AgSGC-2.5, and
gen peroxide (Aldrich; 30 vol% aqueous solution), until the AgSGC-5, respectivelyTable J).
precipitate dissolved completely. A stoichiometric amount A further sample, designated AgFHable 1), was pre-
of St ions was then added, from a solution we prepared pared by the FH technique. This has been described in de-
by dissolving Sr(CHCOO) (Acros; > 99% pure) inamin-  tail elsewherg11]. Briefly, a diluted (3 wt%) agueous so-
imum of distilled water and adding citric acid to obtain an lution, prepared as described (vide supra) and containing
acid/Sr molar ratio of 1:3. The complexation of metallic citric acid and the Sr, Ti, and Ag ions in the desired ra-
ions by citric acid prevented any re-precipitation of 3i0  tios, was nebulised in a=40O, flame. At the high temper-
The perfectly clear final solution was evaporated in vacuo ature & 1600°C) of the flame the solvent vaporises instan-

(residual pressure 70 Torr; 1 Tea 133 Pa) at 35—4%C in taneously and the perovskite—structured oxide mixture forms
a rotavapor, until a gel was formed and then atCQuntil a spheroidal nanoparticles, collected by means of an electro-
yellow powder was formed. The latter was divided into two static precipitator.

portions and calcined in flowing air (50 éffmin) under dif- A final couple of catalysts (FP and AgFP, respectively;
ferent conditions. The first batch was calcined as the temper-Table 1) were prepared by the FP method. The procedure
ature was increased by 0.6/min from 25 to 250C, main- has been extensively described elsewH&f:21] Briefly,

tained for 1 min, then increased by @/min to 950°C, and solutions of Sr(N@)2, dissolved in propionic acid; of Ti-
then maintained for 60 min. The second batch was calcinedisopropoxide, dissolved in 2-ethyl-hexanoic acid; and, when
as the temperature was increased by’@.Anin from 25 to required, of AgNQ, dissolved in acetonitrile, were com-
250°C, maintained for 1 min, then increased byG3min to bined in the desired ratios to obtain an overall concentration
850°C, and then maintained for 60 min. The two catalysts of the metallic ions of 0.05 M. The combined solution was
so obtained are referred to as SGC-1 and SGTaBlI¢ J), then fed by means of a syringe pump (Harvard 975) to a cap-
respectively. illary tube (1 mm OD, 0.6 mm ID), ending in the centre of
We prepared a second set of catalysts by slowly drop- a vertical nozzle (1.1 mm in diameter), to which a constant
ping the Ti-iso-propoxide directly into a vigorously stirred flow of oxygen (SIAD; purity grade 4.0) was fed. The flame
aqueous solution of citric acid (agi@li molar ratio= 2:1). was started and kept stable by a ring of premixedCH,
The fresh TiQ - HoO precipitate rapidly dissolved with the  flamelets surrounding the main nozzle. The organic solution
addition of a few cr of the previously mentioned hydro-  sprayed within the oxygen jet of the nozzle instantaneously
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vaporises and ignites, ending in a spheroidal nanoparticleflow rate, was 0.6(gus/crnﬁowing gasfor every test run. Dur-
powder of the oxide mixture, collected by means of the pre- ing any of the runs conversion of Ghlvas monitored every

viously mentioned electrostatic precipitator. 10 min through gas chromatographic analysis of the outlet
Some relevant characteristics of the catalysts that weregas, carried out by means of an on-line HP 5890 instrument,
prepared and investigated are collectedable 1 equipped with a thermal conductivity detector and with two
columns (¥8” OD, 2 mlong) in series, packed with Porapak
2.2. Catalyst characterisation Q and MS-5A, respectively.

The thermal stability accelerated tests were carried out at
the end of the standard test runs, during which the temper-

The solid phases were recognised and their degree of ;
purity determined by X-ray diffraction (XRD) analysis, by ature was kept aly and methane conversion was c.hecked
after 100 h on stream. Then the catalyst was subjected to

means of a Philips PW1820 powder diffractometer, oper- ) ) ) .
ated at 40 KV and 40 mA, with Ni-filtered, CugKradiation several overheating/reaction cycles, in which the tempera-

