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Abstract

The structure of low-loaded (0.09-0.73 Fe wt%) R£8)O, catalysts prepared bgdsorption—precipitatiorof Fe?t precursor on sil-
ica (AP) has been assessed by DR UV-Vis and Mdssbauer techniques in comparison with countéppart wetnesglW) systems.
Spectroscopic findings indicate thpeciationof the active phase intisolated FEé1 species, oligomeric 2-d FeQpatchesand3-d Fe,03
nanoparticles characterised by decreasing interaction strength with silica carrier. The reduction pattern of the above surface structures has
been probed by temperature-programmed reduction (TPR) measurements, and a deconvolution analysis of spectra allowed the concentra
tion of the various surface species to be highlighted. The catalytic activity isefleetive oxidation of CiHito HCHO with oxygen (MPO)
has been systematically evaluated by batch (BR) and continuous-flow (CF) measurements in the range of @0M+#sA relationships
among Fe dispersion and specific atomic rate of,€bhnversion (Fen,, s_l) and HCHO formation (RecHo, s_l) confirm the superior
catalytic performance of AP systems. After a poor reactivity isbfated specié¢sand the unselective behaviour 8fd Fe,O3 particles,
2-d oligomericpatchedeature the best catalytic pattern, owing to an optimum Fe—O bond strength. Sintering and surface reconstructuring
phenomena affect the catalyst stability during the MPO reaction.
0 2005 Published by Elsevier Inc.
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1. Introduction Cs alkanes in both the scientific and patent literafdrel 2],
a low process productivity still remains the most significant
The direct conversion of natural gas (NG) streams into shortcoming for industrial exploitatiofi—5]. Furthermore,
commodity chemical products actually constitutes one of the the partial oxidation of methane to oxygenates does not obey
hottest topics in catalysis, since potential process routes em-some rules for the selective activation 0§-Cs alkanes
ploying novel catalytic approaches in combination with low- [1-5].
cost feedstocks could result in Significant economic advan- Several studies in recent years have indicated a Superior
tages over current technologiés2]. Despite the proposal of  functionality of FeQ/SiO, catalysts in the partial oxida-
many catalysts for the selective oxy-functionalisation ¢C  tion of methane to formaldehyde (MPO), though it has
been argued that the structure offEecentres determines
~* Corresponding author. their activity—selectivity patterfi6—11]. Specifically, “iso-
E-mail addressfrancesco.arena@unime(it Arena). lated” Fé+ moieties assist selective oxidation paths leading
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to oxygenated products, whereas,®Gg aggregates and/or 2. Experimental
(nano)particles mostly yield CObecause of a high avail-

ability of lattice oxygen ions driving the further oxidation 2.1. Materials
of intermediate$6—11]. Then in addition to catalyst formu-

lations involving silica as a carrier of transition-metal ions 5 1 ¢ Catalysts
(Mo, V, Fe, etc.)[3-9,12-14] stoichiometric compounds

such as FgMoQq)3 and FeP@, in which the cou_nteg;n- Si 4-5P (Akzo Nobel), were used for the preparation of sev-
ion acts as a “spacer” for “isolation” of the aptwe e eral FeQ/SiO, catalysts by “incipient wetness” (IW) and
redox centres, were also found to be effective catalysts “adsorption—precipitation” (AP) routes, respectively. The

for the.oxy-func.tional?sation of CH [4,15]. In fact,. bqth former were obtained by stepwise addition of FegyD
theoretical consideratiorjg,12] and expenmentgl findings aqueous solutions (pH 2.5) to powder silica carriers, and
[1-12,15-18convey that a proper catalyst design must en- ap ¢y tems were prepared according to the following proce-
sure a high dlspersmn (e.g., “site isolation”) of. suitable dure[2,9-12] An aqueous suspension of powder silica, put
transition-metal ions (e.g., v, Mo, Fe) over a matrix featur- into a three-necked bottle, was kept at room temperature un-

ing a weak Bransted-type acidity. der continuous nitrogen flow~(100 STP crmin~1) and
Furthermore, previous studies of the catalyst steady stateStirring (~ 600 rpm) to remove oxygen, avoiding any further
by reaction temperature xOchemisorption measurements ’

. L air admission. Then, an amount of FefS¢érresponding to
(RTOfZ) atl)lowedd thf lmetch?mim ﬁndhlk'%?t'cizoiéhzl'wpo the designed Fe loading was added to the suspension, the
Zn S! :;a— ?se caa_ysds 0 .el '9 f'g %dt. ' _t I] . pH of which was gradually raised to 7—8 by dropwise addi-
[Zcigrlgigan?j fg Oigirt]ilcs)ecalpc):rl:?a(\:tlirc))r?s? gf t?:g :r:g?gggcag;_s tion of a concentrated NAJOH solution. The suspension was
rier for CHy activation on the Fe® complex[17.18] we kept at the final pH value (with stirring and>Nbubbling)

L L ) for 1 h, during which the quantitative adsorption $8%) of
developed a formz_;\I_ kinetic model de_:s_crlbmg n _detall the Fé' ions was attained. Afterwards, the solid was filtered and
steady-state conditions and the activity-selectivity pattern

. repeatedly washed with bi-distilled water.

of low-loaded FeQ/SIO, catalysts[2,12,19-21] Because ; . o
of the second—orc?er dcézpendeﬁce[ofpdrbnvergion and a Two aliquots of F5 (S1) and Si 4-5P (S2) silica were
. ) - subjected to the above impregnation steps without any Fe
first-order inverse dependence of HCHO selectivity on con- ) . . o N

. ) ; . . precursors in the solution, to obtain respective “blank” sam-
centration of active sites, respectivg®;12,21] we pointed
out that process productivity (STY) can be enhanced by a ples. . .
rise in the dispersion of Bé& ions across a silica matrix, All of the samples were dried at 10C and then calcined

. o . X at 600°C for 6 h in air. A list of samples, along with the
leading to the exploitation of alternative synthesis routes . . :
[2,9-12] relative preparation methods, Fe loading (wt ppm), BET sur-

. . . face area value (SéT, m?/g), and specific surface loading
The physico-chemical and catalytic proper{i28—32] of 5 : ’ i :
supported iron oxide systems have been widely investigated,(SSL’ Feenm), are given infable 1 $§mple d'eS|gnat|ons
and a peculiar reactivity has generally been documented(F[XXXX].Sy'ZZ) take into accountthe_ silica carrier (S1 or S2),
concomitantly with a high dispersion of the active phase Fe loading [wt ppm], and preparation method (Fpoxx]Sy-

[8,23,28,30,31] A high, although selective, catalytic func- W and_F[xxxx]Sy-AP), referred to as IW and AP routes,

tionality of FeQ.-supported systems has been found in the respectively.

SCR of NQ. [23,25] in the selective oxidation of benzene

to phenol[31] and ethylbenzene to styrefg2]. That close ~ 2-2- Methods

relationship between the structure and reactivity of the ac-

tive phase compelled the adoption of special preparation UV-Vis diffuse reflectance (DR UV-Vis) spectroscopy

methods, such as ion exchanf@2—24,26—-29]and CVD measurements were performed on fine powders of the

[25,26,28] to attain a homogeneous dispersion otFions samples put into a cell with optical quartz walls, perma-

mostly across zeolite-type matrices. nently connected to a vacuum line (residual pressufex1
Therefore, this paper highlights the reliability of the 107° Torr; 1 Torr= 13333 Pa). The spectra were collected

“adsorption—precipitation” route (AFR,9-12]in promot- with a Perkin-Elmer Lambda 900 instrument equipped with

ing the dispersion dbw-loaded(150-7300 ppm Fe) FeQ an integrating sphere and Ultra-White Teflon as a reference

SiO, catalysts. A basic assessment of the effects of prepa-material.

