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Abstract

The structure of low-loaded (0.09–0.73 Fe wt%) FeOx /SiO2 catalysts prepared byadsorption–precipitationof Fe2+ precursor on sil-
ica (AP) has been assessed by DR UV–Vis and Mössbauer techniques in comparison with counterpartincipient wetness(IW) systems.
Spectroscopic findings indicate thespeciationof the active phase intoisolated Fe3+ species, oligomeric 2-d FeOx patches, and3-d Fe2O3
nanoparticles, characterised by decreasing interaction strength with silica carrier. The reduction pattern of the above surface stru
been probed by temperature-programmed reduction (TPR) measurements, and a deconvolution analysis of spectra allowed the
tion of the various surface species to be highlighted. The catalytic activity in theselective oxidation of CH4 to HCHOwith oxygen (MPO)
has been systematically evaluated by batch (BR) and continuous-flow (CF) measurements in the range of 400–750◦C. Direct relationships
among Fe dispersion and specific atomic rate of CH4 conversion (FeCH4, s−1) and HCHO formation (FeHCHO, s−1) confirm the superior
catalytic performance of AP systems. After a poor reactivity of “isolated species” and the unselective behaviour of3-d Fe2O3 particles,
2-d oligomericpatchesfeature the best catalytic pattern, owing to an optimum Fe–O bond strength. Sintering and surface reconst
phenomena affect the catalyst stability during the MPO reaction.
 2005 Published by Elsevier Inc.

Keywords:FeOx /SiO2 catalysts; Methane partial oxidation; Formaldehyde; Preparation method; Fe precursor; Deconvolution analysis; Surface stru

Redox properties; Fe dispersion; Sintering

into
the
em
w-
an-
f

ant

bey

erior
-
as
1. Introduction

The direct conversion of natural gas (NG) streams
commodity chemical products actually constitutes one of
hottest topics in catalysis, since potential process routes
ploying novel catalytic approaches in combination with lo
cost feedstocks could result in significant economic adv
tages over current technologies[1,2]. Despite the proposal o
many catalysts for the selective oxy-functionalisation of C1–
* Corresponding author.
E-mail address:francesco.arena@unime.it(F. Arena).

0021-9517/$ – see front matter 2005 Published by Elsevier Inc.
doi:10.1016/j.jcat.2005.01.029
-

C5 alkanes in both the scientific and patent literature[1–12],
a low process productivity still remains the most signific
shortcoming for industrial exploitation[1–5]. Furthermore,
the partial oxidation of methane to oxygenates does not o
some rules for the selective activation of C2–C5 alkanes
[1–5].

Several studies in recent years have indicated a sup
functionality of FeOx /SiO2 catalysts in the partial oxida
tion of methane to formaldehyde (MPO), though it h

3+
been argued that the structure of Fecentres determines
their activity–selectivity pattern[6–11]. Specifically, “iso-
lated” Fe3+ moieties assist selective oxidation paths leading

http://www.elsevier.com/locate/jcat
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to oxygenated products, whereas Fe2O3 aggregates and/o
(nano)particles mostly yield COx because of a high avai
ability of lattice oxygen ions driving the further oxidatio
of intermediates[6–11]. Then in addition to catalyst formu
lations involving silica as a carrier of transition-metal io
(Mo, V, Fe, etc.)[3–9,12–14], stoichiometric compound
such as Fe2(MoO4)3 and FePO4, in which the counteran
ion acts as a “spacer” for “isolation” of the active Fe3+
redox centres, were also found to be effective catal
for the oxy-functionalisation of CH4 [4,15]. In fact, both
theoretical considerations[2,12] and experimental finding
[1–12,15–18]convey that a proper catalyst design must
sure a high dispersion (e.g., “site isolation”) of suita
transition-metal ions (e.g., V, Mo, Fe) over a matrix feat
ing a weak Brønsted-type acidity.

Furthermore, previous studies of the catalyst steady s
by reaction temperature O2 chemisorption measuremen
(RTOC) allowed the mechanism and kinetics of the M
on silica-based catalysts to be highlighted[2,12,19–21].
According to recognised principles of oxidation cataly
[2,12,16] and ab initio calculations of the energetic b
rier for CH4 activation on the FeO+ complex[17,18], we
developed a formal kinetic model describing in detail
steady-state conditions and the activity-selectivity pat
of low-loaded FeOx /SiO2 catalysts[2,12,19–21]. Because
of the second-order dependence of CH4 conversion and a
first-order inverse dependence of HCHO selectivity on c
centration of active sites, respectively[2,12,21], we pointed
out that process productivity (STY) can be enhanced b
rise in the dispersion of Fe3+ ions across a silica matrix
leading to the exploitation of alternative synthesis rou
[2,9–12].

The physico-chemical and catalytic properties[22–32]of
supported iron oxide systems have been widely investiga
and a peculiar reactivity has generally been docume
concomitantly with a high dispersion of the active pha
[8,23,28,30,31]. A high, although selective, catalytic fun
tionality of FeOx-supported systems has been found in
SCR of NOx [23,25], in the selective oxidation of benzen
to phenol[31] and ethylbenzene to styrene[32]. That close
relationship between the structure and reactivity of the
tive phase compelled the adoption of special prepara
methods, such as ion exchange[22–24,26–29]and CVD
[25,26,28], to attain a homogeneous dispersion of Fe3+ ions
mostly across zeolite-type matrices.

Therefore, this paper highlights the reliability of th
“adsorption–precipitation” route (AP)[2,9–12] in promot-
ing the dispersion oflow-loaded(150–7300 ppm Fe) FeOx/

SiO2 catalysts. A basic assessment of the effects of pr
ration route and Fe loading on thespeciationand redox
features of the active phase makes it possible to predict
detailed way the catalytic pattern of low-loaded FeOx /SiO2
systems in MPO according to the density, structure, and

activity of surface FeOx species. The catalytic efficiency of
the various surface structures and the occurrence of catalys
deactivation phenomenaare also discussed.
talysis 231 (2005) 365–380

,

2. Experimental

2.1. Materials

2.1.1. Catalysts
Two commercial “precipitated” SiO2 samples, F5 and

Si 4-5P (Akzo Nobel), were used for the preparation of s
eral FeOx /SiO2 catalysts by “incipient wetness” (IW) an
“adsorption–precipitation” (AP) routes, respectively. T
former were obtained by stepwise addition of Fe(NO3)3
aqueous solutions (pH∼2.5) to powder silica carriers, an
AP systems were prepared according to the following pro
dure[2,9–12]. An aqueous suspension of powder silica,
into a three-necked bottle, was kept at room temperature
der continuous nitrogen flow (∼100 STP cm3 min−1) and
stirring (∼600 rpm) to remove oxygen, avoiding any furth
air admission. Then, an amount of FeSO4 corresponding to
the designed Fe loading was added to the suspension
pH of which was gradually raised to 7–8 by dropwise ad
tion of a concentrated NH4OH solution. The suspension wa
kept at the final pH value (with stirring and N2 bubbling)
for 1 h, during which the quantitative adsorption (>98%) of
FeII ions was attained. Afterwards, the solid was filtered
repeatedly washed with bi-distilled water.

Two aliquots of F5 (S1) and Si 4-5P (S2) silica we
subjected to the above impregnation steps without any
precursors in the solution, to obtain respective “blank” sa
ples.

All of the samples were dried at 100◦C and then calcined
at 600◦C for 6 h in air. A list of samples, along with th
relative preparation methods, Fe loading (wt ppm), BET s
face area value (SABET, m2/g), and specific surface loadin
(SSL, Feat nm−2), are given inTable 1. Sample designation
(F[xxxx]Sy-zz) take into account the silica carrier (S1 or S
Fe loading [wt ppm], and preparation method (F[xxxx]S
IW and F[xxxx]Sy-AP), referred to as IW and AP route
respectively.

2.2. Methods

UV–Vis diffuse reflectance (DR UV–Vis) spectrosco
measurements were performed on fine powders of
samples put into a cell with optical quartz walls, perm
nently connected to a vacuum line (residual pressure: 1.0×
10−6 Torr; 1 Torr= 133.33 Pa). The spectra were collect
with a Perkin-Elmer Lambda 900 instrument equipped w
an integrating sphere and Ultra-White Teflon as a refere
material.