(» = 1.5418 A). The oxide particle size and shape were '€ Was increased by 2@/min to 800°C, kept for 1 h,

determined by scanning electron microscopy (SEM), with and then lowered td@; for at Iea}st 0.5.h beforg thg methane
a Cambridge Stereoscan 150 or a Leica LEO 1430 instru- conversion was checked again. Neither QX|dat|on products
ment. The specific BET surface arefsr) was measured dlﬁgrgnt from CQ nor traces anltrogen 0>§|des of any com-
by nitrogen adsorption-desorption at liquid nitrogen temper- POS'“OF‘ were ever_detected in the outg_omg gas, for any of
ature, with a Micromeritics ASAP 2010 instrument. Electron the activity comparison or thermal stability test runs.
paramagnetic resonance (EPR) spectra were collected with

a Bruker Elexsys instrument, equipped with a standard rec-
tangular ER4102ST cavity and operated at 9.4 GHz, 1 mW
microwave power, and 1 Gauss modulating amplitude and
in the temperature range ef173 and 25C. The intensity

of the magnetic field was carefully checked with a Bruker
ER35M teslameter, and the microwave frequency was mea-
sured with a HP 5340A frequency meter.

3. Resultsand discussion
3.1. Catalyst characterisation

The Sget of the various catalysts is given ifable 1
It may be noticed that the value of this parameter depends
strongly on the method of preparation and, for the samples
prepared by the same method, on composition and mainly on
residence time and temperature attained during preparation.
The higher the latter two parameters were, the more sintered

Catalytic activity comparison tests have been carried out the sample became. Indeed, SGC-1, which was calcined for
under rigorously standard experimental conditions (vide in- 2 h at 95(°C, showed a very small value (12ty) of Sge,
fra) with a bench scale apparatus, centred on a continuousyyhereas for SGC-3, AgSGC-1, AgSGC-2.5, and AgSGC-5,
tubular, down-flow quartz reactor (0.7 cm ID, 40 cm long). which were calcined for 1 h at a temperature 1G0ower
For every run we diluted in 1.3 g of 60-100-mesh quartz only, values ofSget ranging from 21 to 28 #yg were ob-
powder 0.2 g of catalyst, which we prepared by pressing tained. For the AgFH sample, prepared at very high flame
(3 tong'cn?) the original nanoparticle powder into wafers, temperature ¥1600°C), but with a very short residence
which were then crushed and sieved to 60-100-mesh partime (on the order of 1 msget was 12 né/g. On the other
ticles. The catalyst bed was kept in the middle, isother- hand, values ofSsgeT up to one order of magnitude higher
mal portion of the reactor tube by small flocks of quartz were obtained with the samples prepared by the FP tech-
wool, and the void space above and below the catalyst bednique, that is, with a similarly short residence time, but with
was filled with 10-20-mesh quartz beads. The reactor wasa lower flame temperatur&(1400°C), because of the lower
heated by an electric furnace, controlled with a Eurotherm heat of combustion of the organic solvents employed, with
812 TRC, governed by a thermocouple fitted within the respect to pure hydrogen. Furthermore, among the Ag-doped
heavy metal blocks surrounding the reactor tube. Before SGC samples, a small increaseSieT can be noticed for a
the reaction the catalyst was activated in situ in air flow- more rapid rate of temperature increase during calcination,
ing at 20 cni/min, as the temperature was increased by which is likely due to an increasing structural disorder of
10°C/min to 650°C and maintained for 1 h. After tem- the solid, conferred by the progressively increasing heating
perature was lowered to 25Q, the gas flow was switched rate.
to a 20 cni/min gas mixture composed of 10 épmin of The XRD patterns of the various catalysts are col-
1.04 vol% CH, in He (SIAD; certified mixture) and 10 ciy lected inFig. 1. All of them were shown to possess the
min of air (SIAD; purity grade 5.0), and the test run was perovskite-like structurg24]. For the Ag-doped samples
immediately started as the temperature was increased bythis was accompanied by stronger or weaker peak$ at 2
2.3°C/min to the temperaturelf) of CHy full conversion. 38.2°,44.5°,64.5°, characteristic of the metallic Ag fcc
The selected value of the time facto= W/ F, whereW is phasd?25]. Indeed, all of the Ag-doped samples, regardless
the catalyst weight (g) and (cm®/min) is the overall gas  of the preparation procedure, showed a stronger or fainter vi-

2.3. Catalytic activity and thermal stability tests
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Fig. 1. XRD patterns of the various catalysts. (a) to (h): SGC-1, SGC-3,

AgSGC-1, AgSGC-2.5, AgSGC-5, AgFH, FP, AgFP, in the order. All . . .
the patterns have been normalised/agy. I values (counts): (a) 1800, ~ OVSKitic lattice of the AgSGC sample to allocate a higher