Two commercial “precipitated” Si® samples, F5 and

ration route and Fe loading on trspeciationand redox MéssbaueP’Fe spectra were recorded at room tempera-
features of the active phase makes it possible to predict in ature (20°C) and at liquid He temperature-269°C) with
detailed way the catalytic pattern of low-loaded F&8IO, both the°’Co/Rh source and absorber at the same tem-

systems in MPO according to the density, structure, and re-perature. The spectrometer was operated with a sinusoidal
activity of surface Fe@species. The catalytic efficiency of velocity waveform, and the spectra were fitted by superim-
the various surface structures and the occurrence of catalysposition of appropriate sets of Lorentzian lines, with the use
deactivation phenomerare also discussed. of MOS-90 PC softward33]. In the case of a magnetic
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Table 1
List of the studied catalysts
Code Support Preparation method Fe loading SABET SSL
(wt ppm) (m?g~h) (Featnm2) x 102
s1 F5 - 150 607 a7
S2 Si 4-5P - 200 385 86
F[1000]S1-IW F5 IW-F# 1000 593 18
F[1000]S2-IW Si 4-5P IW-F4 1000 402 2
F[4200]S1-IW F5 IW-F# 4200 586 4
F[4300]S2-IW Si 4-5P IW—P¥ 4300 388 119
F[3700]S2-AP Si 4-5P AP—He 3300 399 10
F[1000]S1-AP F5 AP—fk 1000 601 18
F[1300]S1-AP F5 AP—fk 1300 599 p<]
F[3700]S1-AP F5 AP—fk 3700 597 67
F[5900]S1-AP F5 AP-Hb 5900 592 168
F[7300]S1-AP F5 AP—HbE 7300 581 1%

sextet, an asymmetric Gaussian distribution of the hyper- abling a continuous scanning of reaction stream with a
fine field was allowed for. The resulting parameters, such quadrupole mass spectrometer (Thermolab, Fisons Instru-
as average magnetic hyperfine fieltls, electric quadru- ments) connected to the reactor by a heated {T30nlet
pole splitting QS, isomer shift IS (relative t@-Fe03), capillary systenj13].
Lorentzian linewidth (LW), and resonance ardaas a per-
centage of the Fe content, are taken into account.

Temperature-programmed reduction (TPR) analysis was3. Results
performed with a linear quartz microreactor (i.d. 4 mm)
fed with a 6% H/Ar reducing mixture flowing at 30  3.1. Characterisation of the “fresh” catalysts
STP cn? min—1, timely purified of any @ and HO. Mea-
surements were carried out in the range of 200-°8Dwith 3.1.1. DR UV-Vis spectroscopy
a heating rate of 20C min~1, with an amount of cata- The first, though qualitative, evidence of the rather dif-
lyst corresponding to an Fe load of ca. 0.2 mg, to ensure ferent efficiencies of the employed preparation routes in
differential H, consumption rates. Before measurements promoting the iron dispersion on silica carriers stems from

all the catalyst samples were treated in situ at @DGor the different colours of the AP and IW catalysts. Whereas
30 min under a 10% &YHe flow. The H consumption was  a typical brownish dye of the former signals the presence
monitored by a TCD connected by a ChromCafbgns | n- of FeO3 aggregates at any loading (0.1-0.43 wt% Fe),

struments) to a PC for data storage and processing, and the AP samples look colourless up to a loading of 0.73 wt%
response was quantitatively calibrated from the TPR area of (F[7300]S1-AP). However, a basic evaluation of the iron dis-
known amounts of CuO. Under such conditions, TPR data persion on the various catalysts can be made on the basis of
were reproducible in terms of both peak maximum position the DR UV-Vis spectra of the calcined samples outgassed
(£10°C) and extent of hydrogen consumptiah1(0%). at room temperature (room temperature) (showRim 1).
Modelling of TPR spectra has been performed by de- Under such conditions Fe ions are expected to have an
convolution analysis of experimental profiles by a linear octahedral coordination (e.g., six ligands corresponding to
combination of Gaussian componef4—36] with the use oxygen atoms of the support and adsorbed water/hydroxyls),
of the “PeakFit” software package (Jandel Scientific). and, after the calcination at 60Q, their ON must bet+3
Catalyst testing in the MPO under differential conversion [27-30]
conditions was performed with a “recirculation batch reac- DR UV-Vis spectra for the bare S2 (a) and SJ &@ip-
tor” (BR) operating at 650C and 1.71 baf8,9,19,20] at a ports are shown irFig. 1A, including also the spectra of

total flow rate of 1000 STP cfmin~1 (He:Np:CH4:0, = the F[1000]S2-IW (b), F[4300]S2-IW (c), and F[4200]S1-
6:1:2:1) and with a catalyst sample of 0.05 g, unless other- IW (d) catalysts. In the case of the silica support, a main
wise specified. band at 42,500 cmt, two weaker and overlapped compo-

The performance of Fe@SiO, catalysts has been also nents at 36,500 and 32,500 cf and a broad tail span-
evaluated under integral conversion conditions by conti- ning the 30,000-15,000 cm range, are observe#if. 1A,
nuous-flow (CF) temperature-programmed catalytic reaction spectrum a). These absorptions can be attributed to charge
tests in the range of 400—-73Q [13], with the use of aquartz  transfer (CT) transitions involving titanium and iron ions
micro-reactor (i.d. 4 mm) containing 0.05 g of catalyst fed contained as impuritig®7,37] Both isolated Tt and Fé*
with a reaction mixture (Chl 20%; &, 10%; He, 70%) in (distorted) tetrahedral coordination located in the SiO
flowing at 50 STP crimin—!, unless otherwise specified. bulk could be responsible for the main signal at 42,500tm
The temperature was ramped at rate oPCOnin—1, en- [27,37] Notably, isolated F& ions in a (distorted) octa-
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d ' , CT band of isolated F& ions in octahedral coordina-
tion (the six ligands are oxygen atoms of the support and
adsorbed water molecules/hydroxyls), with an associated
weaker partner in the 37,000-35,000 thrange[38,41]
The remaining part of the absorption profile at lower fre-
o quency reveals the presence offfespecies in the form
Heenemertent of oxidic dimers/oligomers (38,000-25,000 thy and 3-d
FeO3 particles (25,000-10,000 cth) [27,42]
The components related to isolated®Fespecies appear
to be strongly reduced in intensity in the spectrum of the
F[4300]S2-IW sample, whereas the intensity of absorptions
due to aggregated species is significantly enhanced, thus be-
45000 40000 35000 30000 25000 20000 15000 10000 COMINg the dominant featurd-ig. 1A, spectrum c). The
Wavenumber [cm ] heavy shoulder at ca. 20,000 Cif’nmomtors the massive
®*) presence of nanometric @3 particles, after the spectrum
of a silica-diluted hematite powder with an average particle
1.5 size of 3 nm Fig. 1A, see inset). A corresponding decrease
d in absorption due to isolated species indicates that the addi-
tion of large amounts of Fe by IW involves a high degree of
agglomeration of F¥ ions.
1.04 The effect of the specific surface area of the silica car-
rier on dispersion of the iron species can be assessed by a
comparison of the spectra of the similarly loaded F[4300]S2-
IW (Fig. 1A, spectrum c) and F[4200]S1-IWFi(g. 1A,
spectrum d) system. With respect to catalyst supported
on S2, the F[4200]S1-IW sample exhibits a spectrum dom-
b inated by a complex absorption with maxima at 43,000 and
00 a 39,000 cn1?, resulting from overlapping components of iso-
45600 40(')00 35(')00 30(')00 25(')00 20(')00 15(')00 10000 lated octahedral Fe& species and octahedraﬁ*especies in
Wavenumber [cm ] the form of oxidic dimers/oligomers, indicating a better dis-
(B) persion of iron in this case.
Fig. 1. (A) DR UV-Vis absorption spectra of: (a) bare S2 silica; For the diﬁer.e.ntly loaded catalysts prepared via the AP
(b) FIL000]S2-IW: (c) F[4300]S2-IW; and (d) F[4200]S1-W samples. M€thod on Sl silicaHig. 1B), the DR UV-Vis patterns ap-
For comparison also the spectrum of the S1 silic§ {a included. pear in any case to be dominated by a main component
(B) DR UV-Vis spectra of: (a) S1; (b) F[LO00]S1-AP; (c) F[3700]S1-AP; located at a frequency higher than 40,000 épeven for a
and (d) F[7300]S1-AP sampleall the samples have been outgassed at Fe |oading of 0.73 wt%FKig. 1B, spectrum d). This indicates
room temperature for 1.h that well-dispersed P& ions in an octahedral coordination
are present on such systems. However, a regular shift of the
hedral symmetry at the surface of silica particles, where absorption maximum from ca. 45,000 to 40,500 ¢nsig-
they can expand their ligand sphere by adsorbing water nals a rising degree of nuclearity of the iron species as the
molecules, can also contribute significantly to this band, pre- loading increases.
senting a partner component at 36,500 ¢1f88]. This latter
absorption, however, might also be a monitor of the pres- 3.1.2. 3’Fe Méssbauer spectroscopy

