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Abstract

A series of Bi-ZSM-5 containing 4.26, 5.54, and 6.64 wt% bismuth oxide was prepared by introducing Bi during ZSM-5 synthesis. For
comparison, 5 wt% Bi (expressed as bismuth oxide)-impregnated ZSM-5 samples were also prepared. These samples were characterized k
N> adsorption—desorption isotherms at 77 K, XRD, XPS, IR spectroscopy in the lattice vibration range and in the presence of chemisorbed
pyridine and CQ and EXAFS. The characterization data confirmed the occlusion of bismuth oxide clusters in the zeolite pores. An intrinsic
acidity due to bismuth oxide clusters was evidenced. This consisted, on one hand, in weak Lewis acid sites, ascribed to coordinatively
unsaturated bismuth cations, and, on the other hand, in sBidimgted acid sites, attributed to boundary-BiO—Si linkages. These catalysts
were tested in the liquid-phase oxidation of benzene, toluene, and cyclohexane using hydrogen peroxide as oxidizing agent. The results
showed that Bi-ZSM-5 catalysts are more active than the reported titanium silicalites, but the efficiengy,ofisé was quite small, an
important part of this being nonselectively decomposed. A good selectivity was observed in cyclohexane oxidation.
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1. Introduction [19-24] and, more recently, Ti-mesoporous molecular sieves
[25-33].
The remarkable activity of titanium silicalites has been at-
Oxidation of various organic substrates under mild con- tributed to tetracoordinated Ti(IV) sites that are isolated in a
ditions, particularly in the liquid phase, is of a great interest crystalline highly hydrophobic silica-like matrix [8,34-42].
due to the desire for selective, low-energy consuming, and The ability of Ti(IV) sites to change their environment from
ganic hydroperoxides or hydrogen peroxide were often usedPY interaction with substrates or solvent molecules, is con-
in these reactions. whereas the usetitdnium silicalites sidered to be essential in controlling their activity. Octahe-
with different topologies was widely reported. Twenty years drgl Ti(v) inco_rpprateq in. amorphou_s siI.ica—titani_a mixed
ago, titanium-containing microporous solids exhibiting MFI oxides (ETS) s inactive in such (_JX|dat|on reactions [43,
44]. The requirements for the environment of the tetrahe-
[1-14] and MEL-type [15-18] structures were found to be . . . o . ;
o . . dral Ti(IV) site are different for epoxidation reactions which
very effective in such reactions. These studies were subse-

; ~do not require a crystalline silica matrix [42,45]. The de-
quently extended to larger pores solids that were appropri-yo tion of the extraframework Tinanophases was studied
ate for the oxidation of bulky substrates, such as Ti-

Beta for the synthesis and characterization of titanium silicalites
[46—-49], because of their undesirable activity in the non-
selective HO, decomposition. Althoughitanium silicalite
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complicated synthesis routes for avoiding precipitation of 2. Experimental
TiO2 as a separate phase, which often acts as a catalyst poi-
son in the subsequent oxidation reactions by hydrogen per-2.1. Catalysts preparation
oxide, and the small crystal size (0.1-10 um) of micro- and
mesoporouﬂtaﬂium silicates make it difficult to Separate Bi-ZSM-5 Samp|es were hydrotherma”y Synthesized ac-
the reaction products, which may limit their applications. cording to a classical ZSM-5 synthesis procedure [74,75]
Other elements such as V(V) [50-52], Sn(IV) [53,54], adding bismuth nitrate as the Bi source. All reagents used
Cr(VI) [55], Zr(1V) [56], and W(VI) [57] have been immo-  were of Merck grade. The gel composition was 3.20a
bilized in crystalline or amorphous silica matrices for the (Al,O3, BioO3) - 60SiQ; - 960H,0. A 0.01 mol mixture of
same purposes. The activity of these materials in liquid- pseudo-boehmite and bismuth nitrate previously dissolved
phase oxidation has generally been correlated with the redoxin HNO3 at moderate temperature (molar ratiog A of
properties of these elements [54,55,58], or with structural ef- 0, 0.74, 1.18, and 1.48, respectively) was dissolved in 87 g
fects caused either by their accommodation in silica walls by water and mixed with 7.3 g 80y (98%) and 8.3 g of
grafting or occlusion [52,56,57] or by isomorphous substitu- tetrapropylammonium bromide solution thoroughly for 2 h
tion [50,53]. A very important criticism made to these cat- (Solution A). Separately 41.8 g sodium silicate (ca. 27%
alysts was the possible leaching of the active species. VerySiOz) was dissolved in 22 g water (Solution B) and 6.2 g
recently Hutchings and co-workers [59], using a 2.4 wt% NaCl in 25 g water (Solution C). Solutions A and B were
Ti TS-1, confirmed that in several reaction media, Ti was then added in portions in Solution C under stirring, and the
not leached out. When, however, a triol, such as glycerol, is Mixture was mixed for another 2 h. After aging at 170-
present simultaneously with hydrogen peroxide in the reac- 180°C for 72 h, in a teflon-lined autoclave, the crystals were
tor, some leaching of titanium located at the outer surface of SéParated from the mother liquor, washed with bidistilled
the TS-1 particles occurs. watgr, an'd heated at SBQ for 5 h, in an air strgam. Fol-
Another particular effect in hydrocarbon oxidation in the lowing this procedure Bi-ZSM-5 zeolites containing 4.26,
liquid phase on zeolites is related to the role of Bronsted acid 5.54, and ?"64 Wt% BO; were .produced. Thgse were de-
sites. Their presence, as noted for Y, mordenite, and ZSM-nOted as Bi4.26, Bi5.54, and Bi6.64, respectively. All these

5 zeolites, may determine different pathways in hydrogen samples were n thg Na fO”T‘- The chemical composition
. L of the resulting zeolite materials corresponded to the mo-
peroxide activation [60,61].