(b) 6280, (c) 6590, (d) 6000, (e) 6100, (f) 600, (g) 2850, (h) 2750. Arrows amount of extraneous ions. As a vicar of thé'Sion, the
indicate the main reflections of metallic Ag fcc phase. lattice Ag?+ ion is forced to assume this unusual charge by
the perovskite crystal field force. Because of the difference
olet hue, characteristic of the basically white Ag-containing in ionic radii (vide supra), however, the perovskitic struc-
compounds, in which Ag ions partially reduce to metal, ture permits the accommodation of such ions within a rather
which then segregates from the main phase. Furthermoreow substitution degree only, depending on the method of
when we compared the enlarged XRD patterns of the Ag- preparation. Because of the high-temperature instability of
doped samples, prepared on one hand by the FH and FRAg oxides and the relatively low melting point of metallic
procedures and, on the other hand, by the SGC techniquesgilver, it cannot be excluded that part of the silver was lost
a difference in 2 up to Q25° was noticed for the same re- during high-temperature synthesis (FH and FP techniques).
flection (see, e.g.Fig. 2 upper part), with respect to the In the worst case (FH sample) the percentage of this lost
undoped catalyst. The shifting is perfectly confirmed by the Ag, determined by chemical analysis, was ca. 50 wt% with
main reflection at 2 > 50° (Fig. 2 lower part). This in- respect to the nominal amount. Furthermore, some Ag was
dicates that St (ionic radius 1.13 A) has been partially segregated in metallic extraframework form, as indicated by
replaced by Ag* (ionic radius 1.08 A), so that the cell vol- ~ XRD analysis.
ume became smaller, causing the shift of the XRD reflection =~ SEM micrographsKig. 3) showed that all of the cata-
peaks to higher@values, in line with the so-called Vegard lysts were composed of spheroidal nanoparticles, more or
generalisation. In additiorfrig. 2 shows also that a much less clustered into larger agglomerates. The size of the lat-
lower degree of Agt substitution for St in the perovskite ter was larger for the samples prepared by the SGC method
lattice has occurred for the AgFH and AgFP samples, with (up to 400 nm) and especially by the FH technique (up to
respect to the AgSGC samples. Indeed, a calculation rela-800 nm), and smaller (30-60 nm) for those prepared through
tive to the latter samples showed that most of the Ag (e.g., the FP method. This is roughly in line with the different val-
up to 60% of the nominal amount for the AgSGC-1 sam- ues of SgeT of the various catalystsTéble 1. The higher
ple) was present as intracrystalline frameworléAgn the the average particle size was, the lower wasSfer value;
perovskitic lattice. This is very likely a consequence of the this means that the total specific surface area was essentially
less severe SGC preparation conditions for the solid, with due to the external surface of the nanoparticles, which were
respect to either the FH or the FP method, allowing the per- substantially nonporous.
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Fig. 3. Typical SEM micrographs of the various catalysts. (a) to (h): SGC-1, SGC-3, AgSGC-1, AgSGC-2.5, AgSGC-5, AgFH, FP, AgFP, in the order.
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Fig. 5. Comparison of EPR spectra (at 290 K) of AgSGC-5, AgFH and
Further information about the nature of the species cat- AgrP samples. Thinner tracks: patterns simulated by means of the equa-

alytically active for the CFC of methane and about the va- tions suggested if27].
lence of Ag ions and/or the possible presence of metallic

Ag in our Ag-doped samples was collected by EPR analy-

sis. For the SrTi@Q4 s samples, in a previous pap@?] it

was shown that the presence of species more or less active
for the present reaction depends on the catalyst preparatior
procedure. Indeed, in a catalyst prepared by the FH tech-
nique both the @ /Ti*t and O /Ti*t couples were found

in relatively high amounts, whereas in a sample prepared by
the same technique, but with a different complexing agent

(tartaric instead of citric acid), a greater amount of several — AgSGC-1
O~ /Ti*+ species was found, accompanied by an increase in — AGSGC-
catalytic activity. In addition, the FH technique only led to

a substantial formation of these species; the SGC technique ‘ ‘ :
[ﬁngtci)osna.lmples in which titanium was present prevalently as 3000 3100 3200 3300 3400