C
0.4 1

0.2

Kubelka - Munk function

0.0

0.5

Kubelka - Munk function
O

ence of surface isolated “Ti ions in (distorted) octahedral The 5’Fe Méssbauer spectra of the F[4300]S2-IW (A)
coordination[39]. Finally, the shoulder at 32,500 crhand and F[7300]S1-AP (B) samples at room temperature (spec-
the lower frequency tail can be attributed to Ti@nd FeQ trum a) and at liquid helium temperature (spectrum b) are

aggregates, ranging from “cluster-like” species to nanopar- shown inFig. 2, and the related parameters are summarised
ticles; the corresponding electronic absorption decreases inin Table 2 In the case of the Fe[4300]S2-IW sample, the
energy as their size increadés)]. spectrum at room temperature exhibits a simple quadru-
For the F[1000]S2-IW sample, the overall absorption pole doublet with hyperfine parameters typical of trivalent
intensity increases ca. 2.5 times, and the spectral pro-paramagnetic iron ions in a slightly distorted octahedral
file is dominated by a broad band with a maximum at environment[ig. 2A, a), which is transformed almost com-
41,000 cnt!, which is asymmetric on the lower frequency pletely into a six-line pattern at-269°C (Fig. 2A, b),
side and is accompanied by a weak tail in the range of indicating that almost all of the iron is present in the form of
30,000-15,000 cmt (Fig. 1A, spectrum b). The main com-  superparamagnetic iron oxide nanoparticles with an average
ponent at 41,000 cnt is assignable to the most intense size of ca. 8 nnj43]. Although the hyperfine parameters of
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Table 2
Méssbauer parameters of the F[4300]S2-IW and F[7300]S1-AP catalysts
Sample T Bt Qs IS LW A Iron species
(°C) (M) (mm/s) (mmys) (mmy/s) (%) (at—269°C)
F[4300]S2-1W 20 - 8 (1) 0.33(1) 0.52(1) 100
—269 481 (1) -0.02(1) 0.33(1) - 96 (2) Iron oxide
- 1.08(8) 0.39 (1) 0.43(8) 4(2) Paramagnetic P&
F[7300]S1-AP 20 - 78 (5) 0.32(3) 0.51(1) 40 (20)
- 108 (5) 0.38(2) 0.82(5) 60 (20)
—269 397 (2) —-0.01(3) 0.32(2) - 52 (5) Iron oxide
— 099(1) 0.39(1) 0.82(1) 48 (5) Paramagnetic R&

Relative Transmission [%]
)
o
o

Relative Transmission [%)]

99.5

-10 -5 0 5 10 -10 -5 0 5 10

Velocity [mm/s] Velocity [mm/s]
GV (B)

Fig. 2.57Fe Mossbauer spectra at room temperature (spectra a)26@P C (spectra b) of F[4300]S2-IW (A) and F[7300]S1-AP (B) catalyatsthe samples
have been outgassed at room temperature for 1 h

this magnetic sextet are slightly different from those of bulk spectrum, indicating that only about half of the iron content
crystalline «-FeO3 [44], previous studies on FedBiO, is in the form of superparamagnetic iron oxide species.
systems, bearing a higher Fe loading, suggest that this
discrepancy could result either from the nano-size ofthe
FeO3 crystals or from an amorphous character op®@¢
particles[45].

The spectrum at room temperature of the Fe[7300]S1-AP
sample consists of an asymmetric quadrupole doublet, which

can be fitted with two Fe(lll) components with different QS 3¢5 (1,/Fe), signal in any case agiFe ratio close to 0.5
(Fig. 2B, a), as shown ifable 2 At —269°C, the coex- (e g., 0.42-0.56), thus denoting a “strong” inhibiting effect
istence of a quadrupole doublet and a magnetic pattern isof the matrix on the reduction of Ee ions to F&.
observedFig. 2B, b). In particular, the resonance area of the The influence of the Fe loading on the reduction pattern
magnetic component corresponds to ca. 50% of the overallof F[xxxx]S1-AP catalysts is shown iaig. 3A. The bare S1

3.1.3. Temperature-programmed reduction

TPR profiles (normalised to the integral peak area) of dif-
ferently loaded FeQSiO, catalysts, prepared by AP or IW
methods on both F5 and Si 4-5P silicas, are comparatively
shown inFig. 3. Quantitative hydrogen consumption data,
expressed as the number of kholecules consumed per Fe
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rate of H, f:onsurr:ption (a.u.)
rate of H, consumption (a.u.)
e
Fd
rate of H, consur'lnptlon (a.u))
=

W,
i 397;/5
2(l)0 3(lJO 4(IJO 560 660 7(IJO 200 300 400 500 600 700 200 300 400 500 600 700
Temperature (°C) Temperature (°C) Temperature (°C)
(A) (B) ©

Fig. 3. TPR profiles of (A) F[xxxx]S1-AP catalysts; (B) S1 silica (a); F[4200]S1-IW (b); and F[3700]S1-AP (c); and (C) S2 silica (a); F[4300]S2dkd (b);
F[3700]S2-AP catalyst#\ll the spectra are normalised with reference to the integral peak.area

silica sample Fig. 3A, a) features a TPR profile spanning in comparison, the rate of Hconsumption af” > 500°C

the range of 400-80TC, which accounts for the reduction of samples based on S1 silica is systematically higher than

of Fé** “impurities” (150 ppm) to F&t. From a qualitative  that of counterpart S2, indicating some influence of the sil-

point of view, a main reduction peak with a broad maximum ica support on the reduction of the active phase, mostly at

at ca. 570C dominates such a spectrum, with other weakly loadings higher than 0.1 wt%.