i . . . . lar Si-to-(Al + Bi) ratios given in Table 1. For comparison,
. The synthggls .Of new mater|als.W|th bOt.h high activ a Na-ZSM-5 sample with a Si-to-Al molar ratio of 30:1 was
ity and selectivity in liquid-phase oxidation with hydrogen

roxide that al ntain nonleachabl ies is of cur also synthesized.
peroxide S0 €0 onieachable Species 1S of cl The protonated form of the parent zeolite was prepared by
rent interest. Zeolite-hosted oxides might be a solution in

ion exchange with an agueous solution of D3 (0.2 M)

this SEnse. The am of this study was to prepare and IN"at 80°C. After filtration, zeolites were calcined at 500 for
vestigate a new kind of heterogeneous oxidation Catalyst,5 h

namely a zeolite-hosted bismuth oxide. For such a purpose, A 5 wt% Bi-ZSM-5 was also prepared by both wet and
Bi oxide species were inserted in the ZSM-5-type pores dur- 4y impregnation of Na-ZSM-5. According to the first route,
ing hydrothermal synthesis. This study examined the struc- g aqueous solution of Bi(Ns, in a volume correspond-
tural, textural, and acid-base changes caused by the presmq to the incipient wetness capacity of the Na-ZSM-5 parent
ence of bismuth in the zeolite pores. These materials werezeolite was contacted with 2 g of this zeolite. After drying,
investigated as catalysts in the liquid-phase oxidation of the sample was calcined at 50D for 5 h. Dry impregnated
highly stable organic substrates such as benzene, toluenes wt% Bi-ZSM-5 was obtained by the intimate mixing of
and cyclohexane. Bismuth is a well-known component of the Bi(NO3)3 salt with Na-ZSM-5 zeolite, for a prolonged time
mixed-oxide catalysts for gas-phase oxidations [62]. Also, (6 h), followed by calcination at 500 for 5 h. These sam-
the introduction of Bi in Pt or Pd-based catalysts has been ples were denoted Bi5-wi and Bi5-di, respectively.
reported to improve the catalytic performances for the selec-

tive oxidation of alcohols or aldehydes in aqueous solutions

[63,64]. The same effect was investigated in oxidation of (T:T]t:;ial compositon of Bi-containing ZSM-5 samples

glucose to gluconic acid [65], of glycerol to dihydroxyace-

_ S . . Sample Bi Al Na Si Si-to- Al-to-Bi Al-to-Na
tone [66], of 1,2-propandiol into lactic acid [67], of glyoxal (W) (W) (M%) (%) (AILBi) atomic  atomic

to glyoxalic acid [68], of«-hydroxyacids tox-ketoacids atomic ratic  ratio ratio
[69,70], of 1-methoxy-2-propanol [71], and of glyceric and g1 56 426 073 o062 431 325 133 o1
tartronic acids [72,73]. The conclusion that emerges from Bis54 554 060 052 428 315 0.85 .01
these studies is that bismuth exhibits a promoter effect ableBi6.64 6.64 057 0.49 43.0 28.9 0.66 .90
to generate new active centers that adsorb the oxidizing (OH)B>W 505 126 108 39.7 202 191 .0
Bi5-di 5.00 127 108 39.7 19.9 196 .01

species.
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2.2. Catalysts characterization

The chemical composition of the catalysts was deter-
mined by inductively coupled plasma absorption spec-
troscopy after dissolution in HF, using an ICP-AES Spectro
equipment. Crystallinity of the prepared samples was evi-
denced by X-ray diffraction (XRD) with a DRON-2 appara-
tus, using a Fe-filtered CuKradiation with a goniometer
speed of 1/min over the 2 range of 6—66.

339

of the nearest neighborsvj, the mean interatomic sepa-
ration (R), and the distance-mean-square fluctuatioR) (
aroundRr [76,77].

The EXAFS standards (photoelectron backscattering am-
plitudes, phase shifts, amplitude losses by shake up/off
processes, and inelastic scattering) were experimentally de-
termined by measurements @rBi>Os.

TEM/EDX data were collected using a Philips EM430
microscope operating at 400 V equipped with an Oxford

N2 adsorption—desorption isotherms were recorded at EDS detector.

—196°C, in the relative pressure range of £80.99, with
a Micromeritics ASAP 2000 equipment, after the samples
were degassed at 20Q for 12 h, at 104 Pa. The surface

2.3. Catalytic tests

area was calculated according to the Langmuir model, for  ca¢aytic tests were carried out in a glass reactor (batch
the relative pressure range of 0.01'—0.05. The pore volumetype) equipped with refrigerent, under vigorous magnetic
was calculated from the amgunt ofnltr.ogen desorbed at rEIa'stirring. The reaction temperature ranged between 50 and
tive pressure of 0.95. The micropore diameter was calculatedgooc_ Benzene, toluene, and cyclohexane were used as test

according dto the Horvath—Kaw:zge f_orr]mallsnL._ I molecules. Oxidations were performed with®p (30 wt%
Infrared spectra were recorded with a Perkin—Elmer 180 5,645 solution) for a #0,/hydrocarbon molar ratio of
spectrophotometer. Spectra in the lattice vibrations rangeq.q Typical experiments were carried out for 90 min using

were recorded for wafer§ of sample mixed with Bafbl a 0.1 g catalyst and 120 mmol of hydrocarbon. After reac-
Pyrex IR cell, with KBr windows. Spectra of adsorbed pyri- tion, the catalyst was separated by filtratianthe reac-

dine were recorded after degassing the pyridine excess O%tion temperature. In order to check for the metal leaching

the weakly adsorbed specigs either at. room tempgrature, afhe mother liquor was kept under reaction conditions for
150 or at 300C. To determine the basic sites, the infrared another 90 min. The mother liquor was then analyzed for

spectra were recorded in the presence of 10 Tors @fter Bi usin :
. g ICP-AES. The analyses of the reaction products
outgassing (10° mbar, at 300C for 10 h) the samples. The were performed in a gas chromatograph (Hewlett Packard

adsorption was carried out at room temperature. .
) GC 5710A/30 A) coupled to a ECD 18713A and equipped
X-ray photoelectron spectra were recorded using an XPS—With a 4 mx 1.8 mm packed column of Carbowax 20M

7000 Rigaku (Al anode, 1486.6 eV), taking as internal stan- on Chromosorb W-HP. The products were identified by

dard for binding energies the C1s level at 284.8 eV. GC-MS (Hewlett Packard MS-5988). The,@ conver-

strJ(;irf\fvisﬁzxggg n;?:cti gf tEh; A?leastorencstrgnséze C;‘tt?rléséi sion was established by iodometric titration. The efficiency
9 y P Py dof H2>05 transformation was calculated as [moles i

!‘3 edge (13’4.19.8\/)' The absorpnorlspectra Were measured, iized for oxy-functionalization of hydrocarbofmmoles
in the transmission mode at the Beijing Synchroton Radia- :
. . . L of H2O, transformed]x 100. It was considered that oxo-
tion Facility (BSRF), beamline 4W1B. The incident X-ray . o

functionalization of hydrocarbon to alcohol needs on®4

beam was analyzed using a Si(111) double-crystal mono- . :
chromator, with the higher harmonics removed by a slight :goll(géﬁlnei two HOp, and to carboxylic acid three 40,

detuning of the second crystal. The primary data were ac-
quired in a range between 200 eV below and 950 eV above
the Bi L3 edge.
The absorption spectra were analyzed with in-house rou- 3. Results
tines, in several steps: (i) the preedge background and post-

edge structureless component (“atomic” absorption) were 3.1. Chemical composition and textural characterization

fitted by polynomials and cubic splines, respectively, and
subtracted from the spectra; the EXAFS functigiik)