Mössbauer57Fe spectra were recorded at room tempe
ture (20◦C) and at liquid He temperature (−269◦C) with
both the 57Co/Rh source and absorber at the same t
perature. The spectrometer was operated with a sinus
t
velocity waveform, and the spectra were fitted by superim-
position of appropriate sets of Lorentzian lines, with the use
of MOS-90 PC software[33]. In the case of a magnetic
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Table 1
List of the studied catalysts

Code Support Preparation method Fe loading
(wt ppm)

SABET
(m2 g−1)

SSL
(Feat nm−2)×102

S1 F5 – 150 607 0.27
S2 Si 4-5P – 200 385 0.56
F[1000]S1-IW F5 IW–FeIII 1000 593 1.8
F[1000]S2-IW Si 4-5P IW–FeIII 1000 402 2.7
F[4200]S1-IW F5 IW–FeIII 4200 586 7.7
F[4300]S2-IW Si 4-5P IW–FeIII 4300 388 11.9
F[3700]S2-AP Si 4-5P AP–FeII 3300 399 10.0
F[1000]S1-AP F5 AP–FeII 1000 601 1.8
F[1300]S1-AP F5 AP–FeII 1300 599 2.3
F[3700]S1-AP F5 AP–FeII 3700 597 6.7
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F[5900]S1-AP F5 AP–Fe
F[7300]S1-AP F5 AP–FeII

sextet, an asymmetric Gaussian distribution of the hy
fine field was allowed for. The resulting parameters, s
as average magnetic hyperfine fieldBhf, electric quadru-
pole splitting QS, isomer shift IS (relative toα-Fe2O3),
Lorentzian linewidth (LW), and resonance area,A, as a per-
centage of the Fe content, are taken into account.

Temperature-programmed reduction (TPR) analysis
performed with a linear quartz microreactor (i.d. 4 m
fed with a 6% H2/Ar reducing mixture flowing at 30
STP cm3 min−1, timely purified of any O2 and H2O. Mea-
surements were carried out in the range of 200–800◦C with
a heating rate of 20◦C min−1, with an amount of cata
lyst corresponding to an Fe load of ca. 0.2 mg, to ens
differential H2 consumption rates. Before measureme
all the catalyst samples were treated in situ at 600◦C for
30 min under a 10% O2/He flow. The H2 consumption was
monitored by a TCD connected by a ChromCard (Fisons In-
struments) to a PC for data storage and processing, and
response was quantitatively calibrated from the TPR are
known amounts of CuO. Under such conditions, TPR d
were reproducible in terms of both peak maximum posit
(±10◦C) and extent of hydrogen consumption (±10%).

Modelling of TPR spectra has been performed by
convolution analysis of experimental profiles by a line
combination of Gaussian components[34–36], with the use
of the “PeakFit” software package (Jandel Scientific).

Catalyst testing in the MPO under differential convers
conditions was performed with a “recirculation batch re
tor” (BR) operating at 650◦C and 1.71 bar[8,9,19,20], at a
total flow rate of 1000 STP cm3 min−1 (He:N2:CH4:O2 =
6:1:2:1) and with a catalyst sample of 0.05 g, unless ot
wise specified.

The performance of FeOx /SiO2 catalysts has been als
evaluated under integral conversion conditions by co
nuous-flow (CF) temperature-programmed catalytic reac
tests in the range of 400–750◦C [13], with the use of a quart
micro-reactor (i.d. 4 mm) containing 0.05 g of catalyst f

with a reaction mixture (CH4, 20%; O2, 10%; He, 70%)
flowing at 50 STP cm3 min−1, unless otherwise specified.
The temperature was ramped at rate of 10◦C min−1, en-
5900 592 10.8
7300 581 13.5

abling a continuous scanning of reaction stream wit
quadrupole mass spectrometer (Thermolab, Fisons In
ments) connected to the reactor by a heated (180◦C) inlet
capillary system[13].

3. Results

3.1. Characterisation of the “fresh” catalysts

3.1.1. DR UV–Vis spectroscopy
The first, though qualitative, evidence of the rather d

ferent efficiencies of the employed preparation routes
promoting the iron dispersion on silica carriers stems fr
the different colours of the AP and IW catalysts. Wher
a typical brownish dye of the former signals the prese
of Fe2O3 aggregates at any loading (0.1–0.43 wt% F
AP samples look colourless up to a loading of 0.73 w
(F[7300]S1-AP). However, a basic evaluation of the iron d
persion on the various catalysts can be made on the ba
the DR UV–Vis spectra of the calcined samples outgas
at room temperature (room temperature) (shown inFig. 1).
Under such conditions Fe ions are expected to have
octahedral coordination (e.g., six ligands correspondin
oxygen atoms of the support and adsorbed water/hydrox
and, after the calcination at 600◦C, their ON must be+3
[27–30].

DR UV–Vis spectra for the bare S2 (a) and S1 (a′) sup-
ports are shown inFig. 1A, including also the spectra o
the F[1000]S2-IW (b), F[4300]S2-IW (c), and F[4200]S
IW (d) catalysts. In the case of the silica support, a m
band at 42,500 cm−1, two weaker and overlapped comp
nents at 36,500 and 32,500 cm−1, and a broad tail span
ning the 30,000–15,000 cm−1 range, are observed (Fig. 1A,
spectrum a). These absorptions can be attributed to ch
transfer (CT) transitions involving titanium and iron io
contained as impurities[27,37]. Both isolated Ti4+ and Fe3+

in (distorted) tetrahedral coordination located in the SiO2
bulk could be responsible for the main signal at 42,500 cm−1

[27,37]. Notably, isolated Fe3+ ions in a (distorted) octa-
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(A)

(B)

Fig. 1. (A) DR UV–Vis absorption spectra of: (a) bare S2 sili
(b) F[1000]S2-IW; (c) F[4300]S2-IW; and (d) F[4200]S1-IW sampl
For comparison also the spectrum of the S1 silica (a′) is included.
(B) DR UV–Vis spectra of: (a) S1; (b) F[1000]S1-AP; (c) F[3700]S1-A
and (d) F[7300]S1-AP samples.All the samples have been outgassed
room temperature for 1 h.

hedral symmetry at the surface of silica particles, wh
they can expand their ligand sphere by adsorbing w
molecules, can also contribute significantly to this band,
senting a partner component at 36,500 cm−1 [38]. This latter
absorption, however, might also be a monitor of the p
ence of surface isolated Ti4+ ions in (distorted) octahedra
coordination[39]. Finally, the shoulder at 32,500 cm−1 and
the lower frequency tail can be attributed to TiOx and FeOx
aggregates, ranging from “cluster-like” species to nano
ticles; the corresponding electronic absorption decreas
energy as their size increases[40].

For the F[1000]S2-IW sample, the overall absorpt
intensity increases ca. 2.5 times, and the spectral
file is dominated by a broad band with a maximum
41,000 cm−1, which is asymmetric on the lower frequen

side and is accompanied by a weak tail in the range of
30,000–15,000 cm−1 (Fig. 1A, spectrum b). The main com-
ponent at 41,000 cm−1 is assignable to the most intense
talysis 231 (2005) 365–380

CT band of isolated Fe3+ ions in octahedral coordina
tion (the six ligands are oxygen atoms of the support
adsorbed water molecules/hydroxyls), with an associ
weaker partner in the 37,000–35,000 cm−1 range[38,41].
The remaining part of the absorption profile at lower f
quency reveals the presence of Fe3+ species in the form
of oxidic dimers/oligomers (38,000–25,000 cm−1) and 3-d
Fe2O3 particles (25,000–10,000 cm−1) [27,42].

The components related to isolated Fe3+ species appea
to be strongly reduced in intensity in the spectrum of
F[4300]S2-IW sample, whereas the intensity of absorpt
due to aggregated species is significantly enhanced, thu
coming the dominant feature (Fig. 1A, spectrum c). The
heavy shoulder at ca. 20,000 cm−1 monitors the massiv
presence of nanometric Fe2O3 particles, after the spectrum
of a silica-diluted hematite powder with an average part
size of 3 nm (Fig. 1A; see inset). A corresponding decrea
in absorption due to isolated species indicates that the a
tion of large amounts of Fe by IW involves a high degree
agglomeration of Fe3+ ions.

The effect of the specific surface area of the silica c
rier on dispersion of the iron species can be assessed
comparison of the spectra of the similarly loaded F[4300]
IW (Fig. 1A, spectrum c) and F[4200]S1-IW (Fig. 1A,
spectrum d) system. With respect to catalyst suppo
on S2, the F[4200]S1-IW sample exhibits a spectrum d
inated by a complex absorption with maxima at 43,000
39,000 cm−1, resulting from overlapping components of is
lated octahedral Fe3+ species and octahedral Fe3+ species in
the form of oxidic dimers/oligomers, indicating a better d
persion of iron in this case.

For the differently loaded catalysts prepared via the
method on S1 silica (Fig. 1B), the DR UV–Vis patterns ap
pear in any case to be dominated by a main compo
located at a frequency higher than 40,000 cm−1, even for a
Fe loading of 0.73 wt% (Fig. 1B, spectrum d). This indicate
that well-dispersed Fe3+ ions in an octahedral coordinatio
are present on such systems. However, a regular shift o
absorption maximum from ca. 45,000 to 40,500 cm−1 sig-
nals a rising degree of nuclearity of the iron species as
loading increases.

