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Abstract

Sn_ M, TiOz:s (x=0 or 0.1; M=K or Gd) have been compared as catalysts for the flameless combustion of methane. The samples we
prepared both by traditional sol-gel (SG) and by flame-hydrolysis (FH) procedure. All the catalysts possessed the perovskite-like structure, v
some SrCQ@as impurity with Sg oK 1 TiO3.5 prepared by SG procedure. All the samples prepared by FH were better catalysts than those prepare
by SG. A further improvement in the catalytic activity was obtained with M =K, but only at temperatures lower tha®. 560and and Q-band
EPR spectroscopies provided an explanation of this observation, based on the high mobility of syrfapedes on the surface of the (FH)
Sr.9Ko.1TiO34s Sample.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction is crucial for a good catalytic performance. In the present
work, four samples of SrTig) s partially substituted with potas-
Transition metal oxide mixtures with perovskite-like struc- sium (Sp.gKo 1TiO3+s (KFH) and Sp 9K 1TiO31s (KSG)) or
ture are well-known catalysts for the catalytic flameless combusgadolinium (Sg.9Gdy 1TiO3+s (GFH) and S§.9Gdy 1TiOz4s
tion (CFC) of methane. The well-known sol—gel-citrate (SGC)(GSG)) for strontium have been investigated. Two of them (KFH
procedure[1] allows to obtain a relatively high surface area and GFH) were prepared by FH, the other two (KSG and GSG)
and hence a better initial activity. However, the relatively lowby the SGC technique. Potassium and gadolinium have been
final calcination temperature (usually less than 70pattained  selected because*kand Gd* possess ionic radius close to
with this procedure leads to a thermally poor resistant materiathat of SE* [4] and, therefore, they can be easily hosted in the
Both these properties, thermal stability and high surface are&r-titanate perovskitic crystal lattice without strong distortions
can be achieved by preparing the material in nano-size particles) it. Moreover, the different ionic charge of potassium (1+)
calcined at very high temperature. An innovative preparatiorand gadolinium (3+) with respect to strontium (2+) induces a
method of this kind has been recently propof2ld based on  non-stoichiometric oxygen composition, which can affect the
flame-hydrolysis (FH) of aqueous solutions of precursor saltscatalytic activity. Indeed, it has been reportéd that partial
In a previous worl3], three samples of SrTi)s; have been substitution of K for La in Lg.gKg.1Cro 9O3—s reduces the cat-
compared as catalysts for the CFC of methane, to investigataytic activity for CFC of methane, while increases the catalytic
the influence of the different preparation parameters on theiactivity for soot combustion, e.g. for abatement of polluting
catalytic properties. It was found that the presence of paranparticulate coming from diesel engines. This behaviour was
agnetic species like MO~ (M* =Ti** or SP*) and Tf*/O3~  accounted for by hypothesizing the presence, in that catalyst,
of two different kindsa and B of oxygen species, the former
(“suprafacial”) desorbing in the 300—-60Q temperature range
* Corresponding author. Tel.: +39 02 50314270; fax: +39 02 50314300, and involved in soot combustion, the latter (“intrafacial”) des-
E-mail address: cesare.oliva@unimi.it (C. Oliva). orbing in the 600-900C range and involved in CFC of methane.
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The aim of the present work was then to investigate how the ca(z =0.15418 nm). Shape and size of the particles were deter-
alytic activity for the CFC of methane is affected by the partialmined by means of a Cambridge Stereoscan 150 scanning
substitution of S¥" with ions possessing a stable different oxi- electron microscope (SEM). X-band EPR spectra were collected
dation state. In other words, our aim was to extend to otheby means of a Bruker Elexsys instrument, equipped with an

perovskitic catalysts the study of the effect of partial substituER4102ST standard rectangular cavity and with a cryostatic

tion of M2* ions by ions with different valence, supporting this ancillary apparatus. The magnetic field intensity was accurately
investigation by a deeper characterisation of the oxygen speciebecked by an ERO35M Bruker Teslameter and the microwave

through EPR analysis. frequency was measured by a HP 5340A frequency counter.
The Q-band (34 GHz) measurements were performed with a

2. Experimental Bruker ESP300 E spectrometer equipped with a Q-band bridge
and an ER5106QT cavity. The instrumental parameters were:

2.1. Catalysts preparation 1 mW microwave power and 1 and 2 G modulation amplitude

at 97 K and room temperature, respectively. The EPR spectra

A detailed description of the FH apparatus can be found elsehave been simulated by Bruker SimFonia and by SimEPR32
WherE[Z]. Brieﬂy, a H2/02 flame is used, in which a clear pre- [7] simulation programmes.

cursors’ agueous solution is nebulised. The nano-size particles

so formed are collected by means of an electrostatic precipitay. 4. Catalytic activity tests

tor. A temperature of nearly 160C is attained by the flame in

the region of particle formation. The high temperature and low  Activity tests for the CFC of methane have been carried out
residence time of the reagents in the flame guarantees a relgy means of a bench-scale continuous apparatus. The catalyst
tively high surface area and a very high thermal stability of thg.2 g), pelletised and then ground and sieved to 60—100 mesh

material. particles, was mixed with 1.3 g of quartz particles of the same
size and loaded into a vertical down-flow tubular quartz reac-
2.2. Preparation of the solutions for FH and SGC tor, 7mm i.d. The catalyst was kept in the isothermal cen-
preparation tral part of the reactor by means of quartz wool flocks. The
empty parts of the reactor, above and below the catalyst, were
2.2.1. FH samples: Sr99Gdo.1TiO3+s (GFH) and filled with quartz beads (10-20 mesh). Reactant gases flow rates
Sro.9Ko.1TiO315 (KFH) were controlled by means of MKS mod. 1259 mass flow reg-

Eightgrams oftitanium iso-propoxide (Fluka, “purum”) were ulators governed by a MKS 470 unit. The reactor was heated
dropped under vigorous stirring in 50 érof distilled water, to by an electric furnace, regulated by an Eurotherm mod. 812
obtain a fresh titanium oxide (T&xH20) suspension. Then TRC. The outlet gas was analysed in-line by means of an
1.5 mol excess of citric acid was added to the solution, togetheqp 5890A HWD gas chromatograph, equipped with Porapak
with ca. 1 vol.% of 30 wt.% aqueous,B; solution, soto obtain  Q and MS 5A columns. Before the reaction the catalyst was
the complete dissolution of the solid through complexation. Thexctivated in situ in flowing air (20 cA#min), while increasing
solution so obtained was mixed with another solution (total voltemperature by 109C/min up to 600 C, kept for 1 h. The activ-
ume 10 crf) containing the stoichiometric amount of Sr-acetateity tests were carried out by feeding a gas mixture composed
(Aldrich, >99.995% pure) and of either Gd(NJ (Aldrich,  of 10 cnf/min of 1.04% methane in helium and 10%min

>99.99% pure) or of K-acetate (Aldrichz99.9% pure) and  of air, while increasing temperature by’@/min from 250
citric acid (citric acid:Ti molar ratio =0.5:1). The excess waterto 650°C.

was finally removed in rotavapor, till 100 émesidual volume
[6]. 3. Results

2.2.2. SGC samples: Srp.9Gdp.1TiO3+5 (GSG) and 3.1. Catalysts characterisation by BET, XRD and SEM
Srp.9Kp.1TiO3+5 (KSG)

The solutions used for the FH samples have been employed BETssa was about 10 #ig for GFH, 2 nf/g for GSG and
also for the SGC ones. The only difference was the removing ofa. 5n?/g for both KFH and KSG samples. GSG showed the
water to dryness in rotavapor, till the formation of the solid. Thelowest surface area because it needed a 5h heating 4C850
latter was then calcined in flowing air, by increasing temperaturgvide supra) to obtain the perovskite structure. These conditions
by 0.5°C/min up to 200C, then by PC/min up to 850C, kept  caused the partial sintering of the catalyst particles. XRD anal-

for 1h (KSG) or 5h (GSG). ysis Fig. 1) showed crystalline perovskitic structure for all the
samples, accompanied for KSG by some SgQ¢haracteristic
2.3. Catalysts characterisation reflections of the latter ato2=25.17, 25.80, 36.53, 44.08

[8]). The samples obtained by FH showed a higher crystallinity
BET specific surface area (Bk3a) and porosity were and phase purity with respect to the same samples prepared by
determined by means of a Micromeritics ASAP 2010 instru-the SGC technique. The better phase purity of GSG was due
ment. XRD analysis was carried out by a Philips PW1820to the longer calcination time. Crystal size was calculated by
powder diffractometer, using the Ni-filtered Cuxkadiation  applying, to the main five reflections of the XRD pattern, the
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Fig. 1. XRD patterns.