(k = photoelectron wave-vector) was calculated from the re-
maining oscillations, normalized by the atomic absorption;
(i) EXAFS was Fourier-transformed, resulting in a radial
quasi-distribution, with maxima corresponding to the neigh-
boring shells of the Bi atoms; (iii) the first maximum of the
Fourier transform (FT) was isolated by a window function
and backtransformed into tikespace; this provided the con-
tribution of the closest neighbors to EXAFS, filtered out of
the experimental spectrum; (iv) the filtered EXAFS was non-
linearly fitted, to derive the local Bi environment: the number

The starting gel contained the same Si-to-{ABi) mo-
lar ratio, i.e., 30, for all the synthesized zeolites. Chemical
analysis of the resulting materials showed different values
depending on the Bi content (Table 1). This ratio slowly de-
creased with the increased Bi content, from 32.5 (for Bi4.26)
to 28.9 (for Bi6.64%). Al-to-Bi molar ratios were also dif-
ferent from those in the gel. Al-to-Na molar ratios were very
close to 1 for all the prepared samples.

For all investigated samples,oNadsorption—desorption
curves at—196°C corresponded to Langmuir-type iso-
therms. The surface areas and the pore volumes of these
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Table 2

Textural properties of Bi-containing ZSM-5 samples

Sample Surface area fitg) Pore volume (cry/g)

Na-ZSM-5 435 a8

Bi4.26 410 017

Bi5.54 359 015

Bi6.64 280 01 Na-ZSM-5

Bi5-wi 210 007
Bi5-di 157 Q06 J ﬂ

samples are given in Table 2. For hydrothermally synthe-
sized Bi-ZSM-5 samples, an important decrease in the sur-
face area with increasing bismuth content was observed.
This decrease was accompanied by a decrease in the pore

volume. No modification of the pore diameter was deter- VJJW/\.N
mined as a consequence of the bismuth loading, since the

pore diameter, as calculated with the Horwath—Kawazoe for-
malism, was very close to 5.8 A for all samples. Fhglot J

Bi4.26

analysis did not indicate the formation of mesopores as a
consequence of the increase in Bi loading.

Wet and dry impregnated Bi-ZSM-5 samples were char-
acterized by a strong decrease in surface area and pore vol-
ume as compared to the parent Na-ZSM-5 sample.

J Bi5.54

3.2. XRD

The diffraction patterns of the calcined samples are pre-
sented in Fig. 1. Except for Bi6.64, the only one phase

detected was that of the ZSM-5 zeolite (MFI structure 10 20 32

type) [78]. For Bi6.64, the presence of additional phases like »2 theta
a-quartz and eulytite (B{(SiO4)3, ASTM 33-215) was also Fig. 1. XRD patterns of Na- and Bi-ZSM-5 zeolites.
evidenced.

Taking the Na-ZSM-5 sample as a reference, we evalu-
L . L . Table 3
ated the crystallinity of the Bi-containing zeolites from the o5 representative data for synthesized Bi-ZSM-5 samples
intensity of the typical MFI peaks 501, 051, 151, 303, and
133, following a usual procedure [79—-82]. The results are
presented in Table 3. These show a decrease in crystallinity

Sample Crystallinity (%) 1101/Is01
Na-ZSM-5 100 145

. : .. Bi4.26 85 110
due to the presence of Bi. The low value associated with 8:5.54 80 099
Bi6.64 is in direct relation to the presence of extra phases. Bis.64 41 121

No expansion of the volume cell was observed for the Bi-
ZSM-5 samples compared to the Na-ZSM-5 samples. This
suggests that B, as expected due to its very high ionic Bi content. Table 3 gives these intensity ratios. From this
radius, did not isomorphously substitute théAin frame- ~ analysis, it results that for the hydrothermally prepared Bi-
work position. Bi is found inside the channel system or de- ZSM-5 samples, Bi5.54 contains the largest amount of Bi
posited on the external surface of the crystdiere even a inside the channels, and Bi6.64 the lowest one. This may
crystalline phase could be formed as is the case for Bi6.64 suggest for Bi6.64 the formation of an extraframework Bi-
(see below). crystalline phase, very probably segregated on the external

The low-angle XRD intensities are particularly sensitive surface of the zeolite particles.
to the presence of any species inside the channels [83—-86].

As the atomic scattering factor of Bi is almost 8 times higher 3.3. TEM/EDX analysis

than that of Na [87] such a behavior should be reflected in

the structural factor and, consequently, in the XRD intensity. = TEM analysis of Bi4.26 and Bi5.54 indicated a typical
This may explain the decreased intensities of the low-angle ZSM-5 topography (Fig. 2a). The shape of the Bi6.64 par-
peaks of the Bi-ZSM-5 samples. THegy1/Is01 ratio might ticles was different, corresponding to more elongated crys-
be correlated to the Bi content inside the MFI channels sys- tals (Fig. 2b). EDX patterns yielded composition results in
tem, since low values of this ratio are related to increased agreement with chemical analysis, indicating, for example,
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Binding energy, eV

(b) Fig. 3. XPS spectra of Bi-ZSM-5 zeolites in the region of Bi(4f).
Fig. 2. TEM of Bi5.54 (a) and Bi6.64 (b).
Table 5
Table 4 Surface composition of Bi containing ZSM-5 samples analyzed by XPS
EDX atomic composition of the investigated catalysts Sample Binding energies (eV) Chemical XPS
Catalyst %Na %Al %Si  %Bi %0  ${Al+Bi) Bi(4f72) Al(2p) Si(2p) (Si+AD-to-  (Si+Al)-to-
Na-ZSM-5 120 146 441 0 52.4 30.2 : Bi ratio Bi ratio
Bi4.26 079 073 415 61 559 334 Bi4.26 159.8 74.4 1033 77.0 e
Bi5.54 0.64 061 422 @0 553 32.2 Bi5.54 159.8 749 1033 59.1 el
Bi6.64 054 053 424 82 552 31.4 Bi6.64 159.6 745 1036 48.6 n
Bi5-wi 159.5 74.9 103.4 60.9 33
Bi5-di 159.8 74.7 103.3 61.2 2H

comparable Si(Bi + Al) ratios (compare Tables 1 and 4).
In addition, Fig. 2b shows a population of microcrystals on ;o< should be compared to 159.8 eV, corresponding to the
the surface of the Bi6.64 particles which may correspond to Bidfs,2 level in pure B3O [88].