3.1.2. 57Fe Mössbauer spectroscopy
The 57Fe Mössbauer spectra of the F[4300]S2-IW (

and F[7300]S1-AP (B) samples at room temperature (s
trum a) and at liquid helium temperature (spectrum b)
shown inFig. 2, and the related parameters are summar
in Table 2. In the case of the Fe[4300]S2-IW sample,
spectrum at room temperature exhibits a simple qua
pole doublet with hyperfine parameters typical of trival
paramagnetic iron ions in a slightly distorted octahed
environment (Fig. 2A, a), which is transformed almost com
pletely into a six-line pattern at−269◦C (Fig. 2A, b),

indicating that almost all of the iron is present in the form of
superparamagnetic iron oxide nanoparticles with an average
size of ca. 8 nm[43]. Although the hyperfine parameters of
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Table 2
Mössbauer parameters of the F[4300]S2-IW and F[7300]S1-AP catalysts

Sample T

(◦C)
Bhf
(T)

QS
(mm/s)

IS
(mm/s)

LW
(mm/s)

A

(%)
Iron species
(at−269◦C)

F[4300]S2-IW 20 – 0.78 (1) 0.33 (1) 0.52 (1) 100
−269 48.1 (1) −0.02 (1) 0.33 (1) – 96 (2) Iron oxide

– 1.08 (8) 0.39 (1) 0.43 (8) 4 (2) Paramagnetic Fe3+

F[7300]S1-AP 20 – 0.78 (5) 0.32 (3) 0.51 (1) 40 (20)
– 1.08 (5) 0.38 (2) 0.82 (5) 60 (20)

−269 39.7 (2) −0.01 (3) 0.32 (2) – 52 (5) Iron oxide
– 0.99 (1) 0.39 (1) 0.82 (1) 48 (5) Paramagnetic Fe3+

(A) (B)
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Fig. 2.57Fe Mössbauer spectra at room temperature (spectra a) and−269◦C
have been outgassed at room temperature for 1 h.

this magnetic sextet are slightly different from those of b
crystalline α-Fe2O3 [44], previous studies on FeOx /SiO2

systems, bearing a higher Fe loading, suggest that
discrepancy could result either from the nano-size of theα-
Fe2O3 crystals or from an amorphous character of Fe2O3

particles[45].
The spectrum at room temperature of the Fe[7300]S1

sample consists of an asymmetric quadrupole doublet, w
can be fitted with two Fe(III) components with different Q
(Fig. 2B, a), as shown inTable 2. At −269◦C, the coex-
istence of a quadrupole doublet and a magnetic patte

observed (Fig. 2B, b). In particular, the resonance area of the
magnetic component corresponds to ca. 50% of the overall
tra b) of F[4300]S2-IW (A) and F[7300]S1-AP (B) catalysts.All the samples

spectrum, indicating that only about half of the iron cont
is in the form of superparamagnetic iron oxide species.

3.1.3. Temperature-programmed reduction
TPR profiles (normalised to the integral peak area) of

ferently loaded FeOx /SiO2 catalysts, prepared by AP or IW
methods on both F5 and Si 4-5P silicas, are comparati
shown inFig. 3. Quantitative hydrogen consumption da
expressed as the number of H2 molecules consumed per F
atom (H2/Fe), signal in any case a H2/Fe ratio close to 0.5
(e.g., 0.42–0.56), thus denoting a “strong” inhibiting eff

2+ 0
of the matrix on the reduction of Fe ions to Fe.
The influence of the Fe loading on the reduction pattern

of F[xxxx]S1-AP catalysts is shown inFig. 3A. The bare S1
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Fig. 3. TPR profiles of (A) F[xxxx]S1-AP catalysts; (B) S1 silica (a); F[4
F[3700]S2-AP catalysts.All the spectra are normalised with reference to

silica sample (Fig. 3A, a) features a TPR profile spannin
the range of 400–800◦C, which accounts for the reductio
of Fe3+ “impurities” (150 ppm) to Fe2+. From a qualitative
point of view, a main reduction peak with a broad maxim
at ca. 570◦C dominates such a spectrum, with other wea
resolved maxima at ca. 400 and 700◦C also present. The ad
dition of ca. 0.08% Fe by AP (F[1000]S1-AP) yields a rise
the reduction kinetics atT < 600◦C and the appearance
two resolved maxima at 365 and 490◦C. At higher Fe load-
ings, the reduction profiles of the FeOx /SiO2 catalysts retain
the qualitative features of the previous system, though p
maxima shift further to lowerT . At the highest Fe loading
(0.73 wt%), the TPR spectrum of the F[7300]S1-AP sa
ple displays one broad asymmetric peak centred at 40◦C
with a tail of H2 consumption on the high-temperature si
pointing to the presence of several unresolved compon
in the range of 500–800◦C.

The effects of the preparation method and silica c
rier on the reduction pattern of similarly loaded (0.3
0.43 wt%) FeOx /SiO2 catalysts are illustrated inFigs. 3B
and C, comparing the TPR profiles of F[3700]S1-AP (b) a
F[4200]S1-IW (c) samples (Fig. 3B) with those of coun-
terpart F[3700]S2-AP (b) and F[4300]S2-IW (c) samp
(Fig. 3C). Like the similar Fe loading (Table 1), the S2
silica (Fig. 3C, a) features a reduction pattern analog
to that of the S1 carrier (Fig. 3B, a), also resulting in a
H2/Fe ratio close to 0.5. As a rule, IW catalysts (Figs. 3B

and C, profiles b) display an enhanced reduction rate at lower
temperature with respect to similarly loaded F[3700]S1-AP
and F[3700]S2-AP (Figs. 3B and C, profiles c), whereas,
S1-IW (b); and F[3700]S1-AP (c); and (C) S2 silica (a); F[4300]S2-IW (and
ntegral peak area.

in comparison, the rate of H2 consumption atT > 500◦C
of samples based on S1 silica is systematically higher
that of counterpart S2, indicating some influence of the
ica support on the reduction of the active phase, mostl
loadings higher than 0.1 wt%.

3.2. Catalyst testing

3.2.1. BR activity data
The effects of the preparation method and Fe loading

the MPO performance of FeOx /SiO2 catalysts have bee
evaluated by isothermal (650◦C) BR tests at differentia
conversion per pass conditions (τ , 3.3 × 10−3 s). Activity
data, with reference to S1 and S2 silica supports, are
sented inTable 3in terms of hourly CH4 conversion (Xh, %),
product selectivity (SX, %), reaction rate (µmolCH4 s−1 g−1),
space time yield (STYHCHO, g kg−1

cat h
−1), and specific Fe

atomic rate (s−1) of CH4 conversion (FeCH4) and HCHO for-
mation (FeHCHO, FeCH4 × SHCHO).

Regardless of the preparation method and loading
addition always results in a promoting effect of the intr
sic reactivity of any silica carrier[2,5–8,12,15], though it is
fairly evident that the AP route generally permits a supe
performance in MPO[9–12].

The bare S1 silica runs with an hourly CH4 conver-
sion of 2.7% and aSHCHO equal to 66%, correspondin
to a reaction rate of 2.8 µmol g−1 s−1 and a STYHCHO of

−1 −1
200 g kgcat h . The S2 silica carrier, with both higher activ-
ity (XCH4,h, 3.8%) andSHCHO (75%), ensures a STYHCHO

of 310 g kg−1
cat h

−1. Normalised to the Fe content (Table 1),
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Table 3
BR data of FeOx /SiO2 catalysts in MPO at 650◦C. Effect of the preparation method and Fe loading

Sample XCH4,h
(%)

SHCHO
(%)

SCO
(%)

SCO2
(%)

Rate
(µmol s−1 g−1)

STYHCHO
(g kg−1

cat h−1)
FeCH4

(s−1)

FeHCHO
(s−1)

S2 3.8 75 16 6 3.8 310 1.06 0.75
S1 2.7 66 26 8 2.8 200 1.05 0.66

F[1000]S1-IW 8.6 55 28 17 8.8 525 0.50 0.27
F[1000]S2-IW 9.9 54 27 19 10.1 580 0.57 0.31
F[4300]S2-IW 7.8 47 22 31 10.4 405 0.14 0.06

F[3700]S2-AP 37.2 33 29 38 37.9 1350 0.57 0.19
F[1000]S1-AP 14.6 63 25 12 15.0 1020 0.84 0.53
F[3700]S1-AP 34.2 36 37 27 35.1 1360 0.53 0.19

F[3700]S2-APa 4.6 55 23 22 47.3 2800 0.72 0.39

a
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F[7300]S1-AP 4.8 54 23 23

a Catalyst testing at tenfold lower contact time (wcat, 0.005 g).

however, the two silica samples feature analogous FeCH4

(1.05–1.06 s−1) and FeHCHO (0.66–0.75 s−1) values.
The addition of ca. 0.10 wt% Fe to the Si 4-5P c

rier by IW (F[1000]S2-IW) implies a threefold rise in a
tivity (XCH4,h, 9.9%) counterbalanced by a lowering
SHCHO from 75 to 54%. Though there is a significant ri
in STYHCHO (580 g kg−1

cat h
−1), the above figures accou

for a decrease in FeCH4 to 0.50 s−1 and, mostly, in the
FeHCHO value (0.27 s−1) with reference to the S2 carrie
The same amount of Fe (0.1 wt%) put on the F5 si
by IW (F[1000]S1-IW) attains a similar effect on activi
(XCH4,h, 8.6%) and selectivity (SHCHO, 55%), also in terms
of FeCH4 and FeHCHO (Table 3). The addition of 0.43 wt%
Fe to S2 silica, still by the IW route, has a strongly ne
ative impact on the MPO functionality of the FeOx /SiO2

system, as the F[4300]S2-IW attains aXh of 7.8%, result-
ing in a very low FeCH4 value (0.14 s−1), coupled to a
SHCHO of 47%. These figures account for a STYHCHO of
only 405 g kg−1

cat h
−1 and a FeHCHO value (0.06 s−1) that

is lower by about one order of magnitude than that of
F[1000]S2-IW sample.