Scherrer’s equatiof®]:

_ 0.9 x A x 180
~ (B xcosh) x  x 10

1)

where B=(FWHM?-0.1%)"2, D=diameter of crystal
(nm), A=1.5418A=wavelength of the X-ray source,
FWHM =width at half-height of the peakg =diffraction

more pronounced after the outgassing @mbar and 300C)
preceding the BET analysis of the sample, whilst they com-
pletely disappeared after treating the sample with air at’600
for 1 h. By contrast, the spectral shape did not change signifi-
cantly after catalytic use of GFH for CFC of methane, though
the overall spectral intensity decreased. A more symmetric spec-
trumwas obtained by Q-band EPR. At room temperattiig @)

are collected inTable 1 SEM analysis Eig. 2) showed for

atg=1.991 and 2.020, with a width of 604 and 1600 G, respec-

GFH, GSG and KFH relatively uniform, nearly spherical tively, the formerline corresponding to a species four times more
particles, 50—300 nm in size for GFH, 50-400 nm for GSG andoncentrated than the latter. At 100K these two lines changed
100—250 nm for KFH. KSG showed a totally different aspect? bit, assuming: =1.990 and 2.010, with a width of 671 and

and a much-sintered structure.

3.2. X-band and Q-band EPR spectra

3.2.1. EPR spectra of Srp.9Gdo.1TiO3+s (GFH)

The X-band EPR spectrum of GFH showed a high-intensit

nearly symmetric band at room temperatukgg( 3). With

2160 G, respectively, the former corresponding to a species 1.5
times more concentrated than the latter (spectra here not shown).

3.2.2. EPR spectra of Sr9.9Gdp,1TiO345 (GSG)
Both X-band and Q-band EPR spectra of fresh GSG at room
temperature were composed of a single nearly symmetric feature

atg=1.991, with a peak-to-peak width of ca. 40Ed. 5), i.e.

decreasing temperature, this feature broadened and its intens|§FS than 1/10 that observed with GHH. 3). With decreasing
increased, though less than expected on the base of the Curid&nPerature, the intensity of these GSG spectra decreased a bit,

law, while the presence of bumps lilBwas becoming more
evident on the left part of the spectrufdid. 4). B became a bit

Table 1

Crystal size and BET specific surface area of the examined samples
Sample Crystal siZgnm) BETssa (M2/g)
Srp.9Kp.1TiO34s (KFH) 29 5
SI’o_gKo,lTiO;gig (KSG) 61 5

Srp.9Gdy 1TiO3+5 (GFH) 56 10
SI’o_gGij_TiOgig (GSG) 24 2

a Calculated by the Scherrer equation.

while a second broader overlapping feature appeared both in
X-band and Q-bandHig. 6) spectra.

3.2.3. EPR spectra of Srp.9Ko.1TiO3+s (KFH)

A completely different feature was recorded with KFH, both
with X-band and Q-band EPR. Indeed, this spectriig.(7)
was composed of a very narrow Lorentzian-shaped line at
£=2.008, with temperature-independent peak-to-peak width
AHpp=1.6 G (X-band) and 3.4 G (Q-band). As showifig. 8,
this pattern was characterised by intensity (but not shape) com-
parable to that observed with pure SrEiQ prepared by the
same FH procedure (Sample T2[8f). By contrast, this inten-
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Fig. 2. Typical SEM images.
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Fig. 3. Room temperature EPR spectra of GFH sample. X-band (thinner trackglii'raRoof%mStgngggslt:re Q-band (thicker track) and X-band (dotted track) EPR

and Q-band (thicker track) experimental patterns. L1 and L2 (dotted tracks) arep
two Lorentzian-shaped lines simulating the Q-band EPR line.
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Fig. 4. X-band EPR spectra of GFH sample, recorded at 110 (thicker track) anﬁig' 6. Q-band EPR spectra of GSG sample, recorded at two different temper-
290K (dotted track, multiplication factor 1.75). atures.
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Fig. 7. X-band (upper) and Q-band (lower) EPR spectra of KFH sample, T (°C)
recorded at 290 K. The thinner lines are Lorentzian-shaped simulations.

Fig. 10. Comparison of the activity of KFH, GFH and T2 catalysts for the CFC
of methane.

0 sample. For example, the R.T. spectrumFid. 9 reduced to
about 1/10 after sample oxidation in air at 6@for 1 h, while
its maximum moved by about 490 G towards higher field values.