segregated bismuth oxide. Comparative chemical and XPS (SiAl)-to-Bi ratios are
o also given in Table 5. Hydrothermally synthesized samples
3.4. XPScharacterization exhibit a superficial enrichment in bismuth. For the wet im-

pregnated sample, comparing these ratios indicates also a
Representative XPS spectra are shown in Fig. 3. Bind- Bi-enriched surface but less so than the hydrothermally syn-
ing energies of the Bi4f, level varied over a small range thesized samples which may suggest a better migration of
(Table 5), indicating no significant differences of the bis- bismuth inside the zeolite pores. For the dry impregnated
muth oxidation state in the investigated samples. These val-sample, the XPS ratios should be interpreted with caution
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Table 6
Asgo/Agso ratios and normalized absorbance values dprspecies ad-
sorbed on Bronstegy-B) and Lewis acid sitef-L) at 150°C

T Sample As50/A450 py-B py-L
(absorbanca) (absorbancay)

H-ZSM-5 0.74 100 42

Na-ZSM-5 0.74 0 8

Bi4.26 0.62 9 42

Bi5.54 0.65 63 6.7

Bi6.64 0.52 31 101

Absorbance

On the other hand, since silicon and bismuth are suf-
ficiently different in atomic weight to change the reduced
mass of the harmonic oscillator as compared to the silicon—
aluminum pair, separate Si-O-Si and Si—-O-Bi stretching
bands are expected [89]. However, the spectra show no
peak that might be attributed to the symmetric stretching of

| L . L I Si—O-Bi vibrations. Instead, Fig. 4 shows additional absorp-
tions as compared to Na-ZSM-5, such as the large peak near
400 600 800 1000 1200 950 cntl, which is generally attributed to the stretching
Wavenumbers, cm”’ vibrations of a SiQ tetrahedron perturbed by the presence
of a metallic ion or of a hydroxyl group (—(Siggi—-OH
or Bi—OH), where the latter group appeared when Bi oxide
was introduced in zeolite pores [90,91]. In the spectra of Bi-
because some agglomerates of Bi oxide may strongly affectzSM-5 samples (Fig. 4), the large shoulder around 960%cm

Na-ZSM-5

Fig. 4. FTIR spectra of the investigated zeolites in the framework region.

these results, part of Bi being XPS hidden. may be assigned to an ensemble —(S&»)}O-Bi, since nei-
ther impregnated samples nor pure MFI samples exhibit such
3.5. Infrared spectra absorptions. The band tends to diminish in the following

order: Bi4.26> Bi5.54 > Bi6.64. For the impregnated ze-
3.5.1. Spectroscopy in the lattice vibration range olites, an additional shoulder at 1060 thwas observed.
IR lattice vibration spectra were used to asses the influ- HOwever, its nature is still unclear. In the case of Co-ZSM-

ence of bismuth on the zeolite framework in ZSM-5 samples. 5 Samples, a similar band was controversially assigned to
Representative spectra are shown in Fig. 4. The main peak§he presence of large cobalt oxide particles or to asymmetric
at 450, 550, 800, and 1100 cthhave the general assign- Stretching of Si-O—Co vibrations [92].
ment given by Flanigen et al. [89] for the vibrational modes
of zeolite framework to the bending of the F@&trahedra,to  3.5.2. IR spectroscopy in the presence of adsorbed pyridine
the structurally sensitive double five-membered ring (D5R)  The FTIR spectra of pyridine adsorbed on Bi catalysts are
vibration, and to the symmetric and asymmetric stretching illustrated for a Bi5.54 sample in Fig. 5. The spectra show
vibrations of the T-O-T linkages, respectively. The D5R the typical absorption bands assigned to the 8a and 19b vi-
vibration band at 550 crt has two shoulders at 585 and bration modes of adsorbgsy-forming Lewis-type adducts
620 cnl, as expected for the structure of the pentasil fam- (py-L, py-M) with bands at 1603-1618 and 1450 chand
ily. The broadening of this D5R absorption for Bi-ZSM-5 to the 19b mode of Py in interaction with Bronsted acid
samples as compared with the parent ZSM-5 sample is mostsites py-B) as the band at 1541 cmh. The intensity of
probably due to the lattice distortion caused by bismuth ox- these bands changes according to the chemical composition
ide clusters in the pores (Bf cation being three times larger ~ of the catalysts and the activation conditions. The band at
than Sf+). 1491 cnt! is assigned tgy adsorbed on both Lewis and
Moreover, the ratiddsso/ A4s0 (WhereAssg and Agsp are Bronsted acid sites [93,94].
the absorbance values corresponding to the bands at 550 and As noted above, the peak at 1541 chrorresponds to
450 cn11, respectively), known to indicate the sample crys- the protonic acidity. The spectra of Bi4.26 and Bi5.54 also
tallinity, seems to decrease when the Bi content increasesshow a shoulder located at 1555 th This may corre-
(Table 6), even though some factors that affect this ratio, spond to a Bronsted acid site generated by the Bi species,
such as the phase content and the crystallinity, differ. As a which has been previously reported for Bi-exchanged X ze-
consequence, the IR spectra in the lattice range are more eviolites [95]. The peak at 1603 cmh is related to bismuth
dence of the Bi disruptive influence on the zeolite framework oxide clusters and may also correspondpteM adducts
as the bismuth content increases. formed onto BfBiO™ species. The intensity of this band de-
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py-ll- py-Eli p|y-M

150°C Bi6.64

Absorbance —»

2250 2300 2350 2400
Wavenumbers, cm-’

Absorbance ——

Fig. 6. CO-FTIR spectra of the investigated zeolites (room temperature).