The F[1000]S1-AP catalyst, bearing 0.1 wt% Fe on
silica by AP, is much more active (Xh, 14.6%) and se
lective (SHCHO, 63%) than previous ones, featuring FeCH4

(0.84 s−1) and FeHCHO (0.53 s−1) values comparable t
those of silica carriers and attaining a remarkable STYHCHO

of 1,020 g kg−1
cat h

−1. A Fe content (3700 ppm) similar t
that of the F[4300]S2-IW sample, added to S2 silica
AP (F[3700]S2-AP), yields an activity (Xh, 37.2%) five-
fold larger than that of the counterpart IW sample, c
responding to an FeCH4 value of 0.57 s−1. In spite of
the “high” conversion level, this catalyst ensures aSHCHO

of 33%, accounting for a STYHCHO of 1350 g kg−1
cat h

−1 and
a FeHCHO value of 0.19 s−1. With FeCH4 (0.53 s−1), FeHCHO

(0.19 s−1), and STYHCHO (1360 gkg−1
cat h

−1) values com-
parable to those of the homologous F[3700]S2-AP, acti

data for the F[3700]S1-AP system confirm a slight, if any,
effect of the silica carrier on activity, also at higher loading
of the active phase.
49.2 2870 0.38 0.20

Fig. 4. MPO on FeOx /SiO2 catalysts (BR data at 650◦C). Effect of the
preparation method on the relative activity (α) of the F[3700]S1-AP and
F[4300]S2-IW catalysts during t.o.s.

The catalytic pattern of the most active F[3700]S2-
and F[7300]S1-AP samples was also probed at a ten
lower contact time (τ , 3.3× 10−4 s) to avoid kinetic limita-
tions imposed by high O2 conversion[2,19–21]and compare
their performance at conversion levels similar to those
less active catalysts (Table 3). Under such conditions th
two catalysts feature similarXh (4.6–4.8%) andSHCHO (54–
55%) values corresponding to STYHCHO values equal to
2800–2900 g kg−1

cat h
−1 [9–12,46].

At the least the influence of the preparation method
stability was evaluated by a comparison of the relative ac
ity α (e.g., the ratio between activity at timet , Xh,t , and time
zero, Xh,0) of AP and IW catalysts during t.o.s. Depen
ing on the preparation method, a different stability patter
recorded, as shown inFig. 4, comparing representative da
for the F[3700]S1-AP and F[4300]S2-IW samples. That
while the latter catalyst keeps both activity and selectiv
substantially stable throughout the test, the former un
goes a ca. 20% activity loss with a concomitant decreas

SHCHO (from 36 to 30%) after 6 h of t.o.s. Notably, this re-
sulted a common pattern for all AP catalysts and IW samples
with Fe loading less than 0.4 wt%.
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Table 4
CF activity data of FeOx /SiO2 catalysts in MPO in theT range 400–750◦C

Catalyst T1%
(◦C)

SHCHO
(%)

T2%
(◦C)

SHCHO
(%)

T5%
(◦C)

SHCHO
(%)

Eapp
(kJ/mol)

S2 620 48 650 44 710 35 142

F[1000]S2-IW 520 24 565 22 630 18 88
F[4300]S2-IW 530 11 575 8 630 7 101

F[3700]S2-AP 455 9 500 8 570 8 85
F[1000]S1-AP 500 28 545 24 620 20 82
F[3700]S1-AP 460 12 495 11 565 10 83
F[5900]S1-AP 466 11 505 10 570 9 84
F[1000]S1-APa 525 54 570 49 – – 110
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F[3700]S2-APa 490 20 530

a CH4/O2 ratio, 40.

3.2.2. CF activity data
Integral activity data in the range of 400–750◦C (τ ,

6.6 × 10−2 s) are compared inTable 4in terms of tempera
ture of 1% (T1%), 2% (T2%), and 5% (T5%) CH4 conversion,
HCHO selectivity (SHCHO), and apparent activation energ
values (Eapp, kJ/mol), calculated in the CH4 conversion
range of 1–10%.

The S2 carrier attains 1% CH4 conversion at 620◦C
with a SHCHO equal to 48%, prompting 2 and 5% conve
sion levels at 650◦C (SHCHO, 43%) and 710◦C (SHCHO,
35%), respectively. These mirror an apparent activation
ergy value of 142 kJ/mol [2,20], resulting the highest in th
series (Table 4).

In agreement with BR data, the higher activity of A
catalysts emerges from a shift of all of the convers
levels to lower temperature (Table 3), consistently with a
decrease in the activation energy (Eapp, 83–101 kJ/mol).
The F[1000]S1-AP and F[1000]S2-IW samples featur
similar catalytic pattern, denoted by the attainment of
CH4 conversion (T1%) and an analogousSHCHO (25–27%)
at 500–520◦C. Mirroring a similar drop in theEapp (82–
88 kJ/mol), both T2% and T5% are also shifted to lowe
temperature by ca. 100◦C, and theSHCHO decreases to
20–22 and 18–20%, respectively. The addition of hig
Fe loadings (0.37–0.59 wt%) to F5 silica by AP, shi
the conversion levels further to the same lower tempera
(450–460◦C), and, though theSHCHO decreases to 9–12%
no changes in theEapp (83–85 kJ/mol) are noticed. Mean
while, CF data for the F[3700]S2-AP sample confirm
minor influence of the silica carrier on the MPO activity
FeOx /SiO2 catalysts (Table 4). In contrast, the F[4300]S2
IW sample displays the highestTx% values, along with
the lowestSHCHO values in the series and, consequen
the resultingEapp (101 kJ/mol) is between the highes
(142 kJ/mol) and the lowest (82–88 kJ/mol) values found
for S2 and AP catalysts, respectively.

The performance of AP systems has been also probe
der oxygen-lean conditions with a feed of a 90% CH4/2.3%

O2/7.7% He reaction mixture and a constant contact time
(τ , 6.6 × 10−2 s). In spite of the high CH4/O2 ratio (≈40)
hindering the reaction kinetics[2,19–21], the F[1000]S1-
19 – – 110

-

AP sample attains 1% (525◦C) and 2% (570◦C) conversion
levels at a temperature slightly higher than at standard
ditions (CH4/O2, 2), whereas a more than twofold ri
in SHCHO (54 and 49%) accounts for STYHCHO values of
360 and 650 g kg−1

cat h
−1 at 525 and 570◦C, respectively.

A larger shift of bothT1% and T2% to higher temperatur
(Table 4) does not affect a similar increase inSHCHO on the
F[3700]S1-AP sample (Table 4).

3.3. Characterisation of the “treated” and “used”
catalysts

3.3.1. TPR of catalysts pretreated (650◦C) with CH4 and
CH4/O2 reaction mixture flow

The TPR profiles of F[3700]S1-AP (A) and F[4300]S
IW (B) catalysts, pretreated for 5 min at 650◦C under
flowing CH4 (top), are compared with the correspond
profiles of the calcined samples (bottom) inFig. 5A. Regard-
less of the preparation method and Fe loading, the treat
of FeOx /SiO2 catalysts at 650◦C with methane causes
marked decrease in the TPR signal in theT range of 350–
650◦C, evidently diagnostic of an extensive reduction
Fe3+ ions to Fe2+ by the substrate. This reflects significa
changes in the respective reduction profile, no longer sh
ing the typical features of the calcined systems.