resolved maxima at ca. 400 and 7@also present. The ad-

dition of ca. 0.08% Fe by AP (F[1000]S1-AP) yields arisein 3.2. Catalyst testing

the reduction kinetics @ < 600°C and the appearance of

two resolved maxima at 365 and 490. At higher Fe load- ~ 3.2.1. BR activity data

ings, the reduction profiles of the FefSiO, catalysts retain The effects of the preparation method and Fe loading on

the qualitative features of the previous system, though peakthe MPO performance of Fe@5iO, catalysts have been

maxima shift further to lowef". At the highest Fe loading  evaluated by isothermal (63C) BR tests at differential

(0.73 wt%), the TPR spectrum of the F[7300]S1-AP sam- conversion per pass conditions, (3.3 x 1073 s). Activity

ple displays one broad asymmetric peak centred aP@09 data, with reference to S1 and S2 silica supports, are pre-

with a tail of H, consumption on the high-temperature side, Sented irifable 3in terms of hourly CH conversion K, %),

pointing to the presence of several unresolved componentsproduct selectivity §x, %), reaction rate (umeh, s g ™),

in the range of 500—-80TC. space time yield (STMcHo, gkgc‘alt h—1), and specific Fe
The effects of the preparation method and silica car- atomic rate (1) of CH4 conversion (Fen,) and HCHO for-

rier on the reduction pattern of similarly loaded (0.37— mation (F@cHo, FecH, X SHcHo)-

0.43 wt%) FeQ/SIiO, catalysts are illustrated iRigs. B Regardless of the preparation method and loading, Fe

and C, comparing the TPR profiles of F[3700]S1-AP (b) and addition always results in a promoting effect of the intrin-

F[4200]S1-IW (c) samplesF{g. 3B) with those of coun-  sic reactivity of any silica carrig@,5-8,12,15]though it is

terpart F[3700]S2-AP (b) and F[4300]S2-IW (c) samples fairly evident that the AP route generally permits a superior

(Fig. 3C). Like the similar Fe loadingTable 1), the S2 performance in MP@9-12].

silica (Fig. 3C, a) features a reduction pattern analogous The bare S1 silica runs with an hourly GHonver-

to that of the S1 carrierFig. 3B, a), also resulting in a  sion of 2.7% and aShcHo equal to 66%, corresponding

H,/Fe ratio close to 0.5. As a rule, IW catalysEds. 3B to a reaction rate of 2.8 pmotgs~! and a STYicHo of

and C, profiles b) display an enhanced reduction rate at lower200 g ki h~1. The S2 silica carrier, with both higher activ-

temperature with respect to similarly loaded F[3700]S1-AP ity (XcH,.h, 3.8%) andSucHo (75%), ensures a STRéro

and F[3700]S2-AP Kigs. 3 and C, profiles c), whereas, of 310 gkg{alt h~1. Normalised to the Fe contenfdble J),
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Table 3
BR data of Fe@/SiO, catalysts in MPO at 650C. Effect of the preparation method and Fe loading
Sample XcHyh SHCHO Sco Sco, Rate STYucHo Fecn, FencHo

(%) (%) (%) (%) (umol st g?) (gkgeaih ™) (sY) (s
S2 38 75 16 6 3 310 106 075
s1 27 66 26 8 28 200 105 066
F[1000]S1-IW 86 55 28 17 &8 525 050 027
F[1000]S2-IW 99 54 27 19 1a 580 057 031
F[4300]S2-IW 78 47 22 31 10 405 014 006
F[3700]S2-AP 37 33 29 38 3% 1350 057 019
F[1000]S1-AP 1% 63 25 12 19 1020 084 053
F[3700]S1-AP 3p 36 37 27 33 1360 053 019
F[3700]S2-AR 4.6 55 23 22 43 2800 072 039
F[7300]S1-AP 48 54 23 23 4 2870 038 020
@ Catalyst testing at tenfold lower contact timegt, 0.005 g).
however, the two silica samples feature analogousfe 1.00F Q‘--!.---.‘--:--:--..--1.----.
(1.05-1.06 51) and FeicHo (0.66-0.75 51) values. ' o i L

The addition of ca. 0.10 wt% Fe to the Si 4-5P car- 095 - o\‘

rier by IW (F[1000]S2-1W) implies a threefold rise in ac- \o
tivity (XcH,,h, 9.9%) counterbalanced by a lowering in 3 o O F[3700]S1-AP
SucHo from 75 to 54%. Though there is a significant rise .90 ‘\ ® F[4300152-1W
in STYwcho (580 gkg;alt h‘l), the above figures account *Q&
for a decrease in kg, to 0.50 s1 and, mostly, in the 085 o xS
FencHo Vvalue (0.27 s1) with reference to the S2 carrier. G°‘~cg____ o
The same amount of Fe (0.1 wt%) put on the F5 silica 080k
by IW (F[1000]S1-IW) attains a similar effect on activity 0o 1 2 3 4 5 s

(XcH,.h, 8.6%) and selectivitySHcHo, 55%), also in terms
of Fech, and FeicHo (Table 3. The addition of 0.43 wt%
Fe to S2 silica, still by the IW route, has a strongly neg-
ative impact on the MPO functionality of the FeSiO,
system, as the F[4300]S2-IW attainska of 7.8%, result-
ing in a very low Fen, value (0.14 s1), coupled to a
ShcHo of 47%. These figures account for a SIo of
only 405 gkgih~! and a Fgcro value (0.06 51 that

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

The F[1000]S1-AP catalyst, bearing 0.1 wt% Fe on F5
silica by AP, is much more activeX(, 14.6%) and se-
lective (ShcHo, 63%) than previous ones, featuringdrg
(0.84 s1y and Feicro (0.53 s'1) values comparable to
those of silica carriers and attaining a remarkable Sdo
of 1,020 gkgjalt h=1. A Fe content (3700 ppm) similar to
that of the F[4300]S2-IW sample, added to S2 silica by
AP (F[3700]S2-AP), yields an activityX(,, 37.2%) five-
fold larger than that of the counterpart IW sample, cor-
responding to an kg, value of 0.57 sl In spite of
the “high” conversion level, this catalyst ensureSigeHo
of 33%, accounting for a STYcHo of 1350 gkg; h~* and
a FeycHo value of 0.19 st. With Fecp, (0.53 1), Feycho
(0.19 s'1), and STYicHo (1360 gkgih~?1) values com-
parable to those of the homologous F[3700]S2-AP, activity
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.

reaction time (h)

Fig. 4. MPO on FeQ@/SiO, catalysts (BR data at 65C). Effect of the
preparation method on the relative activity) (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-AP
and F[7300]S1-AP samples was also probed at a tenfold
lower contact time<, 3.3 x 104 s) to avoid kinetic limita-
tions imposed by high @conversiorj2,19-21]and compare
their performance at conversion levels similar to those of
less active catalystsTéble 3. Under such conditions the
two catalysts feature simila¢y, (4.6—4.8%) andncHo (54—
55%) values corresponding to ST¥no values equal to
2800-2900 g @ h~1[9-12,46]

At the least the influence of the preparation method on
stability was evaluated by a comparison of the relative activ-
ity « (e.g., the ratio between activity at timgX, ;, and time
zero, Xn,0) of AP and IW catalysts during t.0.s. Depend-
ing on the preparation method, a different stability pattern is
recorded, as shown fRig. 4, comparing representative data
for the F[3700]S1-AP and F[4300]S2-IW samples. That is,
while the latter catalyst keeps both activity and selectivity
substantially stable throughout the test, the former under-
goes a ca. 20% activity loss with a concomitant decrease in
SHcHo (from 36 to 30%) after 6 h of t.0.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 Fe@/SiO, catalysts in MPO in th& range 400-750C

F. Arena et al. / Journal of Catalysis 231 (2005) 365-380

Catalyst T19 SHCHO T29 SHCHO Tsos SHCHO Eapp
(°C) (%) (°C) (%) (°C) (%) (kJ/mol)

S2 620 48 650 44 710 35 142
F[1000]S2-IW 520 24 565 22 630 18 88
F[4300]S2-IwW 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-AF 525 54 570 49 - - 110

F[3700]S2-AF 490 20 530 19 - — 110

& CH,4/ 05, ratio, 40.