1400 1600 1800

Wavenumbers, cm' 3.5.3. IR spectroscopy in the presence of adsorbed CO»

Carbon dioxide is a suitable probe molecule for revealing
Fig. 5. py-FTIR spectra of a Bi5.54 sample after outgassing at different both the surface basicity and acidity [97]. Acidity informa-
temperatures; the dashed line represents the background. tion results from the adsorption of carbon dioxide on the co-
ordinatively unsaturated (cus) cations of the surface through
creases quickly when the desorption temperature increase®xygen lone pairs. The corresponding IR absorption bands
from room temperature to 15C. appear in the range of 2250—-2450 th{98-107]. Carbon
The normalized absorbance values (Table 6) show a dif- dioxide can also interact with basic sites (some OH species,
ferent concentration of the acid sites depending on the Bi cus G, or cus anion—cation couples) yielding various types
loading. All samples adsorbed legy than the protonic  of carbonate-like species that have absorption bands in the
form of the parent ZSM-5 zeolite. There are some differ- spectral range of 1200—1700 ci[108].
ences regarding the ratio of the peak area of the bands It is especially significant that no IR band was observed
due to the 19b vibration mode @ly-L species andy-B in the spectra of the three Bi-ZSM-5 in the spectral range
species, respectively. The samples H-ZSM-5 and Na-ZSM-5 of 1200-1700 cm?, indicating that these materials bear no
are given as references. The data in Table 6 indicate thatbasic sites.
compared to the parent Na-ZSM-5 sample, the three Bi-  Fig. 6 gives the spectra in the 2250-2450¢megion,
ZSM-5 show an enhanced concentration of both Bronsted recorded for carbon dioxide adsorbed at room temperature
and Lewis acid sites. A maximum in Bronsted acid con- on the investigated samples. Two bands are observed that
centration is observed for Bi5.54 whereas Bi6.64 shows disappear entirely upon evacuation at $@0 They cor-
the highest content in Lewis acid sites. It is worth not- respond to the C®molecule weakly interacting with the
ing that the spectra recorded for the two impregnated Bi- Lewis centers on these samples. A weak band also appears
ZSM-5 zeolites showed almost my adsorption. Since a  at about 2275 cm! that might be assigned to the asym-
low capacity was found for pyridine chemisorption onto metric stretching of adsorbed CO, containing the natural
Bi»Os in various oxide environments [96], the impregnated 13C isotope. The evolution of the relative intensities of the

samples might have contained (low dispersed) oxidic Bi two bands (2315 and 2350 crf) with the Bi content and
phases. preparation procedure does not allow a more clear assign-

In conclusion, the presence of Bi clusters in the pores of ment. However, the two samples which contain Bi clusters
the ZSM-5 generated both Bronsted and Lewis acidity. In- (Bi4.26 and Bi5.54) show a clearly enhanced contribution of
creasing the Bi content to 5.54 wt% led to two Bronsted sites the 2315 ¢t band, suggesting a particular type of interac-
(responsible for 1541 and 1555 cibands) that may be as-  tion between C@and the Lewis acid sites on the Bi clusters.
sociated with the formation of Si-O-Bi bridges. The Lewis
acidity may correspond to low coordination Bi sites at the 3.6. EXAFS
surface of Bi clusters. A further increase in the Bi loading
yields a decrease in Bronsted sites and an increase in Lewis3.6.1. «-Bi>O3
sites, that suggests a formation of a bulkier Bi oxide phase, Since the nearest neighbors of bismuth in the structure of
and may correspond to the observed disruption of the zeolitethe investigated catalysts are most likely oxygen atoms, the
framework. choice ofa-Bi2O3 as a standard compound for the EXAFS
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analysis seemed to be a suitable one. However, its compli-
cated structure, with the closest O neighbors spread over
a wide range of distances around the Bi atoms, makes the
inference of the EXAFS standards less straightforward. The
adopted approach is briefly discussed below.

The crystal lattice ofx-Bi>O3 has a monoclinic, low-
symmetry structure, belonging to the space grdt/c
[109]. Its large unit cell § = 5.8496 A, b = 8.1648 A,
c=75101 A, g = 11298°) contains four molecules, with
the Bi and O atoms distributed over two and three types of
nonequivalent sites, respectively.

The resulting pair distribution around a central, mean Bi
atom, averaged over its two specific sites, is shown in Fig. 7a.
A group of 11 Bi—O distances is clearly distinct in the range
2.13-2.79 A of the distribution, corresponding to the nearest
oxygen neighbors of the Bi atoms. A small-distance detall
(Fig. 7b) shows a further differentiation, between a subgroup
of 6 distances, in the range 2.13-2.28 A, and another one of
5 distances in the wider range 2.42 to 2.79 A. This suggests
that the asymmetric radial distribution of the nearest neigh-
bors might be approximated by two neighboring shells of
3 O and 2.5 O atoms, at unique distances corresponding to
the mean values of the two subgroups (2.20 and 2.59 A, re-
spectively).

To check this hypothesis, the first main maximum in the
Fourier transform ok3 (k) spectrum ofx-Bi»Os (Fig. 8a)

FT magnitude (A-4)
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Fig. 7. (a) Pair distribution in the structure afBioO3, around a mean main maximum; (b) experimentaP x (k) spectrum (solid line) of-Bi,O3

Bi atom, averaged over the two nonequivalent Bi sites in the unit cell. and the filtered spectrum (dashed line) corresponding to the contribution of
(b) Short-distance detail of the distribution, corresponding to the nearest the nearest neighbors; (c) Fourier transforms of the simulatgdk) spec-
O neighbors of the mean Bi atom. tra of «-Bi» O3, calculated with various numbers of Bi—O distances.
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the separate contribution to EXAFS of the local Bi environ-
ment (Fig. 8b).

Attempts to fit the filtered spectrum with two neighbor-
ing shells, using theoretical EXAFS standards calculated by
the FEFF6 code [76,77], were unsuccessful. Rather surpris-
ingly, the fit with a unique shell was much more convinc-
ing. It found a number of 3.0-3.3 O neighbors at a distance
of 2.26 A. This shows that the closest surrounding of bis-
muth can be satisfactorily approximated by a unique shell. It
could be tempting to describe this shell by an average over
the shortest six Bi-O distances (3 O neighbors at 2.20 A).
However, it seems more reasonable to assume the first max- 04| 4
imum of FT as being contributed by a number of Bi—O pairs
intermediate between 6 and 11, with corresponding mean
distances of 2.20 and 2.37 A, respectively.

In order to establish this number, the EXAFS spectrum
of «-Bi»O3 was successively simulated with an increasing 0.0 | —J
number of distances in the range 6 to 11. The EXAFS stan- L L L L . . .
dards were individually calculated for each Bi—O distance 2000 200 400 600 800 1000
(with Bi as absorber and O as backscatterer) by the FEFF6 E-Eo (eV)
code, with the amplitude reduction fact§g = 0.774, char-
acteristic of Bi [110]. The EXAFS spectra were afterward Fig. 9. Absorption spectra of catalysts with Bi concentration (wt%):

. Bi4.26 (a); Bi5-wi (b); Bi5-di (c); Bi5.54 (d); Bi6.64 (e). Spectrum f belongs
calculated, by assuming a ConStaﬁﬁaCtor’ sett00.005 A to «-BioO3. The spectra were represented with respect to the photoelectron

over all the contributing distances. energy € = energy of the incident photons,Eq = energy of the Bi I
The FTs of the simulated spectra are represented inedge) and were displaced on the vertical for the sake of clarity.