Furthermore, the reduction patterns of the “us
F[3700]S1-AP and F[4300]S2-IW catalysts have been c
pared with the relative spectra of “fresh” samples inFig. 5B.
The TPR profile of the “used” F[3700]S1-AP catalyst sho
marked changes in the reduction kinetics, evidently diag
tic of a deepreconstructuringof the active phase, wherea
only a slight decrease in the rate of H2 consumption on
the rising side of the main TPR peak is noticed for
F[4300]S2-IW system. As a consequence, the TPR spe
for the “used” systems look similar to each other, rep

ducing, in turn, almost unchanged the main features of the
“fresh” F[4300]S2-IW sample.
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(A)

(B)

Fig. 5. (A) Comparison of TPR spectra of the F[3700]S1-AP (a) and F[4300]S2-IW (b) catalysts, pre-treated (5 min) at 650◦C with a 10%CH4/He flow
(top), with those of “fresh” samples (bottom). (B) Comparison of TPR spectra of “fresh” (bottom) and “used” (top) F[3700]S1-AP (a) and F[4300]Sb)

catalysts.
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4. Discussion

4.1. Structure of low-loaded FeOx /SiO2 catalysts

Although a relatively poor concentration and reactiv
of the hydroxyl population in comparison with other o
ide supports (e.g., alumina, titania, zirconia, etc.), yet
a molecular scale the silica surface exhibits some che
cal affinity for supported metal atoms and/or ions[47,48],
along with some reactivity towards gas phases[2,3,13,49].
“Molecular” dispersion, then, entails a hard reducibility
supported species, owing to theelectron-withdrawaleffect
exerted by the oxygen-bridged bonds, the extent of wh
depends upon the structure of guest “hollow” sites of the
ica surface[22,30,47,48,50,51]. On the basis of Mössbaue
IR spectroscopy, and volumetric/gravimetric adsorptio
then, Dumesic et al. argued that two states of Fe2+ exist
in a reduced 1 wt% Fe/SiO2 catalyst:Fe2+ strongly inter-
acting with the supportandFe2+ in small particles of iron
oxide[22]. They stressed that the former should be pres
asthin “rafts” on the support, holding mostly Fe2+ in a low
coordination, whereashigh-coordinatedFe2+ are present a
the surface of iron oxide particles[22]. A strong interac-
tion with silica hinders the reduction of both to the meta
state[22], involving also Si4+/Fe3+ lattice substitution(s) in
tetrahedral sites of the magnetite structure[50].

In fact, the stabilisation ofFe2O3 particles, oxide nano
clusters, isolated iron ions, and oxygen-bridged iron ions
does not depend upon the oxide support, being a func
of preparation method[22–28,30], loading [22–25,30,51],
and thermal treatments[22–30]. In this context, the chem
istry of iron and oxide support in aqueous solution pla
an essential role. That is, avoiding an uncontrolled pre
itation of the iron hydroxide (i.e., pKs Fe(OH)3 ∼= 38 vs.
pKs Fe(OH)2 ∼= 12) and exploiting the “selective” inter
action of negatively charged silanolate groups with F2+
cations at pH> pHZPC, the AP route favours an effectiv
dispersion of Fe2+ ions all over the SiO2 surface[2,9–12]
according to the DR UV–Vis absorption pattern, monitor
the prevailing contribution of “isolated” and “oligomeric
FeIII –Ox species in the F[xxxx]S1-AP series (Fig. 1B). How-
ever, the shift of the absorption maximum, as the load
increases, signals a growing degree of aggregation o
surface FeOx species, forming2-d patchesover the silica
surface[22,27–29]. In contrast, despite a SSL compara
with that of the F[5900]S1-AP sample (Table 1), an absorp-
tion fairly shifted to lower wavenumbers and the inten
absorption in the 20,000–10,000 cm−1 range (Fig. 1A, spec-
trum c) denote that Fe2O3 particles are largely present on t
F[4300]S2-IW system, as a consequence of the lack of
effective interaction between silica and Fe3+ ions through-
out IW impregnation[8–12].

Thus, indicating a close relationship between disper

and redox properties of the active phase, the marked shift of
the main TPR maximum from 570–580 to ca. 400◦C, go-
ing from bare silica to F[4300]S2-IW, F[3700]S2-AP and
talysis 231 (2005) 365–380

F[7300]S1-AP samples (Fig. 3), then monitors the reduc
tion of Fe3+ ions belonging to various surface structur
And so a systematic comparison of UV–vis and TPR featu
indicates that the reduction of “isolated” Fe moieties, ch
acterised by the strongest interaction with the support,
in the temperature window of 550–750◦C, where the contri-
bution of several components is evident from TPR profi
of silica carriers (Fig. 3, profiles a). Such species drive t
redox cycle with the substrate[2,8,12,16,19,20,36], being
then responsible for the effective catalytic pattern of “p
cipitated” silica [13,36,49]. At the opposite tendency, th
spectroscopic results for the F[4300]S2-IW sample signa
almost quantitative contribution of hematite nanopartic
the reduction of which matches a symmetric peak centre
ca. 400◦C (Fig. 3C, profile b). Therefore, a weaker intera
tion with the silica matrix of Fe3+ ions therein prompts a
easier reducibility with a rising degree of aggregation of
active phase[6,7,9,11,22–28]. Mirroring a variable contri-
bution of various surface structures, then, the TPR pro
of the FeOx /SiO2 system bear quantitative information o
the abundance of the various surface structures that is
available from spectroscopic measurements. For insta
while the TPR pattern of the F[4300]S2-IW sample (Fig. 3C,
profile b) matches satisfactorily with spectroscopic findin
Mössbauer data for the F[7300]S1-AP sample indicate
a significant fraction (ca. 50%) of the active phase is
the form of Fe2O3 nanoparticles, the presence of which
barely visible, if at all, from the relative UV–vis absor
tion pattern (Fig. 1B, profile d). Since deconvolution of TP
spectra previously made it possible to highlight the struc
of supported V2O5 [35,36] and MoO3 [34,36] catalysts, an
analogous approach was adopted in the attempt to asse
speciationof the active phase in the FeOx /SiO2 system.

4.2. Speciation and dispersion of the active phase

According to previous EPR[8] and FTIR data for ad
sorbed NO[46,52], spectroscopic findings suggest that
TPR pattern of FeOx /SiO2 catalysts monitors the cumula
tive reduction of the following surface structures:

(i) “Isolated” FeIII ions located on differenthollowsites of
the carrier, with a different degree of surface coordi
tion [6–11,46,52];

(ii) 2-d aggregated FeIII species, forming thin “rafts
patches” on the silica surface[22,46,52];

(iii) 3-d Fe2O3 particles, the reduction of which depen
mostly on crystal size[6–11,22,46,52].

Interaction strength, with matrix, spatial structure, a
coordination environment, controls the reducibility of FeIII

ions in the above surface species[11,46,51,52]. Then the
adopted modelling procedure implies that, at a given t

perature, the rate of catalyst reduction results from the
cumulative contribution of the various surface species, char-
acterised by anormal distribution of the activation energy
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Table 5
Fitting parameters of TPR spectra of “fresh”, “pre-treated” and “used” FeOx /SiO2 catalysts

Surface species

Sample 3-d Fe2O3 clusters 2-d FeOx patches Isolated FeIII species

M0/fwhm0
(◦C)

A0
(%)

M1/fwhm1
(◦C)

A1
(%)

M2/fwhm2
(◦C)

A2
(%)

M3/fwhm3
(◦C)

A3
(%)

M4/fwhm4
(◦C)

A4
(%)

“Fresh” catalysts

S1 280/85 2.7 420/107 11.0 529/99 29.4 614/108 27.0 724/118 29.8
S2 300/85 1.6 407/104 7.8 521/99 20.8 619/107 34.0 726/117 35.6
F[1000]S1-AP 315/85 4.0 393/108 17.7 501/99 31.3 607/108 23.1 716/117 23.9
F[1300]S1-AP 315/85 2.7 399/108 23.2 493/99 28.9 577/107 21.5 696/117 23.7
F[3700]S1-AP 316/85 6.8 400/108 29.0 485/99 31.8 586/108 18.5 700/117 13.9
F[5900]S1-AP 308/85 10.9 403/107 32.3 486/99 30.1 575/107 18.0 683/117 8.7
F[7300]S1-AP 312/85 10.8 407/107 43.9 496/99 20.4 582/108 12.9 696/117 12.0
F[3700]S1-AP 316/85 6.8 400/108 29.0 485/99 31.8 586/108 18.5 700/117 13.9
F[3700]S2-AP 313/85 8.7 396/107 40.6 479/99 25.0 572/108 14.3 691/117 11.3
F[4200]S1-IW 301/85 7.5 409/107 39.8 505/99 20.3 589/108 21.4 685/117 11.0
F[4300]S2-IW 296/85 6.7 397/107 79.3 504/99 5.5 595/108 2.4 705/117 6.2
F[1000]S1-IW 294/85 5.0 423/107 23.0 526/99 36.9 594/108 9.5 675/117 25.5
F[1000]S2-IW 299/85 2.6 396/107 25.2 494/98 39.3 581/108 18.5 678/117 15.2

“Pre-treated” catalysts

F[3700]S1-AP 282/85 10.4 411/107 18.5 509/99 24.0 600/108 22.3 690/117 24.7
F[4300]S2-IW 296/88 16.0 427/108 60.1 506/99 1.0 578/108 1.7 704/117 1.3

“Used” catalysts
491
505
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F[3700]S1-AP 305/85 4.4 423/100 67.4
F[4300]S2-IW 304/85 4.7 412/100 81.7

for reduction[34–36,52]. In fact, by a preliminary iterative
procedure it was found that all of the TPR profiles can
described by a linear combination of five Gaussian pe
with the same centre position (M , ◦C) and full width at half-
maximum (fwhm,◦C), and only a variable intensity (A, %)
[11,34–36,52]. Representative results for TPR spectra m
elling are shown inFig. 6, displaying the deconvoluted TP
spectra of differently loaded S1-supported AP systems
Fig. 3A). The parameters of the Gaussian components u
for the deconvolution of all TPR spectra are summari
in Table 5. Although a scale factor of ca. 50 in the iro
concentration (Table 1), implying remarkable differences i
the sample loading (25–500 mg) throughout TPR meas
ments, likely explains some variations inM (±20◦C) and
fwhm (±8 ◦C) values (Table 5), the fact that the same com
ponent keeps an unchanged centre position and fwhm
be taken as a reliable index of the same nature (and inte
tion path) of the various Fe3+ species with silica regardles
of preparation route, Fe loading, and silica carrier[34–36].
Then the following attribution can be inferred.