Many papers in the literature deal withh Oions adsorbed Gauss
to oxide surfaces or interacting with cations in many sys-
tems[26]. In particular, Kénzig and Cohej27] derived a
set of three equations for thevalues of Q~ ions involved
in purely ionic interactions. These equations are based on theAg was shown by XRD analysig={g. 1), we can conclude
absolute value (152 cnt) of the oxygen spin-orbit interac-  that Q. ~/Ag couples would be present in this catalyst, simi-
tion constant and on theA and E splittings of the energy  lar to what was reported for£O adsorbed to metallic Ag in
levels for the same £ species in the presence of a crys- other system$0,41]
tal field (Fig. 4). The lowest value og,., calculated with Furthermore, irFig. 5some lines can be observed in the
these equations, is almost always very close to the value EPR spectrum of AgFP that coincide perfectly with those
of the free electronfi28—33] and we confirmed this for the  found with the FP sample (here not shown) and with those
O, ITi*t species in SITi@. s [22]. found in a SrTiQ . s sample [22], there labelled with T1),

For the present AgFH sample, the EPR spectrum could prepared by the FH procedure. Those lines were attributed
be fitted, through the Bruker SimFonia programriig(5), to O3~ /Ti**, to O /Sr**, and to different O/Ti*+ species
with g, = 2.007, a value rather too high with respect to that leading to a higher activity of that catal\{&?2].

(2.0021) calculated with the mentioned equations. However, In addition, the EPR spectra of the AgSGC-1 and
a shift of the same order of magnitude for the value has AgSGC-5 catalysts are comparedHig. 6. They are identi-
frequently been reported and attributed either to coupling cal, except for intensity, which is 6 times lower for the latter
of Oy~ with the f-electrons of the metal catiof34—38] catalyst, with respect to the former. These spectra can be un-
or to the presence of not completely ionic borj@s,40], ambiguously attributed tod? Ag%* ions, though the EPR

for which those equations can no longer be considered com-evidence does not exclude the simultaneous presence’of Ag
pletely valid. Therefore, since virtually no trace of the?Ag ions.

pattern (vide infra) was noticed in the EPR spectrum of the  Indeed, no paramagnetic species other thafiAman be
present AgFH samplé=(g. 5), and the presence of metallic hypothesised42] to account for this EPR pattern. Though

Fig. 6. EPR spectra of AgSGC-1 and AgSGC-5 catalysts.
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relatively few papers only have been published up to date on 100 y
Ag%t species, because of the difficult stabilisation of such —-AgSGC-1
an oxidation state, an EPR spectrum practically identical to 5 80 #-AgSGC-5
those ofFig. 6 has been observed since 1961 with?Adn 2 *-AgSGC-25
frozen solutions of HN@or H,SOy [43]. Ag2t EPR spectra = 60 ¢ SGC3
of this kind have also been reported for Ag(#) [44,45] Ej oSG0
with AgMFs (M = Sn, Pb, Hf, Zr) and with MAgE (M = E g heH
Ba, Ca, Hg, Sr), in which Ag centres were in either ax- & - AgFP
ially elongated tetragonal or in square-planar arrangementss 20 | oFP
[46,47] At last, spectra like these have been reported with
many solid-state systems aftgrirradiation and attributed
to Ag?t. Among them, single crystals of Ca(ODAg [48] 0 ‘ '
and of CdCh:Ag [49], as well as AgX zeolite§50], may 230 330 450 550 650
be cited. In the present case, the?Ag?* electron resides T(°C)

in the d,»>—,» orbital embedded in a tetragonally elongated
octahedral crystal, as indicated by the fact that> g
[42,51]

We suggest that A is substituted for St in the per- EPR line Fig. 5. Therefore, this species does not seem
ovskitic structure, though the only compound known to date to be involved in the reaction. The superior performance
in the Ag—Ti—O ternary system is AgiO3 [52]. Indeed, if of the Ag-doped versus undoped SGC catalysts is imme-
Ag?t were present as an extraframework AgO impurity, it diately evident. Indeed, the former lead to full conversion
would not contribute to the EPR pattern, because the lat-of CHa at 7t < 570°C, whereas for the latter % higher
ter contains alternating Agand Ag ions, leading to a  than 610°C is needed to attain the same result. In principle
diamagnetic systerfb3]. In any case, the presence of any the higher catalytic activity of the Ag-doped samples could
other extraframework A% -containing impurities contribut- ~ be due to the presence of either metallic Ag, as suggested
ing to the EPR pattern seems very unlikely, because thein some previous paperf§4,55] or of Ag?*-containing
EPR spectrum did not change after the sample was leachedpecies, or of neither of them. Instead, it can be due to the
with nitric acid (vide infra). Furthermore, our XRD pat- presence of a higher concentration of oxygen-based species.
tern (Fig. 1) excludes the possibility of the presence of any With the aim of verifying the first of these hypotheses, the
other Ag-containing phase, apart from traces of metallic Ag. AgSGC-2.5 sample was repeatedly treatechvét4 wt%
Moreover, the substitution of &g for St is in agreement nitric acid solution, to oxidise and leach away most of the
with the above-mentioned decrease in cell volume indicated metallic Ag. The XRD analysis of the solid, recovered after
by Fig. 2 Such Ag+ ions could interact with some ,O the so-treated catalyst (referred to as AgSGC-2.5R), rinsed
species, leading to O /Ag®" couples. The nature of these and dried overnight at 100, showed a neat decrease in the
O, species is now under investigation. In addition, we can- weak pattern due to metallic Ag. This was accompanied by