Fig. 8c. One can see that by increasing the number of con-
tributing distances in the range from 6 to 10, the amplitude of
the main maximum, at about 1.74 A, gradually diminishes, |ower than 630 eV above the edge, due to glitches in the
at the same time with the enhancement of a second, smallespectra beyond this limit.
peak at about 2.2 A. The 11th distance induces a change: the The Fourier transforms of the3y (k) spectra are rep-
peak at 2.2 A is reduced to a shoulder, while another peakresented in Fig. 10a. The main maximum at about 1.65 A
becomes visible at about 2.6 A. describes the closest oxygen surrounding bismuth in the cat-
By comparing these results with the FT of the experimen- alyst structure. All the other maxima are strongly dampened
tal spectrum (see Fig. 8a), one finds a reasonable similarityfor the samples Bi4.26, Bi5.54, Bi5-wi, and Bi5-di, which
to the 10-distance Simulation, prOVided that the small peak proves a h|gh structural disorder beyond the nearest neigh-
at 2.4 A in the experimental FT is taken into consideration. boring shell. However, for the sample Bi6.64 (Fig. 10a, spec-
This was done by a corresponding widening to the right of trym e), two intense maxima are distinct at 2.98 and 3.80 A,
the initial filtering window in Fig. 8a. related to a medium-range order, extended at relatively large
The new-filtered EXAFS was therefore assigned to a distances, instead of the short-range order in the other sam-
unique shell of nearest neighbors, consisting of 5 O atoms atples. Therefore, a crystalline structure is locally developed
2.33 A. This allowed derivation of the experimental EXAFS  around the Bi atoms in this sample.
standards, subsequently used in the analysis of the catalysts. The main maximum in the FTs was isolated, as previ-
One must finally remark that approximating the nearest gysly described, and backtransformed into&kgpace. The
neighbor distribution by a unique shellis a crude estimate for so_filtered spectra (Fig. 10b) define the separate contribution
an accurate description of theBi20z structure. However, o EXAFS of the nearest O neighbors. It was successively

it is reasonably adequate for the goal of this work, which fitted with one and two neighboring shells, using the ex-
was to infer EXAFS standards characteristic of the Bi-O dis- perimental EXAFS standards. However, only the one-shell

1.2 | B

0.8

Do O O -

Absorption (a.u.)

tances in the catalyst structure. model yielded physical results, given in Table 7. The Bi
atoms are most closely surrounded by about 3 O atoms at
3.6.2. Bi catalysts a distance of about 2.2 A. The number of the nearest neigh-

The absorption spectra of the Bi catalysts, after the sub-bors, as well as the interatomic distance, could indicate a
traction of the preedge background, are shown in Fig. 9. local Bi environment very close to that in the structurevef
Although the primary spectra were measured up to aboutBi>Os, confined to the shortest six Bi—O distancs=£ 3,

950 eV above the Bi t.edge, their further analysis (Fourier averageR = 2.20 A). However, as shown by the negative
transformation and nonlinear fit) was limited to energies values ofAc?, the oxygen configuration around Bi atoms is
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Fig. 10. EXAFS results for the catalysts. (a) Fourier transform3gfik)

spectra of the catalysts (same notation as in Fig. 9). The FTs were shifted gj5 54

vertically for sake of clarity; (b) filtered3y (k) spectra (solid line) of the

catalysts and the corresponding fit (open circles) with one shell of nearest

O neighbors.

more ordered in the catalyst structure, with respect to that in

the monoclinic lattice of BiOs.

The systematic increase of, for the samples Bi4.26 to
Bi6.64, shows a slight tendency of the Bi environment to
be enriched with oxygen when Bi loading increases. This
is most apparent for the sample Bi6.64, possibly related to
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Table 7

The nearest neighboring shell of the Bi atoms in the investigated catalysts
Sample N R Ac?

N (x1073 A2

Bi4.26 24 2.20 -6

Bi5-wi 2.7 2.21 -7

Bi5-di 3.1 2.19 -6

Bi5.54 3.0 2.19 —6

Bi6.64 3.7 2.22 -7

N, number of the nearest neighbors (O atonf®)Bi-O distance;Ac?,

relative structural disorder of the nearest neighboring shell with respect to
i ; 2__2 2

that in the standard compoundBi>O3 (Ac“ = O atalyst™ O4andard- The

fit uncertainties in the values of, R, andAo2 are 0.7, 0.01, and 0.0022A
respectively.

the local formation of a crystalline compound around the Bi
atoms.

3.7. Catalytic behavior

Table 8 gives the catalytic performances of the inves-
tigated catalysts in the three oxidation reactions at@.0
The parent Na-ZSM-5 was completely inactive in oxidation
of the investigated organic substrates and only nonselective
H,O, decomposition was observed. Protonic exchange of
this sample resulted in a slight catalytic activity, but this
was also accompanied by an enhance@idecomposition
rate. Just like the parent Na-ZSM-5, the two Bi-impregnated
ZSM-5 samples (Bi5-wi and Bi5-di) prepared by postsynthe-

Table 8

Catalytic properties of ZSM-5 samples at°fD

ZSM-5sample  Hydrocarbon  Millimoles Milimoles 4D,

transformed transformed efficiency
hydrocarbor H205/ (mol%)
gcatalyst g catalys?

Na-ZSM-5 Benzene - 610 -
Toluene - 625 -
Cyclohexane - 625 -

H-ZSM-5 Benzene 8 1194 070
Toluene 57} 1194 082
Cyclohexane ® 1194 070

Bi4.26 Benzene 128 980 127
Toluene 212 1020 214
Cyclohexane 204 990 412
Benzene 16& 1176 143
Toluene 31% 1188 355
Cyclohexane 308 1188 512

Bi6.64 Benzene 18 1194 164
Toluene 28 1188 217
Cyclohexane 18 1194 281

Bi wet Toluene - 1164 -

impregnation
Bi dry Toluene - 1068 -
impregnation

2 Reaction time 90 min.
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Fig. 11. Catalytic activity of the investigated samples (a) hydrocarbon con-
version; (b) HO, efficiency (0.1 g catalyst, 120 mmol of hydrocarbon,
H205 (30 wt% aqueous solution), hydrocarbon molar ratio of 1:1, 90 min,
70°C, 1000 rpm). The acidity is measured by the total pyridine adsorption
at 423 K.