The first component (peak 1) centred at ca. 400◦C moni-
tors the reduction of 3-d “aggregates,” mostly in the form
Fe2O3 nanoclusters.

The second component (peak 2), with the maximum
ca. 500◦C, would be associated with the reduction of 2
(–Fe–O–Fe–)n patches(i.e., thin “rafts”) linked to the silica
surface by a network of “Fe–O–Si” bonds and, thus, res

ing in less reducibility than that of oxidenanoclusters.

The third (peak 3) and fourth (peak 4) components, cen-
tred at ca. 600 and 700◦C, respectively, match with a poor
/99 13.7 576/107 8.3 685/117 6.1
/99 6.1 582/108 1.0 705/117 6.5

-

reducibility of isolated Fe3+ ions in a Td-like coordination
[6–9,11,46,51,52]. Their reducibility depends upon the num
ber of “Fe–O–Si” linkages in the first coordinative sh
and, thus, on location across differenthollow sites of the
silica surface[47,48]. Indeed, previous FTIR data for a
sorbed NO indicated that only mono-nitrosyls form at
Fe loading of ca. 1000 ppm (F[1000]S1-AP), whereas
higher loadings (F[3700]S1-AP) both mono- and tri-nitro
adducts form on FeII ions belonging to mono/oligomeri
moieties[46]. These results have been rationalised by c
sidering that a number of structures exist on the surfac
the supports[47,48], depending on the location in “smalle
or “large” (SiO2)n rings. The fewer oxygen atoms in the fo
mer, because of their propinquity, tend to strongly stabi
“entrapped” Fe3+ ions. As a consequence, these structu
are the first to “graft” incoming Fe ions at lower loadin
by ensuring a higher shielding. “Large” rings accommod
transition-metal ions only at higher loading, implying an e
hanced coordinative unsaturation. Thus isolated Fe3+ ions,
bearing multiple surface oxygen bridged bonds and loc
in smaller hollow sites, are the most resistant to reduc
and can therefore be associated with the fourth compon
A higher degree of coordinative unsaturation of isolated FIII

ions located in larger hollow sites implies an easier reduc
ity and can be then associated with the third component

Perhaps, such an assignment explains the fact that D
sic et al. could not detect isolated Fe2+ ions in a 1%

◦ 2+
Fe/SiO2 catalyst reduced at 500C, but rather Fe ions of
low coordination in some2-d “thin rafts” along with high-
coordination Fe2+ ions of 3-d Fe2O3 clusters[22].
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Fig. 6. Modelling of TPR spectra of F[xxxx]S1-AP catalysts (seeFig. 3A).

Concerning the zeroth component, its fate with lo
ing and preparation method makes the relative assigna
less straightforward, and hence requiring specific rea
ing. That is, it is almost absent on systems with a very
(�1000 ppm) Fe loading, where the presence of Fe2O3 ag-
gregates is also rather poor (Table 5). Its relative intensity
rises abruptly to ca. 22% of that of the Fe2O3 component,
remaining almost unchanged (≈ 25%) up to the F[7300]S1
AP catalyst (Table 5). Moreover, at a comparable Fe loadin
the intensity ratio of the 0th and first components on IW s
tems is quite lower than on counterpart AP systems, whe
for the same preparation route, F5 supported systems fe
a higher value of this ratio (Table 5). Finally, the F[4300]S2-
IW features the lowest value (8%) of the above ratio. Th
findings suggest that the 0th peak is somewhat related t
dispersionof oxide aggregates, thus belonging to reduct
of Fe3+ ions at the surface of oxide nanoparticles, thoug
could also refer to some intermediate (e.g., Fe3O4) reduction
step.
By this account, the speciation of the active phase in both
F[xxxx]Sy-AP and F[xxxx]Sy-IW catalysts can be generally
related to the SSL, as shown inFig. 7A, comparing the rela-
talysis 231 (2005) 365–380

e

tive percentage of FeIII ions in the various surface structure
As expected, the concentration of isolated moieties
creases monotonically with SSL, whereas that of 3-d ox
particles rises much more steadily with an exponential-
trend (Fig. 7A). On the other hand, the featureless trend
2-d patches matches is consistent with the fact that thes
“borderline” structures, easily evolving into 3-d oxide clu
ters. However, the different trends of AP (solid lines) and
(dotted lines) systems indicate that, in addition to the S
the preparation route is crucial for the stabilisation of
various surface structures of the FeOx /SiO2 system. Indeed
with respect to Mo[34,36]and V[35,36], FeIII ions feature
a much lower chemical affinity for the silica surface, sin
an amount of Fe2O3 clusters comparable to that found
bare silicas (ca. 15%) was detected at much larger SS
MoO3/SiO2 [34,36] and V2O5/SiO2 [35,36] systems. Fur-
thermore, a ca. 80% concentration of oxide particles,
that found on the F[4300]S2-IW sample (ca. 0.1 Feat nm−2),
occurs on a 7% MoO3/SiO2 bearing a 50-fold larger SS
[34,36]. This different behaviour indicates that a weaker
teraction of FeIII ions with silonalol groups is the drivin
force for the poor dispersion of the active phase in
systems, whereas, favouring a stronger metal-support i
action, the AP route hinders the mobility of Fe ions a
formation of 3-d oxide clusters also on the “highly loade
F[7300]S1-AP sample (SSL≈ 0.14 Feat nm−2).

The assumptions of deconvolution analysis then mak
possible to define the dispersion,D, of the active phase a
the ratio between the concentration of “exposed” Fe at
in the various structures (i.e.,A0 + A2 + A3 + A4) and the
total number of Fe atoms reduced up to 750◦C (i.e.,A0 +
A1 + A2 + A3 + A4)

D = NFesurface

NFetotal

=
∑

(A0 + A2 + A3 + A4)
∑

(A0 + A1 + A2 + A3 + A4)
.

Dispersion of AP and IW catalysts as a function of the
spective SSL is shown inFig. 7B. It is evident that wherea
the AP route ensures a rather good dispersion (0.85–0.5
the active phase, decreasing regularly with SSL to the v
of ca. 0.15 Feat nm−2, the IW implies anunpredictableex-
tent of aggregation of the active phase, which is more evi
for SSL exceeding the value of 0.05 Feat nm−2 (Table 1)
[8–13]. The influence of the silica carrier is then mos
linked to the specific surface area and relative SSL[34–36].