3.2.2. CF activity data

Integral activity data in the range of 400-75D (z,
6.6 x 1072 s) are compared ifiable 4in terms of tempera-
ture of 1% (1), 2% (T2%,), and 5% {5e,) CH4 conversion,
HCHO selectivity Shcho), and apparent activation energy
values Eapp kJ/mol), calculated in the ClHconversion
range of 1-10%.

The S2 carrier attains 1% GHconversion at 620C
with a ShcHo equal to 48%, prompting 2 and 5% conver-
sion levels at 650C (SHcHo, 43%) and 710C (SyucHo,

35%), respectively. These mirror an apparent activation en-

ergy value of 142 kdmol [2,20], resulting the highest in the
series Table 4.
In agreement with BR data, the higher activity of AP

catalysts emerges from a shift of all of the conversion

levels to lower temperatureldble 3, consistently with a
decrease in the activation energlafp, 83-101 kjmol).

The F[1000]S1-AP and F[1000]S2-IW samples feature a

AP sample attains 1% (52%) and 2% (570C) conversion
levels at a temperature slightly higher than at standard con-
ditions (CH;/O,, 2), whereas a more than twofold rise
in ShcHo (54 and 49%) accounts for ST¥¢no values of
360 and 650 gl@lth‘1 at 525 and 570C, respectively.

A larger shift of bothTyo, and Toe, to higher temperature
(Table 4 does not affect a similar increaseSacHo on the
F[3700]S1-AP sampleT@ble 4.

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

3.3.1. TPR of catalysts pretreated (65D) with CH; and
CH4/O, reaction mixture flow
The TPR profiles of F[3700]S1-AP (A) and F[4300]S2-

similar catalytic pattern, denoted by the attainment of 1% IW (B) catalysts, pretreated for 5 min at 650 under

CHjy conversion {19,) and an analogouSycHo (25—-27%)
at 500-520C. Mirroring a similar drop in theEapp (82—
88 kJmoal), both T»e, and Ts, are also shifted to lower
temperature by ca. 10C€, and theSycnho decreases to

flowing CH, (top), are compared with the corresponding
profiles of the calcined samples (bottomFig. 5A. Regard-

less of the preparation method and Fe loading, the treatment
of FeQ,/SiO, catalysts at 650C with methane causes a

20-22 and 18—20%, reSpeCtiVely. The addition of h|gher marked decrease in the TPR Signa' in ﬂ’]eange of 350—

Fe loadings (0.37-0.59 wt%) to F5 silica by AP, shifts

650°C, evidently diagnostic of an extensive reduction of

the conversion levels further to the same lower temperature g3+ jons to F&+ by the substrate. This reflects significant

(450-460C), and, though théycHo decreases to 9—12%,
no changes in th&app (83—85 kJmol) are noticed. Mean-
while, CF data for the F[3700]S2-AP sample confirm the
minor influence of the silica carrier on the MPO activity of
FeQ,/SiO;, catalysts Table 4. In contrast, the F[4300]S2-
IW sample displays the highest,o, values, along with
the lowestSycHo values in the series and, consequently,
the resulting Eapp (101 k¥mol) is between the highest
(142 kJmol) and the lowest (82—88 kdol) values found
for S2 and AP catalysts, respectively.

changes in the respective reduction profile, no longer show-
ing the typical features of the calcined systems.
Furthermore, the reduction patterns of the “used”
F[3700]S1-AP and F[4300]S2-IW catalysts have been com-
pared with the relative spectra of “fresh” sample&ig. 5B.
The TPR profile of the “used” F[3700]S1-AP catalyst shows
marked changes in the reduction kinetics, evidently diagnos-
tic of a deepreconstructuringof the active phase, whereas
only a slight decrease in the rate ok ldonsumption on

The performance of AP systems has been also probed unthe rising side of the main TPR peak is noticed for the

der oxygen-lean conditions with a feed of a 90%243%

F[4300]S2-IW system. As a consequence, the TPR spectra

0,/7.7% He reaction mixture and a constant contact time for the “used” systems look similar to each other, repro-

(r, 6.6 x 1072 s). In spite of the high Ck/O» ratio (= 40)
hindering the reaction kineticR,19-21] the F[1000]S1-

ducing, in turn, almost unchanged the main features of the
“fresh” F[4300]S2-IW sample.
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Fig. 5. (A) Comparison of TPR spectra of the F[3700]S1-AP (a) and F[4300]S2-IW (b) catalysts, pre-treated (5 mirf)Giéoa 10%CH/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[430@)S2-IW (
catalysts.
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4. Discussion F[7300]S1-AP sampled{g. 3), then monitors the reduc-
tion of FE* ions belonging to various surface structures.
4.1. Structure of low-loaded Fe@5iO, catalysts And so a systematic comparison of UV-vis and TPR features

indicates that the reduction of “isolated” Fe moieties, char-
Although a relatively poor concentration and reactivity acterised by the strongest interaction with the support, falls
of the hydroxyl population in comparison with other ox- in the temperature window of 550-7%0, where the contri-
ide supports (e.g., alumina, titania, zirconia, etc.), yet, at bution of several components is evident from TPR profiles
a molecular scale the silica surface exhibits some chemi- of silica carriers Fig. 3, profiles a). Such species drive the
cal affinity for supported metal atoms and/or idA4g,48], redox cycle with the substraf@,8,12,16,19,20,36]being

along with some reactivity towards gas phag&8,13,49] then responsible for the effective catalytic pattern of “pre-
“Molecular” dispersion, then, entails a hard reducibility of cipitated” silica[13,36,49] At the opposite tendency, the
supported species, owing to tleéctron-withdrawaleffect spectroscopic results for the F[4300]S2-IW sample signal an