Fig. 12. Time dependence of the catalytic activity (a) hydrocarbon conver-
sion; (b) O, conversion (HO, (30 wt% aqueous solution), hydrocarbon
molar ratio of 1:1, 70 C, 1000 rpm).

sis routes led only to the nonselective® decomposition. data confirmed the effect of zeolite and bismuth content.
The presence of Bi in these impregnated catalysts increasedZSM-5 and Bi6.64 readily decomposec® (Fig. 12b)
however, the decomposition rate significantly, as comparedeven though they did contain the same kind of sites (see
to Na-ZSM-5. Table 6) and this had as a direct effect a small hydrocar-
The occlusion of Bi in the ZSM-5 matrix induced an bon oxidation rate. An opposite behavior was observed for
increase in catalytic activity with respect to toluene, ben- Bi4.26, which showed a lower3®, decomposition rate and
zene, and cyclohexane oxidation. The results in Fig. 11aa higher hydrocarbon conversion.
indicate an almost constant hydrocarbon oxidation activ-  Fig. 13 shows the variation in the number of moles con-
ity per Bi atom for the Bi4.26 and Bi5.54 catalysts which verted per mole of Bi after a 90-min reaction as a function
show only well-dispersed occluded Bi, and an almost zero of temperature. Bi.6.64 displays a very low activity over the
activity for Bi6.64 which was shown to contain (just like investigated temperature range. For the other two catalysts,
the impregnated catalysts) highly segregated Bi oxides. It activities normalized per Bi atom were essentially the same
seems thus that the catalytic activity in hydrocarbon oxida- and increasing the temperature led to a moderate increase in
tion is essentially associated with grafted-occluded oxidic Bi conversion.
species. Fig. 11b illustrates the variation ip®4 efficiency The change in the substrate®b ratio from 1:1 to 3:1
(essentially determined by the rate of hydrogen peroxide de-led to a better efficiency of #02 but to a smaller conversion
composition) with the overall acidity expressed in millimole of the hydrocarbon.
pyridine adsorbed at 15@ per unit surface area of the cat- The effect of the catalyst on the selectivity is only re-
alyst. Fig. 11 displays no simple correlation betweei®©p ported for the oxidation of toluene, because in the case of
decomposition rate and the density of acid sites. This lack of benzene and cyclohexane the selectivities were very high.
a correlation suggests that even though the high decompo+or benzene, phenol was the only reaction product, and for
sition activity of H-ZSM-5 (Table 8) points to the Bronsted cyclohexane, cyclohexanone was obtained with a high se-
acid as the active site, some other catalytic decompositionlectivity (98-99%) for all the Bi-ZSM-5 samples. For H-
site is introduced upon introduction of Bi oxidic phase. ZSM-5, cyclohexanol and cyclohexanone were formed in
Atypical example of time dependence of the hydrocarbon comparable proportions (cyclohexapojclohexanone mo-
and hydrogen peroxide conversion is given in Fig. 12. These lar ratio of 1.5 at 70C).
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Fig. 13. Catalytic activity as function of temperature. (a) Toluene, (b) cy-
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Fig. 14. Cresol isomers-to-methyl group oxidation in the toluene oxidation
products as a function of temperature (0.1 g catalyst, 120 mmol of hydro-
carbon, B0, (30 wt% aqueous solutighydrocarbon molar ratio of 1:1,

90 min, 1000 rpm).

Fig. 14 shows the ratios of the cresol isomers to methyl
group oxidation products, namely benzylic alcohol, ben-

60

50 - Benzoic acid, - Benzaldehyde,
1| E- Benzylic alcohol
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Fig. 15. Selectivity of the methyl group oxidation products of toluene
(0.1 g catalyst 120 mmol of hydrocarbony®, (30 wt% aqueous solu-
tion/hydrocarbon molar ratio of 1:1, 90 min, 7@, 1000 rpm).

occurred merely at the aromatic ring, as the cresols were
the dominant products. Increasing the temperature caused a
slight decrease in the selectivity to cresols. Fig. 15 shows the
distribution of the methyl oxidation group products on these
catalysts. Bi.4.26 led only to benzylic alcohol. Increasing the
Bi content resulted in an increased secondary oxidation to
both benzaldehyde and benzoic acid.

Analysis of the mother liquor separated by filtration at
the reaction temperature indicated that Bi was not detected
at the detection limit of ca. 10 ppm. If Bi was present at
a lower concentration, it did not have any significant effect
on the reaction rate.

4. Discussion

The characterization made on Bi-ZSM-5 samples ob-
tained by direct synthesis suggested that Bi exists as Bi oxide
clusters occluded in the ZSM-5 pores. Increasing the Bi con-
tent to 6.64 wt% led to the partial disruption of the ZSM-5
matrix and the formation of new phases. In this case, part
of Bi seems to be segregated on the external surface. For
Bi4.46 and Bi5.54, the clusters caused a deformation of the
cell that was observed from the lower crystallinity as com-
pared to the parent Na-ZSM-5. However, for these zeolites
the amount of Bi was not sufficient to disrupt entirely the
zeolite framework.

The development of Bi cluster phases in these zeolites
may also be deduced from the pore blockage with increasing
Bi concentration. FTIR investigation showed the presence of
a band which may be ascribed to a Si-O-Bi bond. An in-
creased tendency to enhance agglomeration with increasing
Bi content was also inferred from the XPS and EXAFS data.

The way in which these Bi oxide clusters are generated
may be deduced from the synthesis mechanism of these
materials. The Bi* isolated cations are stable only in ex-
tremely acidic media (pH near 0) [111]. This condition was

zaldehyde, and benzylic acid for the various temperaturesnot fulfilled neither for the starting synthesis gels nor for the

investigated. For Bi6.64 the ratio was near 1, and the se-

bismuth nitrate solution used for impregnation. Therefore,

lectivity remained almost unchanged with temperature. For under the experimental synthesis conditions, oligomeric col-