4.3. Surface structures and catalytic activity

The thermodynamic driving force for consecutive o
idation(s) of organic molecules into more stable carb
oxide(s) entails the running of selective oxidations unde
kinetic regime. In terms of catalyst features, moreover,
lective oxidations demand oxide systems bearing spe
ensemble(s) of active sites with a strength of the me

oxygen bond timely tuned on the reactivity of the substrate
[2,6,7,16,53,54]. In particular, “isolated” Fe3+ ions sup-
ported on silica carriers join an enhanced functionality for
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Fig. 7. (A) Influence of the Fe surface loading (SSL) on the relative concentration of the various surface species (!, " isolated species;P, Q 2-d FeOx patches;
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CH4 activation with a remarkable selectivity for oxygenat
products[6–12], resulting in a MPO performance superi
to that of any other system[6,12,13]. Ab initio quantum-
chemical calculations suggest that this outstanding cata
behaviour arises from an intrinsic efficiency of the FeO+
complex in activating the CH4 molecule, driving its pri-
mary oxy-functionalisation to CH3OH [17,18], whereas 3-d
Fe2O3 structures depress the catalytic functionality of the
tle system because of a poor dispersion and the enha
reducibility of the surface Fe3+ centres[7–11,46,52]. On
the whole these findings match with the “site isolation” re-
quirement, well known in the field of selective oxidatio
reactions[1,12,16,53–56], postulating that a desired reactio
path proceeds over an ensemble of active sites conta
the minimum number of centres for substrate activation
functionalisation[1,2,12,53–56], whereas a high availabilit
and mobility of nucleophylic lattice O= species, typical o
bulk oxide clusters[6,8,53,54], is detrimental for interme
diate product lifetime. Although BR and CF catalytic da
(Tables 3 and 4) confirm the superior functionality of AP
catalysts arising from a higher dispersion of the active ph
on silica carriers (Fig. 7B), previous kinetic-mechanisti
findings indicated a second-order dependence of CH4 ac-
tivation rate on the concentration of active sites[21]. The
plot of FeCH4 values vs.D of the various catalysts, show
in Fig. 8, really provides a satisfactory experimental su
port for that theoretical relationship, confirming the supe
dependence of substrate activation on site concentra
[2,16,19–21]. Moreover, the product selectivity is even mo
sensitive to the degree of aggregation of the active ph

since the different reducibilities of the various surface struc-
tures determine the type and concentration of oxygen species
(O2

−, O2
2−, O−, etc.) featuring anelectrophilicor nucle-
bols–dotted lines) systems. (B) Influence of the SSL on dispersion of

d

,

ophilic character and, then, a different reactivity towa
CH4 and/or intermediates (CH3OH/HCHO)[1,12,16,53,54].
Thus an easy reducibility would permit the prevailing fo
mation of O2− ions at the surface of oxide nanoparticle
prompting the conversion of HCHO into COx by a nucle-
ophilic attack on the C atom, whereas the poorelectron
availability of dispersed species leads mostly to the f
mation of electrophilic oxygen species that are more ac
towards the unpolarised C–H bond of the methane molec
This indicates that an effective MPO functionality is enab
by dispersion values higher than 0.5 (Fig. 8).

Deeper insight into the reactivity of various surfa
species can be achieved from TPR data for CH4-pretreated
catalysts (Fig. 5A). Notably, despite the relevant chang
with respect to those of the calcined systems, these re
tion patterns result still from the linear combination of t
(same) five Gaussian components used for the deconvol
of the TPR spectra of the “fresh” systems (Fig. 6), according
to the fitting parameter values listed inTable 5. The relative
intensities of the various components in “fresh” and “CH4-
pretreated” systems, shown inFig. 9A, points to a marked
decrease in thepeak 1and, to a lower extent, inpeaks 2
and3, previously assigned to the reduction of “3-d Fe2O3

clusters” (peak 1), “2-d FeOx polymeric patches” (peak 2),
and “low-coordination isolated” species (peak 3), respe
tively. Despite the considerable (>70%) reduction of 3-d
Fe2O3 species, the decrease in the component (peak 0) rel-
ative to Fe3+ ions at the surface of oxide particles is le
pronounced (20–40%), whereas the intensity of thepeak 4
related to the reduction of “strongly-interacting” isolat

species is almost unchanged. A marked decrease in the peak
area relative to oxide clusters (peak 1) and, to a lesser ex-
tent, in 2-d FeOx patches (peak 2) and low-coordinated
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Fig. 8. Relationship between the Fe atom specific rate (s−1) of CH4 con-
version (FeCH4) and HCHO formation (FeHCHO) and oxide dispersion (D),
evaluated from modelling of TPR spectra.

Fe3+ ions (peak 3) is diagnostic of an increasing stren
of the “Fe–O” bond, rendering oxygen atoms kinetica
less available for methane (over)oxidation. The lowest
ducibility of high-coordinated Fe3+ ions (peak 4) hinder
any interaction with the substrate at 650◦C. Therefore, tak-
ing into account that the reactivity towards CH4 parallels
the reducibility of the various surface structures, a decre
of the 0th component comparable to or even stronger
that of oxide particles (peak 1) should be expected. A p
sible explanation for the slight changes in the intensity
this component (Fig. 9A) lies in a high diffusion rate of O2−
ions across the lattice of Fe2O3 nanoparticles, stabilisin
mostly Fe3+ ions at the surface. This, in addition to accou
ing for the low activity and selectivity of poorly disperse
systems (Tables 2 and 3), also explains the “oxygen-releas
phenomenon observed on FeOx /SiO2 catalysts characterise
by high concentrations of 3-d oxide species during RT
measurements[8,10]. Overall, these findings suggest th
2-d FeOx patches, featuring an intermediate strength of
oxygen bond and a limited availability of oxygen ions, e
sure the best MPO activity–selectivity pattern. In fact,
slight shift of 1 and 2% conversion levels recorded on
F[1000]S1-AP sample under oxygen-lean conditions (Ta-
ble 4) signals an easier occurrence of the redox reac
cycle on such a system featuring a catalytic pattern d
inated by 2-d FeOx patches. The variable extent of th
energetic barrier further supports this evidence, asEapp is
the highest (142 kJ/mol) on the silica, which contains onl
200 ppm Fe, mostly as isolated ions, and the lowest (
85 kJ/mol) on the AP FeOx /SiO2 catalysts, which featur

a catalytic pattern dominated by higher concentrations of
2-d FeOx patches. The higher degree of nuclearity of such
species, likely enabling a more effective transfer of elec-
talysis 231 (2005) 365–380

(A)

(B)

Fig. 9. (A) Relative intensity of the (five) Gaussian compone
adopted for deconvolution of TPR spectra of the F[3700]S1-AP (a)
F[4300]S2-IW (b) catalysts pre-treated (5 min) at 650◦C in CH4 flow.
(B) Relative intensity of the (five) Gaussian components of the “us
F[3700]S1-AP (a) and F[4300]S2-IW (b) catalysts.

trons and reaction intermediates, could explain the decr
in the energetic barrier with respect to bare silica. In c
trast, and inconsistent with the overwhelming concentra
of easily reducibleoxide (nano)particles, the intermedia
Eappvalue (101 kJ/mol) of the F[4300]S2-IW sample likel
stems from the intrinsic difficulty generating electrophi
oxygen species from easily reducible Fe2O3 aggregates (re
quired by CH4 activation [12,16,53,54]), owing to a high
electron availability in the crystal lattice[6–12]. The fact that
in the pretreated sample the relative concentration of
dised Fe3+ ions at the surface of oxide species is much lar
than in the bulk strengthens the above hypothesis. There
such findings prove that different electronic features of
Fe–O bond parallel the structure of the various surface Fx

species, prompting, as a consequence, different oxyge
tivation paths according to the scheme drawn inFig. 10.
Deconvolution analysis of TPR spectra for the “used” ca
lysts (Fig. 5B) indicates that the changes in the TPR patt
of the “used” F[3700]S1-AP sample stem mostly from
quantitative transformation of2-d FeOx patches(peak 2)
and, to a small extent, ofisolated moieties(peaks 3 and 4
into 3-d Fe2O3 clusters(peak 1), as shown inFig. 9B. On the
other hand, the changes in the structure of the F[4300]S2
sample, which is characterised by an overwhelming con
tration (>85%) of aggregated 3-d oxide particles, app
to be negligible. This result is a direct consequence of

surface-assisted redox reaction cycle, involving a cyclic se-
quence of rupture and formation of metal–oxygen bonds
as a result of the alternate activation of substrate and oxy-
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Fig. 10. Surface structures of FeOx /SiO2 catalysts and relative reactivit
pattern.

gen, respectively[2–6,12,16–21,53,54]. As for the rupture
of Fe–O–Si(Fe) bridged bonds, the redox cycle prompts
“mobility” of Fe3+ ions and the consequent sintering, wh
affects the stability of AP systems (Fig. 4) in a way analo-
gous to the effect on the stability of well-dispersed Fe-ZS
systems in the SCR of NOx , causing the “extraction” of Fe3+
ions from the zeolite framework[25,57].

5. Conclusions
Theadsorption/precipitationmethod is much more effec-
tive than incipient wetnessin promoting the dispersion of
iron across silica carriers.
talysis 231 (2005) 365–380 379

Thespeciationof the active phase determines the red
tion pattern of the FeOx /SiO2 system.

“ Isolated species,” 2-d (FeOx)n patchesand 3-d Fe2O3

clusters, coexist on the surface of silica carriers and Fex /
SiO2 catalysts; their relative abundance depends on
preparation method and surface loading.

The adsorption/precipitationmethod strongly enhance
the MPO performance of FeOx /SiO2 catalysts by improving
the dispersion of the active phase.

The redox reaction cycle yields sintering phenom
of the active phase, causing a progressive deactivatio
FeOx /SiO2 catalysts.

Acknowledgments

This work was partially realised in the framework of
research contract between “SÜD CHEMIE AG” (Münche
Germany) and “Dipartimento di Chimica Industriale e
gegneria dei Materiali,” Unime (Messina, Italy), during t
period of August 2000 to July 2002.