KFH The only titanate sample showing this kind of spectrum was
the undoped SrTigs prepared by the sol-gel (SG) method
(Sample T3 of[3]) after use as catalyst for CFC of methane
(spectrum here not shown).
3335 3340 3345 B (@) 3350 3355 3360 3.3. Activity tests for the CFC of methane
Fig. 8. X-band EPR spectra of KFH and T2 samples, recorded at 140 K. In-line analysis of the gas coming out from the methane CFC

reactor was made every 10 min. Some results are collected in

sity was by far lower than that of the broad features above-ig. 10as mol% conversion of methane versus temperature. KFH

reported with GFH and GSG; therefore, we cannot exclude itgvas the most active catalyst until ca. 6@ At higher temper-

presence also with those samples, masked by their main spectedlire GFH was more active than KFH, though pure SgTiO

feature. Furthermore, this pattern disappeared after catalytic u¢§ample T2 of3]) showed the best catalytic performance. KSG

of KFH. and especially GSG showed the worst catalytic activities at any
investigated temperature (not reported).

3.2.4. EPR spectra of Srp.9Ko.1TiO3+s (KSG)

No EPR signal at all was observable with fresh KSG sample4. Discussion

However, sometimes a low-field broad band, becoming more

intense with decreasing temperature, appeared after catalytic The EPR spectra observed with the four examined sam-

use Fig. 9. When this was the case, the intensity of this featureples are surprisingly different from each other, depending both

was strongly reduced by carrying on a deeper oxidation of then chemical composition and preparation method. The great
intensity and the spectral shape of the broad X-band spec-

trum reported at room temperature with GFFd. 3) can be
290K safely attributed to ferromagnetic (FM) resonance of Gdn
240 K domains. In particular bumps likkeé (more accentuated at lower
temperaturesFig. 4) indicate the presence of internal mag-
/\/E(T netic fields in FM systems with positive axial anisotrdp].

Furthermore, the spectral intensity of this pattern decreases
120K at higher temperature by far less than expected on the base
of the Curie’s Law, indicating that the single ions are indeed
reciprocally interacting in a ferromagnetic way. The Q-band
spectrum of the same GFH sample appears more symmetric,
and composed (vide supra) by two overlapping Lorentzian lines
B (G) (Fig. 3), 604 and 1600 G broad, respectively, at room tempera-
Fig. 9. X-band EPR spectra of a KSG sample, after catalytic use for the crdure, both broade'nlng with decreasing temperature. The presence
of methane. Recording temperatures ranging between 120 (bottom) and 200&f bumps likeB in the X-band spectrum, and not in the Q-
(top). band, further confirms their attribution to FM systems with

-50 950 1950 2950 3950 4950 5950 6950 7950



60 C. Oliva et al. / Journal of Molecular Catalysis A: Chemical 245 (2006) 55-61

magnetic anisotropf Ha= |H — H_ |, where:AHa=magnetic  tral resolution of the Zeeman spectral components, obtained by
anisotropy (as defined in the texfJy = H parallel,H, =H per-  the Q-band EPR analysis with respect to X-band.

pendicular. Indeed, the following equation ho[d8]: The disappearing of this line after catalytic use indicates that
the corresponding paramagnetic species is involved in the reac-
AHy= o vQA Hpp(X) — vx A Hpp(Q) @ tion, i.e. itis very likely a surface species. A comparison between
vQ — VX KFH and the corresponding SrTiQs sample prepared by the

same FH method (labelled with T2 [B]) confirms this attri-
where o/ =1.732 for Lorentzian shape. SineeH,>0, Eq. bution. The EPR spectra of these two sampleg.(8) have
(2) requiresAHpp(X) > 1/3 AHpp(Q), as in this case, where the same meag value (at room temperature), nearly the same
AHpp(X) > AHpp(Q). However, no reliable quantitative evalu- (low) intensity, but a different shape. The broad and asymmetric
ation of the magnetic anisotropyH, (GFH) can be obtained, line of T2 is due to paramagnetic species not completely free
due to the low spectral resolutioRi¢. 3). to move on the surface of the catalyst. By contrast, the narrow

Furthermore, the presence of FM systems is also in-line witland symmetric line of KFH suggests that the same paramag-
the observed intensity variation of structures likapon reduc- netic species are almost free to move, mixing their magnetic
ing/oxidising treatments. Indeed, any reducing process, even theeman anisotropies and, therefore, showing a “motional nar-
vacuum pumping before BET analysis, limits super-exchangeowed” Lorentzian-shaped spectrum due to free tumbling of
interactions among Gd ions through bridging oxygen, favour- the O-based radical species on the solid surface. Ingeteah-
ing instead a direct ferromagnetic interaction among them.  sor anisotropies of ¥ 102 (corresponding to Q-band Zeeman