exerted by the oxygen-bridged bonds, the extent of which almost quantitative contribution of hematite nanoparticles,
depends upon the structure of guest “hollow” sites of the sil- the reduction of which matches a symmetric peak centred at
ica surfacg22,30,47,48,50,51]0n the basis of Mossbauer, ca. 400°C (Fig. 3C, profile b). Therefore, a weaker interac-
IR spectroscopy, and volumetric/gravimetric adsorptions, tion with the silica matrix of F&" ions therein prompts an
then, Dumesic et al. argued that two states oftFexist easier reducibility with a rising degree of aggregation of the
in a reduced 1 wt% Fe/SiOcatalyst:Fe?t strongly inter- active phasd6,7,9,11,22—-28]Mirroring a variable contri-
acting with the supporandFe* in small particles of iron bution of various surface structures, then, the TPR profiles
oxide[22]. They stressed that the former should be present of the FeQ/SiO, system bear quantitative information on
asthin “rafts” on the support, holding mostly Eein alow the abundance of the various surface structures that is un-
coordination whereasigh-coordinatedre?+ are presentat  available from spectroscopic measurements. For instance,
the surface of iron oxide particld22]. A strong interac- while the TPR pattern of the F[4300]S2-IW samp#éy( 3C,
tion with silica hinders the reduction of both to the metallic profile b) matches satisfactorily with spectroscopic findings,
state[22], involving also SH/Fe3t lattice substitution(s) in ~ Mdssbauer data for the F[7300]S1-AP sample indicate that
tetrahedral sites of the magnetite structit@). a significant fraction (ca. 50%) of the active phase is in
In fact, the stabilisation ofFe;O3 particles, oxide nano-  the form of FeO3 nanopatrticles, the presence of which is
clusters, isolated iron ionsand oxygen-bridged iron ions  barely visible, if at all, from the relative UV-vis absorp-
does not depend upon the oxide support, being a functiontion pattern Fig. 1B, profile d). Since deconvolution of TPR
of preparation methof22-28,30] loading [22—-25,30,51) spectra previously made it possible to highlight the structure
and thermal treatmen{22—-30] In this context, the chem-  of supported ¥Os [35,36] and MoG; [34,36] catalysts, an
istry of iron and oxide support in agueous solution plays analogous approach was adopted in the attempt to assess the
an essential role. That is, avoiding an uncontrolled precip- speciationof the active phase in the Fg3iO, system.
itation of the iron hydroxide (i.e., Ks Fe(OH} = 38 vs.
pKs Fe(OH)» = 12) and exploiting the “selective” inter- 4.2. Speciation and dispersion of the active phase
action of negatively charged silanolate groups wittf'Fe
cations at pH> pHzpc, the AP route favours an effective According to previous EPR8] and FTIR data for ad-
dispersion of F&" ions all over the Si@ surface[2,9-12] sorbed NO[46,52] spectroscopic findings suggest that the
according to the DR UV-Vis absorption pattern, monitoring TPR pattern of FeQSiO, catalysts monitors the cumula-
the prevailing contribution of “isolated” and “oligomeric” tive reduction of the following surface structures:
Fd!' -0, species in the F[xxxx]S1-AP serigsi§. 1B). How-
ever, the shift of the absorption maximum, as the loading (i) “Isolated” Fd" ions located on differerttollow sites of
increases, signals a growing degree of aggregation of the the carrier, with a different degree of surface coordina-

surface FeQ species, forming-d patchesover the silica tion [6-11,46,52]

surface[22,27-29] In contrast, despite a SSL comparable (i) 2-d aggregated H& species, forming thin “rafts/
with that of the F[5900]S1-AP samplégble 1), an absorp- patches” on the silica surfa¢22,46,52]

tion fairly shifted to lower wavenumbers and the intense (iii) 3-d Fe;O3 particles, the reduction of which depends
absorption in the 20,000-10,000 chrange Fig. 1A, spec- mostly on crystal siz§6—11,22,46,52]

trum c) denote that R©s particles are largely present on the
F[4300]S2-IW system, as a consequence of the lack of any Interaction strength, with matrix, spatial structure, and
effective interaction between silica and3tdons through- coordination environment, controls the reducibility of'Fe
out IW impregnatiorj8—12]. ions in the above surface specigd,46,51,52] Then the
Thus, indicating a close relationship between dispersion adopted modelling procedure implies that, at a given tem-
and redox properties of the active phase, the marked shift ofperature, the rate of catalyst reduction results from the
the main TPR maximum from 570-580 to ca. 4@) go- cumulative contribution of the various surface species, char-
ing from bare silica to F[4300]S2-1W, F[3700]S2-AP and 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” #8i®, catalysts

Surface species

Sample 3-d Fg03 clusters 2-d Fe@patches Isolated Kk species

Mo/fwhmg Ag M /fwhmy Aq Molfwhmy Ao M3/fwhmg A3z Mg /fwhmy Ay

0 (%) Q) (%) 0 (%) S (%) 0 (%)

“Fresh” catalysts
S1 280/85 z 420/107 110 529/99 2% 614/108 20 724/118 238
S2 300/85 6 407/104 L] 521/99 208 619/107 3D 726/117 3%
F[1000]S1-AP  315/85 ] 393/108 177 501/99 313 607/108 23 716/117 23
F[1300]S1-AP  315/85 2 399/108 22 493/99 28 577/107 255 696/117 2%
F[3700]S1-AP  316/85 8 400/108 2D 485/99 318 586/108 1% 700/117 139
F[5900]S1-AP  308/85 10 403/107 33 486/99 301 575/107 190 683/117 87
F[7300]S1-AP  312/85 18 407/107 43 496/99 204 582/108 12 696/117 120
F[3700]S1-AP  316/85 8 400/108 2D 485/99 318 586/108 16 700/117 13
F[3700]S2-AP  313/85 8 396/107 4@® 479/99 29 572/108 143 691/117 113
F[4200]S1-IW  301/85 B 409/107 38 505/99 20 589/108 21 685/117 110
F[4300]S2-IW  296/85 g 397/107 7B 504/99 55 595/108 2 705/117 &
F[1000]S1-IW  294/85 D 423/107 29 526/99 360 594/108 % 675/117 2%
F[1000]S2-Iw  299/85 Yo 396/107 22 494/98 38 581/108 185 678/117 12
“Pre-treated” catalysts
F[3700]S1-AP  282/85 lae 411/107 185 509/99 290 600/108 23 690/117 24
F[4300]S2-IW  296/88 16 427/108 60L 506/99 10 578/108 w 704/117 3
“Used” catalysts

F[3700]S1-AP  305/85 4 423/100 674 491/99 13 576/107 8 685/117 61
F[4300]S2-IW  304/85 4 412/100 81 505/99 61 582/108 10 705/117 6

for reduction[34-36,52] In fact, by a preliminary iterative  reducibility of isolated F&" ions in a Tg-like coordination
procedure it was found that all of the TPR profiles can be [6-9,11,46,51,52]Their reducibility depends upon the num-
described by a linear combination of five Gaussian peaks, ber of “Fe—O-Si” linkages in the first coordinative shell
with the same centre position(, °C) and full width at half- and, thus, on location across differémtllow sites of the
maximum (fwhm,°C), and only a variable intensityi( %) silica surface[47,48] Indeed, previous FTIR data for ad-
[11,34-36,52] Representative results for TPR spectra mod- sorbed NO indicated that only mono-nitrosyls form at an
elling are shown irFig. 6, displaying the deconvoluted TPR  Fe loading of ca. 1000 ppm (F[1000]S1-AP), whereas at
spectra of differently loaded S1-supported AP systems (seehigher loadings (F[3700]S1-AP) both mono- and tri-nitrosyl
Fig. 3A). The parameters of the Gaussian components usedadducts form on Fkions belonging to mono/oligomeric
for the deconvolution of all TPR spectra are summarised moieties[46]. These results have been rationalised by con-
in Table 5 Although a scale factor of ca. 50 in the iron sidering that a number of structures exist on the surface of
concentrationTable 1), implying remarkable differences in  the support$47,48], depending on the location in “smaller”
the sample loading (25-500 mg) throughout TPR measure-or “large” (Si0,), rings. The fewer oxygen atoms in the for-
ments, likely explains some variations M (+20°C) and mer, because of their propinquity, tend to strongly stabilise
fwhm (4 8°C) values Table 9, the fact that the same com- “entrapped” F&" ions. As a consequence, these structures
ponent keeps an unchanged centre position and fwhm carare the first to “graft” incoming Fe ions at lower loading,
be taken as a reliable index of the same nature (and interacby ensuring a higher shielding. “Large” rings accommodate
tion path) of the various Fé species with silica regardless  transition-metal ions only at higher loading, implying an en-

of preparation route, Fe loading, and silica carf&t—36] hanced coordinative unsaturation. Thus isolatetf Fens,
Then the following attribution can be inferred. bearing multiple surface oxygen bridged bonds and located
The first component (peak 1) centred at ca. 200noni- in smaller hollow sites, are the most resistant to reduction
tors the reduction of 3-d “aggregates,” mostly in the form of and can therefore be associated with the fourth component.
Fe>O3 nanoclusters A higher degree of coordinative unsaturation of isolatei Fe