Fig. 7. Catalytic activity of the various catalysts.

not completely exclude the possibility of the presence of
intra-crystalline Ag" species, which are EPR silent. How-
ever, this oxidation state for Ag would be accompanied by a

the appearance of Agions in the nitric leaching solution,
confirmed through the usual precipitation of the correspond-
ing amount of Agl after the addition of a Kl solution. Fur-

corresponding increase in lattice oxygen vacancies, a furtherthermore, the EPR spectra of AgSGC-2.5 and AgSGC-2.5R

oxidation of Ti beyond T being extremely unlikely. In our
opinion, however, these Agbased species should be poorly
active catalytically. Indeed, a similar parallel investigation
on K-doped SrTiQ samples led in any case to scarcely ac-
tive catalysts.

Finally, the presence of &g ions can hardly be observed
in AgFP and is virtually excluded in AgFH EPR patterns
(Fig. 5), which is further in line with the results of the XRD
analysis Fig. 2), which suggest a much more pronounced
partial substitution of Ag" for SP* in the AgSGC sam-
ples.

3.2. Catalytic activity
The results of catalytic activity comparison tests for the

present catalysts are shownhig. 7. No relation was ob-
served between catalytic activity and intensity of thé&*Ti

showed an almost identical concentration ofAdFig. 8),
showing that Ag+ species was practically unaffected by
the nitric acid treatment. In addition, the conversion versus
temperature curves of the activity tests carried out on the
AgSGC-2.5 and AgSGC-2.5R samples overlapped perfectly
(Fig. 9. Therefore, the role of the metallic Ag in the cat-
alytic activity can be ruled out. Then, the higher activity of
the SGC-prepared Ag-doped catalysts, with respect to the
undoped ones, could be connected with the presence of the
Ag?*-based species. However, AgSGC-5 was shown to be
more active than AgSGC-F{g. 7), though the Ag" EPR
spectrum was less intense with the former than with the lat-
ter (Fig. 6). Therefore, the concentration of Ag species
also does not seem to be directly related to the catalytic ac-
tivity of these samples. Furthermore, the different activities
(7; ranging from ca. 502 to ca. 56€; Fig. 7) of the three
AgSGC samples should be connected with the different con-
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Fig. 10. Resistance to decaying of the catalysts prepared by the FP method.
Fig. 8. EPR spectra of (a) AgSGC-2.5R and (b) AgSGC-2.5 samples.
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Fig. 9. Comparison of catalytic activity of AgSGC-2.5 and AgSGC-2.5R
samples. 100 éxf_:ij
3 80 &%
centrations of oxygen-based species, which in turn seem to ©

be directly connected with the degree of disorder conferred § g

by the different rates of temperature increase during prepa- < *-AgSGC-1

ration. In fact, the curves of AgSGC-2.5 and AgSGC-1 are = 40 #-AgSGC-5
progressively shifted, witlf; values of 550 and 57CC, re- f - AgSGC-2.5
spectively. . . _ - S 20 -SGC-3
A parallel behaviour can be noticed in a comparison
of the activity of Ag-doped catalysts prepared by differ- 0
ent methods Kig. 7). The activity curves of AgFP and - ' ‘ ‘ ' ‘
0 20 40 60 80 100

AgSGC-5 overlap almost perfectly, witf values of ca.
505°C for both of them. This is in line with the observa-
tion that many oxygen-based species also appear in the EPR:ig. 12, Resistance to decaying of the catalysts prepared by the SGC
spectrum of AgFP, but different from AgFHFiQ. 5), which method.