As for the GSG sample, the intensity of the narrow X-bandenergy anisotropies of 18°J) were resolved for T2 sami]
and Q-bandFKig. 5) is not increasing at all with decreasing tem- by Q-band EPR at low temperature. These anisotropies, corre-
perature, as it should be on the base of the Curie’s law, but, on treponding at 34 GHz (Q-band)to ca. 6 G, i.e. to 17 MHz, have not
contrary, it decreases a bit, while a second broader overlappirtzgeen resolved with the KFH sample in the present investigation.
pattern appears. This behaviour is in accordance with the partFhis means that the exchange frequency of anisotropy mixing
cle nanometric size of this sample. In fact, it has been reportethust exceed 17 MHz with KFH, but not with T2. Thermal energy
[10] that with small (single-domain) particles (as it is the caseat 100K corresponds to ca. 1¢}J and hence it largely over-
with GSG, with particle diameter of ca. 20 nitgble ) the FM  comes the Zeeman energy anisotropy of these oxygen-based
resonance bands contribute to broad features like tHago6at  radicals: anisotropy features can be observed only if the radical
low temperature only. By contrast, at higher temperature, whespecies motion is frozen by the interaction with the catalyst sur-
kT overcomes the small anisotropy energy of these particles, thface, as it happens with T2 sample. On the other hand, the low
FM resonance bands narrow and merge into a Lorentzian-shap&emperature availability of almost fresoxygen on the KFH sur-
(superparamagnetic, SPM) line, similar to the symmetric narrovface is in-line with the better activity of this catalyst with respect
feature ofFig. 6. At intermediate temperatures an intermediateto the undoped T2 sample at lower temperature ofily.(10).
regime must occur in these systems, in which a “two-line patAt higher temperature KFH has lost iss surface oxygen, so
tern” as that of GSG at 100 K={g. 6) appears, formed of abroad becoming less active than TRi{. 10.
feature overlapping a narrower ofid—14] The relative inten- At last, the low-field broad band, shown only by KS&d. 9)
sity of these two spectral contributions depends on particle sizand by SrTiQys (SG) (Sample T3 0f3]) after catalytic use,
and shape distribution function, as well as on the magnitude afieed a deeper discussion. A feature like this has been found by
the magnetic anisotropy. us[23] with a Lay ¢Srp.1C0o0Os perovskitic sample, characterised

In any case, these FM (or SPM) species formed with GFHy a relatively low catalytic activity for the CFC of methane,
and GSG samples seem not much involved in the present caas KSG in the present paper and T3 in {8]. This pattern is
alytic reaction. Indeed, only a small decrease of their spectrahe typical low-field contribution to the FM spectrum of a sys-
intensity was noticed, while their spectral profile did not changgem characterised by a strong uniaxial magnetic anisotropy. The
significantly, after the use of these catalysts for the preserbw-field maximum and the high-field minimum of this kind of
reaction. spectra are detected at nd H™ magnetic field values, respec-

A completely different situation can be sketched for thetively, not related to thg tensor of the system but, instead, to the
SIp.0K0.1TiO3+s sample. Indeed, the partial substitution df K intensity of its magnetic anisotropy0]. Systems like these can
for SP* could be counterbalanced both by a partial oxygen defibe due to spin bags of 0[23-25] forming in incompletely re-
ciency (i.e. anegative sign in front&fand/or a partial oxidation oxidised perovskites. In fact, re-oxidation should procgz]
of Ti%* to Ti**. However, the last is confirmed by the EPR spec-as follows:
tra of KFH (Figs. 7 and 8 the single line ag =2.008 being

attributable to TH/03~ [3,15-17] Indeed, an EPR feature with Oz, <> O2ads +h* 3)
g components 2.011, 2.008 and 2.002 has been attributed to

O3~ ions adsorbed on titania surfadé8] and to @~ adsorbed Oz ads < Ozyadsz_ +he (4)
on other solid systemfl9-22] and in most cases such ions

were characterised by high mobility (“suprafacialoxygen).  Ozade™ < 20ads (5)

The apparently a bit broader line recorded with KFH at higher «
microwave frequencyHig. 7) should be due to the higher spec- Oads +Vo** < Oo™ +h* (6)
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