The second component (peak 2), with the maximum at ions located in larger hollow sites implies an easier reducibil-
ca. 500°C, would be associated with the reduction of 2-d ity and can be then associated with the third component.

(-Fe—O—Fe—) patcheqi.e., thin “rafts”) linked to the silica Perhaps, such an assignment explains the fact that Dume-
surface by a network of “Fe—O-Si” bonds and, thus, result- sic et al. could not detect isolated #eions in a 1%
ing in less reducibility than that of oxideanoclusters Fe/SiQ catalyst reduced at 50, but rather F&" ions of

The third (peak 3) and fourth (peak 4) components, cen- low coordination in some-d “thin rafts” along with high-
tred at ca. 600 and 70@, respectively, match with a poor  coordination F&" ions of 3-d FeOsz clusterg22].
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F[7300]S1-AP tive percentage of B ions in the various surface structures.
I As expected, the concentration of isolated moieties de-
creases monotonically with SSL, whereas that of 3-d oxide
particles rises much more steadily with an exponential-like
trend Fig. 7A). On the other hand, the featureless trend of
2-d patches matches is consistent with the fact that these are
“borderline” structures, easily evolving into 3-d oxide clus-
ters. However, the different trends of AP (solid lines) and IW
(dotted lines) systems indicate that, in addition to the SSL,
j < the preparation route is crucial for the stabilisation of the
T I L, various surface structures of the F8IO, system. Indeed,
with respect to Md34,36]and V[35,36], F€" ions feature
a much lower chemical affinity for the silica surface, since
an amount of FgD3 clusters comparable to that found on
bare silicas (ca. 15%) was detected at much larger SSL on
MoO3/SiO;, [34,36] and VL0s/SiO; [35,36] systems. Fur-
thermore, a ca. 80% concentration of oxide particles, like
that found on the F[4300]S2-IW sample (cal Bey nm—2),
occurs on a 7% Mo@SiO, bearing a 50-fold larger SSL
[34,36] This different behaviour indicates that a weaker in-
teraction of F& ions with silonalol groups is the driving
force for the poor dispersion of the active phase in IW
systems, whereas, favouring a stronger metal-support inter-
action, the AP route hinders the mobility of Fe ions and
formation of 3-d oxide clusters also on the “highly loaded”
F[7300]S1-AP sample (SSk 0.14 Fesnm2).

The assumptions of deconvolution analysis then make it
ST e e possible to define the dispersiob, of the active phase as
200 300 400 500 600 700 800 the ratio between the concentration of “exposed” Fe atoms
in the various structures (i.edo + A2 + A3 + A4) and the
total number of Fe atoms reduced up to 780(i.e., Ag +

4

L F[3700]S1-AP

rate of H, consumption (a. u.)

[ s1

Y K] »
L sreemasEaiand
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Fig. 6. Modelling of TPR spectra of F[xxxx]S1-AP catalysts (5&g 3A). A1+ A2+ Az + Ag)
D — VPeurtace _ > (Ao+ A2+ Az + Ag) .
Concerning the zeroth component, its fate with load- NFaga  2.(Ao+ A1+ A2+ A3+ As)

ing and preparation method makes the relative assignationDispersion of AP and IW catalysts as a function of the re-
less straightforward, and hence requiring specific reason-spective SSL is shown ifig. 7B. It is evident that whereas
ing. That is, it is almost absent on systems with a very low the AP route ensures a rather good dispersion (0.85-0.55) of
(<1000 ppm) Fe loading, where the presence ofdzeag- the active phase, decreasing regularly with SSL to the value
gregates is also rather podFaple 5. Its relative intensity of ca. 015 Feynm~2, the IW implies arunpredictableex-
rises abruptly to ca. 22% of that of the J& component,  tent of aggregation of the active phase, which is more evident
remaining almost unchangeg 25%) up to the F[7300]S1-  for SSL exceeding the value of@5 Fesnm=2 (Table )
AP catalyst Table §. Moreover, at a comparable Fe loading, [8-13]. The influence of the silica carrier is then mostly
the intensity ratio of the Oth and first components on IW sys- linked to the specific surface area and relative $81-36]
tems is quite lower than on counterpart AP systems, whereas
for the same preparation route, F5 supported systems feature},3. Surface structures and catalytic activity
a higher value of this raticf@ble 5. Finally, the F[4300]S2-
IW features the lowest value (8%) of the above ratio. These  The thermodynamic driving force for consecutive ox-
findings suggest that the Oth peak is somewhat related to theidation(s) of organic molecules into more stable carbon
dispersionof oxide aggregates, thus belonging to reduction oxide(s) entails the running of selective oxidations under a
of Fe** ions at the surface of oxide nanoparticles, though it kinetic regime. In terms of catalyst features, moreover, se-
could also refer to some intermediate (e.g3®4 reduction lective oxidations demand oxide systems bearing specific
step. ensemble(s) of active sites with a strength of the metal—
By this account, the speciation of the active phase in both oxygen bond timely tuned on the reactivity of the substrate
F[xxxx]Sy-AP and F[xxxx]Sy-IW catalysts can be generally [2,6,7,16,53,54] In particular, “isolated” F&" ions sup-
related to the SSL, as shownhiig. 7A, comparing the rela-  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 Sp@isslated specieg), A 2-d FeQ. patches;
[, W 3-d oxide particles) in AP (solid symbols and lines) and IW (open symbols—dotted lines) systems. (B) Influence of the SSL on dispersion of the active
phase (D) of the Fe@SiO, system: @) AP and () IW catalysts.