was shown to be the worst-performing catalyst of the set,

time (h)

with 7; = 650°C. One may conclude that the, O/Ag?t- 3.3. Thermal stability
based species present in the AGSGC are characterised by cat-
alytic activity comparable to that of thesO/Ti*+, O~ /ST, A comparison of the thermal stability test data is reported

and O /Ti*t species detected in AgFP by EPR analysis. In in Figs. 10-12 for the catalysts prepared by the FP, FH,
contrast, the Q~/Ag®*-based species appear to be much and SGC methods, respectively. It may be observed that in
more active than the O /Ag-based species presentin AgFH any case Ag doping significantly improves the stability of
(Fig. 5. the catalyst; the ClHconversion after several accelerated
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deactivation—reaction cycles is always much better for the  oes
Ag-doped samples. However, a noticeable difference in the
resistance to high-temperature treatment is conferred by the
three preparation procedures tested here.

The catalysts prepared by the FP methdédg( 10
proved to be the less resistant. Indeed, the AgFP sample
appeared rather stable after 100 h on stream, but, after the
first deactivation—reaction cycle, GHonversion dropped
to 82%, and dropped further to 75% after the third cy-
cle. The deactivation rate was much more pronounced for
the FP sample, for which conversion hardly attained 80%
after 100 h on stream and dropped to 42% after the first 0 20 40 60 80 100
deactivation—reaction cycle only. time (h)

The catalysts prepared by the FH method proved the most
resistant Fig. 11). The FH sample showed a Gonver- Fig. 13. Comparison of resistance to decaying of the AgSGC-2.5 and

. AgSGC-2.5R catalysts.
sion of 98% after 100 h on stream and of over 91% after
the third deactivation—reaction cycle, whereas the AgFH was
shown to attain a Ciiconversion of 98.5% after the third 4. Conclusions
deactivation—reaction cycle.

As for the catalysts prepared by the SGC method Perovskite-structured SrTiQ s, especially S5.9Ago.1—

(Fig. 12, the best-performing sample was AgSGC-1, show- TiO3. s, was confirmed to be among the best substitutes for
ing a CH,; conversion of over 99% after the third deactiv- noble-metal-based catalysts for the CFC of methane under
ation—reaction cycle. A similar behaviour was shown by lean-burn conditions. For the same overall nominal compo-
AgSGC-2.5. In spite of a small decrease in conversion sition, catalyst activity and durability depend strongly on the
(96.5%) after only 25 h on stream, its activity decayed method of preparation. Indeed, for the samples prepared by
very slowly, ensuring a 93% conversion after the third the same method, a longer residence time at a given tem-
deactivation—reaction cycle. When the rate of temperature perature during preparation entrains a higher durability, but
increase during preparation (AgSGC-5 sample) was in- @ lower catalytic activity. In $9Ago.1TiO3 5 catalysts Ag
creased, the activity increasefd. 7), but at the expense of is present either as intra-crystalline Zg likely substitut-

a lower thermal stabilityig. 12). Indeed, while remaining ing for S in the perovskite lattice, or as inter-crystalline
rather stable after 100 h on stream, partly due also to the rel-metallic Ag. However, the catalytic activity of these samples
atively low value ofT; (502°C), the conversion dropped to 1S notdl_r4ectly relatﬁd to thes_e4Ag species, but to the pgesence
83% after the third deactivation—reaction cycle. As indicated Of O~ /Ti**, O2~/Ti*", O3~ /Ti*", O~/SP**, and Q" /Ag®*

by EPR and XRD analysis (vide supra), the higher the rate of or O, /Ag, the last being less active than the others. Fur-

temperature increase during preparation, the lower was thethermore, inter-crystalline metallic Ag plays an important

concentration of intra-crystalline Ag and the higher the role in improving cat_alyst re3|stanc_e to smtermg,.the most
. . ) - durable catalysts being those calcined for a sufficient res-
amount of inter-particle metallic Ag in the catalyst. The lat-

. L .._idence tim he high mperatur ring preparation
ter confers a better resistance to sintering on the perovskite dence time at the highest temperature during preparation,

. . that is, under conditions better favouring the segregation of
nanoparticles, by keeping them better separated from eacf}his metal from the perovskite lattice 9 greg

other. Finally, in this case the worst catalyst was shown to

be the undoped sample (SGC-3). Indeed, in spite of a rather

slow deactivation rate, similar to that of AgSGC-5, during Acknowledgment

the first 100 h on stream, conversion dropped to 77% after

the third deactivation—reaction cycle. The valuable help of Dr. M. Scavini in the interpretation
A further test was finally carried out with the AGSGC- o XRD patterns is gratefully acknowledged.
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