the other two catalysts, Bi4.26 and Bi5.54, the oxidation

loidal combinations, that may be formed by association of
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BiO* or [BIOH]?*, are rather favored. Studies concerning content, if the dispersion level of the bismuth oxide clusters
polynuclear oxocations of Bi indicated that the most abun- remains unchanged. The observed differences in acidity for
dant cation is [BiO4(OH)4]%* [112]. these zeolites suggest that this is controlled by both the bis-
Based on the characterization results it may be specu-muth content and the size of these clusters.
lated that the crystallization process occurs by occlusion  Another explanation for the observed differences in the
of the preformed bismuth oxide clusters in the growing acidity of Bi-ZSM-5 catalysts may result from considering a
ZSM-5 crystals. However, large cations such as octahedralcharge compensation effect of positively charged BiO clus-
[BigO4(OH)4]®* units cannot be accommodated within the ters. However, irrespective of the source of acidity, namely
ZSM-5 channels. Therefore, as indicated by EXAFS, these the Bi—-O-Si bond formation or the charge compensation ef-
cations can be split. Depending on the size of these clus-fect, this is caused by the presence of Bi, and the intensity is
ters, the zeolite lattice may suffer damage at the,BiSIO; determined by its content.
boundary regions, resulting either in the creation of some de-  For the Bi-impregnated ZSM-5 samples, Bi deposition
fects (as shown by FTIR) or in a partial decrease of the crys- occurs on the external surface with pore blocking. Almost
tallinity (as illustrated by XRD and FTIR measurements).  no pyridine adsorption was evidenced by IR measurements.
IR spectra of adsorbed pyridine showed that the intro- This behavior implies that the intrinsic acidity of the oc-
duction of Bi during the hydrothermal synthesis generated cluded bismuth oxide clusters is indeed related to the hy-
a specific acidity, consisting in weak Lewis sites and strong drothermal synthesis process of the zeolite.
Bronsted sites. The Lewis acid sites may have originated in  CO»-FTIR spectra indicated that these samples exhibited
the coordinatively unsaturated bismuth cations in the bis- no basicity.
muth oxide clusters and aluminum cations. Usually, bulky ~ The catalytic activity of Bi-ZSM-5 samples is the di-
Bi»O3 is known as a nonstoichiometric oxide with an excess rect consequence of the occlusion of the oxide clusters in
of oxygen anions, and basic character. Our results suggesthe silica matrix. Both hydrothermal synthesis and impreg-
that when clusters are present in a silicalite matrix, bismuth nation led to some pore blockage. These are logically ac-
oxide changes its nonstoichiometry toward oxygen vacan- complished by mass transfer limitations. Remarkably, for
cies, even for a bismuthyl (BiG}based structure. EXAFS  Bi-ZSM-5 samples, the activity (expressed as moles hy-
comparative data on bismuth oxide and Bi-ZSM-5 zeolites drocarbon transformed per mole Bi) was higher than that
sustain such an assumption. Indeed based on EXAFS datagenerally reported for titanium silicalites [42,113-116]. Un-
increasing the bismuth oxide content led to an increased Bifortunately, the HO, decomposition proceeds over these
coordination numben . catalysts above the satisfactory limits, and much below the
Brénsted acid sites associated to Bi might result from the performances reported for titanium silicalites. There may be
condensation mechanisms [111] during the synthesis. Oneseveral reasons for this high decomposition rate. In titanium
such mechanism is oxolation which involves condensation silicalites it has been shown that sodium ions [42] and even

with water elimination: surface silanols [45] are detrimental to the selective use of
| —H,0 | H>O2. Moreover, even though TS-1 catalysts show some

(Bi,O,_xHy)-OH+ HO-sj— = (Bi,0,_+H,)—-0O-Si. weak acid centers [14], they are usually limited in concen-
\

\ tration due to the high 3Ti ratios of these solids [113,114].
1) Here the support bears a/8l ratio close to 30 and a ANa
Another reaction could be olation, which corresponds to ratio close to one. In addition, the acidity introduced by the

condensation by addition: occlusion of the Bi clusters may also be affecting th€h
decomposition rate. In the case of titanium-containing ze-
(Bi, 0,_H,—BiO) + HO—éi— olites, the presence of extraframework %i@lso strongly
\

decreases the hydrogen peroxide efficiency, which is com-

| parable especially to Bi6.64 catalyst.
Si— (2) Oxidation of the various hydrocarbons investigated in-
O a volves a different route. For benzene and for the aromatic
H ring of toluene, hydroxylation is catalyzed by the interaction

It is obvious from reactions (1) and (2) that the oxola- with electrophilic oxygen species [54,116,117]. The oxida-
tion mechanism is favored by a hydroxo structure, while tion of the methyl group of toluene, as well as the oxidation
the olation occurs for the “oxo” precursors. Our results sug- of cyclohexane, also involves a radical mechanism that de-
gest that an oxo (BiO) pathway is more probable, since termines their oxy-functionalization [118]. However, these
the resulting —(BiO)- -(HOSI) structures are expected to ex- mechanisms are both initiated on the Bi surface.
hibit a stronger Bronsted acidity. Labilization of the H-O Bi sites seem to be obviously involved in hydroxylation
silanol bond occurs in this case as a contribution of the oxy- of the aromatic ring, and a#®, activation through BiOOH
gen coordination electrons pair of the bismuthyl cation. The electrophilic species could be assumed. A major contribu-
concentration of the Bronsted acid sites associated to bound+tion of acid sites in shifting the selectivity of toluene oxi-
ary Bi—-O-Si is expected to increase with growing bismuth dation to the methyl group could be considered. This could

= (Bi,,0,_x Hx)—Blo\
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be related to the initiation of some radical pathways by acid
sites, as previously suggested by Dai and Lunsford [119].

The high selectivity to cyclohexanone over Bi-ZSM-5
samples shows that the contribution of Bi sites is decisive
for the secondary transformation of cyclohexanol, which is
formed as an intermediate product. The redox properties of
BiO, clusters could be involved as follows,

CH110H+-Bi'' =0 — CgH10=0+-Bi'' =0+ H*,
H202

where the regeneration of oxidized Bi sites is ensured by the
H20O, consumption.

5. Conclusions

A series of bismuth oxides clusters occluded in a ZSM-5
matrix was obtained by hydrothermal treatment. For com-
parison, samples obtained via impregnation were also syn-
thesized. The presence of Bi clusters in Bi4.26 and Bi5.54
was confirmed by EXAFS. Textural properties and crys-
tallinity of the hydrothermally synthesized Bi-ZSM-5 de-

pended on the Bi content. The characterization data collected

from textural, XRD, XPS, and EXAFS of these zeolites
showed that up to near 6 wt% Bi clusters were occluded in
the ZSM-5 pores without major damages to the MFI struc-
ture. Higher loadings caused both framework damage and
phase segregation. IR spectroscopy allowed illustration of
the bismuth influence in disturbing the zeolite lattice and
creating silanolic defects. In the presence of adsorbed pyri-
dine, an intrinsic acidity of the bismuth oxides clusters was
established. This consisted in weak Lewis sites that were at-
tributed to coordinatively unsaturated bismuth or bismuthyl
cations, and strong Brdnsted sites, which were attributed to
boundary Bi-O-Si linkages or a charge-compensating effect
caused by positively charged BiO clusters.

Catalytic tests in liquid-phase oxidation of benzene,
toluene, and cyclohexane using hydrogen peroxide as ox-
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