References

[1] S. Albonetti, F. Cavani, F. Trifirò, Catal. Rev.-Sci. Eng. 38 (4) (199
413.

[2] F. Arena, A. Parmaliana, Acc. Chem. Res. 36 (12) (2003) 687.
[3] M.J. Brown, N.D. Parkyns, Catal. Today 8 (1991) 305.
[4] K. Otsuka, Y. Wang, Appl. Catal. A 222 (2001) 145.
[5] K. Tabata, Y. Teng, T. Takemoto, E. Suzuki, M.A. Bañares, M.A. Pe

J.L.G. Fierro, Catal. Rev.-Sci. Eng. 44 (1) (2002) 1.
[6] T. Kobayashi, K. Nakagawa, K. Tabata, M. Haruta, J. Chem. S

Chem. Comm. (1994) 1609.
[7] T. Kobayashi, Catal. Today 71 (2001) 69.
[8] A. Parmaliana, F. Arena, F. Frusteri, A. Martinez-Arias, M. Lope

Granados, J.L.G. Fierro, Appl. Catal. A 202 (2002) 163.
[9] F. Arena, F. Frusteri, T. Torre, A. Venuto, A. Mezzapica, A. Parm

liana, Catal. Lett. 80 (2002) 69.
[10] A. Parmaliana, F. Arena, F. Frusteri, A. Mezzapica, Fe-Doped S

Catalysts for the Partial Oxidation of Methane to Formaldehyde w
Oxygen, German Patent No. GEM 17 (2000) (in the name of S
CHEMIE AG).

[11] F. Arena, F. Frusteri, L. Spadaro, A. Venuto, A. Parmaliana, Stud. S
Sci. Catal. 143 (2002) 1097.

[12] F. Arena, A. Parmaliana, Rec. Res. Dev. Catal. 2 (2003) 251.
[13] F. Arena, F. Frusteri, A. Parmaliana, N. Giordano, Appl. Catal. A 1

(1995) 39.
[14] R.G. Herman, Q. Sun, C. Shi, K. Klier, C.-B. Wang, W. H

I.E. Wachs, M.M. Bhasin, Catal. Today 37 (1997) 1.
[15] K. Otsuka, Y. Wang, I. Yamanaka, A. Morikawa, J. Chem. Soc., F

day Trans. 89 (1993) 4225.
[16] V. Sokolovskii, Catal. Rev.-Sci. Eng. 32 (1990) 1.
[17] K. Yoshizawa, Y. Shiota, T. Yamabe, J. Am. Chem. Soc. 120 (19

564.
[18] K. Yoshizawa, Y. Shiota, T. Yamabe, Organometallics 17 (1998) 28
[19] F. Arena, F. Frusteri, A. Parmaliana, Appl. Catal. A 197 (2000) 23
[20] F. Arena, F. Frusteri, A. Parmaliana, AIChE J. 46 (2000) 2285.
[21] F. Arena, F. Frusteri, A. Parmaliana, J. Catal. 207 (2002) 232.

[22] S. Yuen, J.E. Chen, J.A. Dumesic, N. Topsøe, H. Topsøe, J. Phys.

Chem. 86 (1982) 3022.
[23] R. Joyner, M. Stockenhuber, J. Phys. Chem. B 103 (1999) 5963.



f Ca

240.

163

A.
58

96

ini,

on-

00)

ich

em.

, C.
6)

, S.

a e

rg.

copy

.G.
2.
To-

m.

tal.

urf.

91.
rk,
380 F. Arena et al. / Journal o

[24] K. Chen, Y. Fan, Z. Hu, Q. Yan, J. Solid. State Chem. 121 (1996)
[25] X. Feng, W.K. Hall, J. Catal. 166 (1997) 368.
[26] L.A. Boot, A.J. van Dillen, J.W. Geus, F.R. van Buren, J. Catal.

(1996) 186.
[27] S. Bordiga, R. Buzzoni, F. Geobaldo, C. Lamberti, E. Giamello,

Zecchina, G. Leofanti, G. Petrini, G. Tozzola, G. Vlaic, J. Catal. 1
(1996) 486.

[28] El-M. El-Malki, R.A. van Santen, W.M.H. Sachtler, J. Catal. 1
(2000) 212.

[29] G. Spoto, A. Zecchina, G. Berlier, S. Bordiga, M.G. Clerici, L. Bas
J. Mol. Catal. A 158 (2000) 107.

[30] P. Decyk, M. Trejda, J. Kujawa, K. Głaszczka, M. Bettahar, S. M
teverdi, M. Mercy, J. Catal. 219 (2003) 146.

[31] J. Jia, K.S. Pillai, W.M.H. Sachtler, J. Catal. 221 (2004) 119.
[32] S.-T. Wong, J.-F. Lee, S. Cheng, C.-Y. Mou, Appl. Catal. A 198 (20

115.
[33] G. Grosse, Mos90 (Version 2.2), Technical University of Mun

(1992).
[34] F. Arena, A. Parmaliana, J. Phys. Chem. 100 (1996) 19994.
[35] F. Arena, F. Frusteri, G. Martra, S. Coluccia, A. Parmaliana, J. Ch

Soc., Faraday Trans. 93 (1997) 3849.
[36] F. Arena, N. Giordano, A. Parmaliana, J. Catal. 167 (1997) 66.
[37] L. Le Noc, D. Trong On, S. Solmykina, B. Echchahed, F. Beland

Cartier dit Moulin, L. Bonneviot, Stud. Surf. Sci. Catal. 101 (199
611.

[38] G. Lehmann, Z. Phys. Chem. Neue Folge 72 (1970) 279.

[39] L. Bonneviot, D. Trong On, A. Lopez, J. Chem. Soc., Chem. Commun.

(1993) 685.
talysis 231 (2005) 365–380

[40] L. Marchese, E. Gianotti, V. Dellarocca, T. Maschmeyer, F. Rey
Coluccia, J.M. Thomas, Phys. Chem. Chem. Phys. 1 (1999) 585.

[41] H.H. Tippins, Phys. Rev. B 1 (1970) 126.
[42] R. Bongiovanni, E. Pellizzetti, E. Borgarello, D. Meisel, La Chimic

l’Industria 4 (1994) 261.
[43] C.A. Brown, G.J. Remar, R.L. Musselman, E.I. Solomon, Ino

Chem. 34 (1995) 688.
[44] E. Murad, J.H. Johnston, in: G.J. Long (Ed.), Mössbauer Spectros

Applied to Inorganic Chemistry, 1987, pp. 507–582.
[45] N.G. Gallegos, A.M. Alvarez, M.V. Cagnoli, J.F. Bengoa, S

Marchetti, R.C. Mercader, A.A. Yeramian, J. Catal. 161 (1996) 13
[46] F. Arena, G. Gatti, G. Martra, S. Coluccia, A. Parmaliana, Catal.

day 91–92 (2004) 305.
[47] Q. Ma, K. Klier, H. Cheng, J.W. Mitchell, K.S. Hayes, J. Phys. Che

B 104 (2000) 10618.
[48] P. D Maniar, A.J. Navrotsky, Non-Cryst. Solids 120 (1990) 20.
[49] Q. Sun, R.G. Herman, K. Klier, Catal. Lett. 16 (1992) 251.
[50] C.R.F. Lund, J.A. Dumesic, J. Phys. Chem. 85 (1981) 3175.
[51] J. Jia, J. Shen, L. Lin, Z. Xu, T. Zhang, D. Liang, React. Kinet. Ca

Lett. 64 (1998) 255.
[52] F. Arena, G. Gatti, S. Coluccia, G. Martra, A. Parmaliana, Stud. S

Sci. Catal. 147 (2004) 535.
[53] A. Bielañski, J. Haber, Oxygen in Catalysis, Dekker, New York, 19
[54] B.K. Hodnett, Heterogeneous Catalytic Oxidation, Wiley, New Yo

2000.
[55] J.L. Callahan, R.K. Grasselli, AIChE J. 9 (1963) 755.

[56] R.K. Grasselli, Top. Catal. 15 (2001) 93.
[57] X. Feng, W.K. Hall, Catal. Lett. 41 (1996) 45.


	Structure and reactivity in the selective oxidation of methane  to formaldehyde of low-loaded FeOx/SiO2 catalysts
	Introduction
	Experimental
	Materials
	Catalysts

	Methods

	Results
	Characterisation of the ``fresh'' catalysts
	DR UV-Vis spectroscopy
	57Fe Mössbauer spectroscopy
	Temperature-programmed reduction

	Catalyst testing
	BR activity data
	CF activity data

	Characterisation of the ``treated'' and ``used'' catalysts
	TPR of catalysts pretreated (650°C) with CH4 and CH4/O2 reaction mixture flow


	Discussion
	Structure of low-loaded FeOx/SiO2 catalysts
	Speciation and dispersion of the active phase
	Surface structures and catalytic activity

	Conclusions
	Acknowledgments
	References