CHg, activation with a remarkable selectivity for oxygenated ophilic character and, then, a different reactivity towards
products[6—12], resulting in a MPO performance superior CH, and/or intermediates (GGOH/HCHO)[1,12,16,53,54]

to that of any other syster}6,12,13] Ab initio quantum- Thus an easy reducibility would permit the prevailing for-
chemical calculations suggest that this outstanding catalyticmation of &~ ions at the surface of oxide nanoparticles,
behaviour arises from an intrinsic efficiency of the FeO  prompting the conversion of HCHO into GQby a nucle-
complex in activating the CikHmolecule, driving its pri- ophilic attack on the C atom, whereas the petectron
mary oxy-functionalisation to C§OH [17,18], whereas 3-d  availability of dispersed species leads mostly to the for-
Fe,Os structures depress the catalytic functionality of the ti- mation of electrophilic oxygen species that are more active
tle system because of a poor dispersion and the enhancedowards the unpolarised C—H bond of the methane molecule.
reducibility of the surface F& centres[7—11,46,52] On This indicates that an effective MPO functionality is enabled
the whole these findings match with thsité isolatiori re- by dispersion values higher than OF5d. 8).

quirement, well known in the field of selective oxidation Deeper insight into the reactivity of various surface
reactiond1,12,16,53-56]postulating that a desired reaction species can be achieved from TPR data for,Qirbtreated
path proceeds over an ensemble of active sites containingcatalysts Fig. 5A). Notably, despite the relevant changes
the minimum number of centres for substrate activation and with respect to those of the calcined systems, these reduc-
functionalisatior[1,2,12,53-56]whereas a high availability ~ tion patterns result still from the linear combination of the
and mobility of nucleophylic lattice © species, typical of  (same) five Gaussian components used for the deconvolution
bulk oxide clusterg6,8,53,54] is detrimental for interme-  of the TPR spectra of the “fresh” systenidd. 6), according
diate product lifetime. Although BR and CF catalytic data to the fitting parameter values listedTable 5 The relative
(Tables 3 and ¥confirm the superior functionality of AP intensities of the various components in “fresh” and ‘4=H
catalysts arising from a higher dispersion of the active phasepretreated” systems, shown kig. 9A, points to a marked

on silica carriers Kig. 7B), previous kinetic-mechanistic  decrease in th@eak land, to a lower extent, ipeaks 2
findings indicated a second-order dependence of G¢t and 3, previously assigned to the reduction &t FeO3
tivation rate on the concentration of active sif@4]. The clusters (peak 1), 2-d FeQG, polymeric patchés(peak 2),

plot of Fech, values vs.D of the various catalysts, shown and ‘low-coordination isolatet! species (peak 3), respec-

in Fig. 8 really provides a satisfactory experimental sup- tively. Despite the considerable-(0%) reduction of 3-d
port for that theoretical relationship, confirming the superior Fe,0O3 species, the decrease in the componpatk ( rel-
dependence of substrate activation on site concentrationative to Fé' ions at the surface of oxide particles is less
[2,16,19-21] Moreover, the product selectivity is even more pronounced (20-40%), whereas the intensity offbak 4
sensitive to the degree of aggregation of the active phaserelated to the reduction of “strongly-interacting” isolated
since the different reducibilities of the various surface struc- species is almost unchanged. A marked decrease in the peak
tures determine the type and concentration of oxygen speciesarea relative to oxide clusters (peak 1) and, to a lesser ex-
(02—, 0%, O, etc.) featuring arelectrophilic or nucle- tent, in 2-d FeQ@ patches (peak 2) and low-coordinated
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Fig. 8. Relationship between the Fe atom specific raté)(sf CH4 con-
version (Fen,) and HCHO formation (RgcHo) and oxide dispersiony), (B)

evaluated from modelling of TPR spectra.
Fig. 9. (A) Relative intensity of the (five) Gaussian components

St i . . . . . adopted for deconvolution of TPR spectra of the F[3700]S1-AP (a) and
Fe’ ions (peak 3) is d|agnqst|c of an increasing Str_ength F[4300]S2-IW (b) catalysts pre-treated (5 min) at 680in CHy flow.
of the “Fe—0O” bond, rendering oxygen atoms kinetically (B) Relative intensity of the (five) Gaussian components of the “used”

less available for methane (over)oxidation. The lowest re- F[3700]S1-AP (a) and F[4300]S2-IW (b) catalysts.

ducibility of high-coordinated F& ions (peak 4) hinders

any interaction with the substrate at 68D. Therefore, tak-  trons and reaction intermediates, could explain the decrease
ing into account that the reactivity towards gldarallels in the energetic barrier with respect to bare silica. In con-
the reducibility of the various surface structures, a decreasetrast, and inconsistent with the overwhelming concentration
of the Oth component comparable to or even stronger thanof easily reducibleoxide (nano)particles, the intermediate
that of oxide particles (peak 1) should be expected. A plau- Eappvalue (101 kgmol) of the F[4300]S2-IW sample likely
sible explanation for the slight changes in the intensity of stems from the intrinsic difficulty generating electrophilic
this componentRig. 9A) lies in a high diffusion rate of &~ oxygen species from easily reducibleoPg aggregates (re-
ions across the lattice of F®3 nanoparticles, stabilising quired by CH activation[12,16,53,54), owing to a high
mostly F€+ ions at the surface. This, in addition to account- electron availability in the crystal latti§é—12]. The fact that

ing for the low activity and selectivity of poorly dispersed in the pretreated sample the relative concentration of oxi-
systemsTables 2 and B also explains the “oxygen-release” dised Fé" ions at the surface of oxide species is much larger
phenomenon observed on Fg6I0O; catalysts characterised  than in the bulk strengthens the above hypothesis. Therefore,
by high concentrations of 3-d oxide species during RTOC such findings prove that different electronic features of the
measurement§8,10]. Overall, these findings suggest that Fe—O bond parallel the structure of the various surface,FeO
2-d FeQ patches, featuring an intermediate strength of the species, prompting, as a consequence, different oxygen ac-
oxygen bond and a limited availability of oxygen ions, en- tivation paths according to the scheme drawrFig. 10

sure the best MPO activity—selectivity pattern. In fact, the Deconvolution analysis of TPR spectra for the “used” cata-
slight shift of 1 and 2% conversion levels recorded on the lysts (Fig. 5B) indicates that the changes in the TPR pattern
F[1000]S1-AP sample under oxygen-lean conditioma- ( of the “used” F[3700]S1-AP sample stem mostly from the
ble 4 signals an easier occurrence of the redox reaction quantitative transformation d?-d FeQ, patches(peak 2)
cycle on such a system featuring a catalytic pattern dom- and, to a small extent, a§olated moietiegpeaks 3 and 4)
inated by 2-d FeQ patches. The variable extent of the into3-d FeOs clusters(peak 1), as shown iRig. 9B. On the
energetic barrier further supports this evidenceFags, is other hand, the changes in the structure of the F[4300]S2-1W
the highest (142 kdnol) on the silica, which contains only  sample, which is characterised by an overwhelming concen-
200 ppm Fe, mostly as isolated ions, and the lowest (80—tration (> 85%) of aggregated 3-d oxide particles, appear
85 kJmol) on the AP FeQ/SiO, catalysts, which feature to be negligible. This result is a direct consequence of the
a catalytic pattern dominated by higher concentrations of surface-assisted redox reaction cycle, involving a cyclic se-
2-d FeQ patches. The higher degree of nuclearity of such quence of rupture and formation of metal-oxygen bonds
species, likely enabling a more effective transfer of elec- as a result of the alternate activation of substrate and oxy-
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it The speciationof the active phase determines the reduc-
o> o tion pattern of the Fe@SiO, system.
V [ V “Isolated species 2-d (FeQ)n patchesand 3-d FeOs3
Fell A Fen clusters coexist on the surface of silica carriers and FeO
/| e | \ SiOy catalysts; their relative abundance depends on the

T T | | Cl’ | preparation method and surface loading.

i L o The adsorption/precipitatiormethod strongly enhances
the MPO performance of Fe5iO;, catalysts by improving
the dispersion of the active phase.

»High “dispersion” = High Fecy, The redox reaction cycle yields sintering phenomena
>Low reducibility ~High surface [0 — High Fecuo of the active phase, causing a progressive deactivation of
>Low e~transfer efficiency on Fe'l ions ~High E,,,, FeQ./SiO, Catalysts_
2-d patches
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