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On the basis of our previous H/D exchange studies devoted to the quantification of the numbénsté@ro

acid sites in solid acids, we report here an innovative approach to determine both the amount and the localization
of Mo atoms inside the Mo/ZSM-5 catalyst, commonly used for the methane dehydroaromatization reaction.
The influence of Mo introduction in the MFI framework was studied by means of BET, X-ray diffraction,

27Al magic angle spinning NMR, Nkltemperature-programmed desorption, and H/D isotopic exchange
techniques. A dependence was found between the decrease of acidic OH groups and the Mo content. Depending
on the Si/Al ratio of the zeolite, i.e., the proximity of two Brsted acid sites, the Mo atoms substitute a
different number of OH groups. Consequently, a chemical structure was proposed to describe the geometry
of the Mo complex in the channels of the ZSM-5 zeolite.

1. Introduction H,0 / D,O
. . . . . ) _a) H,Al,Sig, Oy == n=6 === H;AlSigO
From an industrial point of view, zeolites are important in (MFI zeolite) exchange

many processes, ranging from adsorption and ion exchange to
catalysis. Zeolitic materials represent the heterogeneous catalysts

with the highest annual production and are used in a great varietyy) o g, . Al, Si o Oro2 HO/ Dzao y=ax, witha=10r2

of acid-catalyzed reactions. Nowadays, hydrocarbon transforma- ' exchange )

tions such as cracking, alkylation, and isomerization are / \
preferably conducted using these environmentally friendly solid

acids! In the general shift from homogeneous toward hetero- Mo,H 6.2« Al ¢ Si 99 O152 Mo,H ¢, Al ¢ Si 99 O15:

geneous catalysis, zeolites play a major role. Because of theirFigure 1. Methodology for determining the chemical composition of
chemical and structural properties, these catalysts offer a broadacid zeolites.
range of opportunities to carry out highly selective reactions in
refinery technology and in the synthesis of organic intermediates 'umber of Braisted acid sites in the zeolite, before and after
or fine chemicals. Since the pioneering work done by Haag et metal introduction. However, as recently underlined by Corma,
al.2 where a linear dependence between cracking activity and the reliability and the applicability of various methods to
Al content (or H content) has been noticed, there has been aquantify the acid sites are questionabl€he frequently used
growing interest to determine the concentration cfridted acid technigues are based on the adsorption of basic probe molecules.
sites which governs the activity of the zeolite-based catahyfsts. Colorimetric titrations with Hammett indicators suffer from a
Due to the ease of introducing transition metal cations inside large number of limitations: the equilibrium is rarely achieved,
their micropores and/or framework, metal-loaded zeolites are nhonacid sites may also produce the change of color, and this
often used as redox catalysts or even as bifunctional catalystsmethod gives the sum of Bnsted and Lewis acid sité$.The
Along with the design of new tailor-made catalysts comes the difficult estimation of absorption coefficents also limits the use
necessity to develop new characterization methods giving Of IR and temperature-programmed desorption (TPD) measure-
information about the metal introduced in the framework ments of amines or ammonia and lead sometimes to misinter-
(quantity, localization, geometry), which are of primary impor- pretation of the result§Furthermore TPD of aromatics cannot
tance to understand its catalytic activity. These data could be be used to measure the acidity of strong solid acids such as
indirectly extracted from the selective titration of the'Bsted ~ Sulfated zirconia or composite materials based 8Therefore
acid sites which are playing the role of anchoring sites. in relation to recent works done in our group on H/D exchange

Our strategy consists of the direct measurement of the total 0ccurring between small alkanes and solid alid$ Louis et )

al. have developed an innovative method for the chemical
* Corresponding author: blouis@chimie.u-strasbg.fr. titration of Brinsted acid sites of different solid acids. With
T Laboratoire des Mat&aux, Surfaces et Prodes pour la Catalyse this method, we monitor the exchange taking place between

(LMSPC, UMR 15 du CNRj ECPM-ULP. Part of the ELCASS  ggyterated solid acids and water according to FiguteThe
(European Laboratory of Catalysis and Surface Science).

# Laboratoire de Physico-Chimie des Hydrocarbures (LPCH, UMR 7513 Purpose of the present work is to go one step further and use
du CNRS), Universitd_ouis Pasteur. this technique to titrate the Bneted acid sites of transition metal
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containing zeolites to get more insight about the anchoring of
these metals inside the microporosity.

Mo-modified ZSM-5 zeolites were used as a case study due
to their importance in the methane aromatization reacfiol?.
Furthermore, an accurate determination of the number of
Bronsted acid sites consumed during Mo introduction can serve

as a basis for a better understanding of the geometry of the zeoroD

active metal center. Finally, the knowledge gained from such
studies can lead to the design of new kinds of uniform single-
site catalystd?

2. Experimental Section

2.1. Preparation of Mo-ZSM-5 SamplesTwo starting NH-
ZSM-5 zeolites, provided by Zeolyst International, were used:
CBV3024E and CBV8014 having Si/AF 15 and 40, respec-
tively. The Mo/HZSM-5 catalyst was obtained by mixing the
ammonium form NH-ZSM-5 with an aqueous solution contain-
ing the desired amount of molybdenum oxide (MoGtrem
Chemicals, 99,5%). In fact, the Ma@owder was dispersed in
a small amount of distilled water using sonication in order to
avoid large MoQ agreggates, which could lead to some
inhomogeneity in the final catalyst. The sample was then dried
overnight at room temperature and @ h at 100°C. Finally,
it was calcined in air at 700C during 30 min. During the
calcination process, Mofnolecules undergo vaporization and
homogeneously penetrate in the microporosity of the zeolite.
This procedure was used to prepare Mo/HZSM-5 samples with
Mo loadings of 2 and 4 wt %, for both the ZSM-5 with a Si/Al
ratio of 15 and the one with a ratio of 40. A sample with a
loading of 6 wt % was also prepared in the case of the most
acidic ZSM-5, i.e., Si/Al= 15. The samples were noted 2/15,
4/15, 6/15, 2/40, and 4/40. Zeolites calcined in the same
conditions without MoQ@ were also prepared and were noted
0/15 and 0/40.

2.2. Characterization Techniques.The nature of the cata-
lysts was characterized by means of powder X-ray diffraction
technique using a Siemens D5000 diffractometer (Ca K
radiation) and operated at 40 kV and 20 mA with/ad mode.

Specific surface area measurements were carried out on
Coulter-Beckman SA 3100 sorptometer usingadsorption at

—196 °C. Before measurement, the sample was outgassed a

325°C for 14 h in order to desorb moisture from its surface.
27Al (I = 5/;) magic angle spinning nuclear magnetic
resonance (MAS NMR) was carried out with a Bruker DSX
400 spectrometer operating B§ = 9.4 T (Larmor frequency
vo = 104.2 MHz). A single pulse of 0.is with a recycle delay

a
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SCHEME 1: Set of H/D Exchange Steps between D/
D,0 and the OH Groups of the Zeolite

D,0
Zeo-OH ——»  ZeolOD + H,0 + HDO + DO (1)
excess
H,0
— > ZeokOH + H,0 + HDO + DO ()
excess
(CF,C0),0

H,0D X CF,COOH + yCF,CO0D ®)

excess

catalytic bed, while the gas flow was regulated with a Brooks
5850E mass flow controller. The catalyst (300 mg) was first
activated under dry Nflow (40 cné-min~1) at 450°C for 1 h

to desorb the water present in the void volume but prevent
dehydroxylation of the zeolite framework. The temperature of
the catalyst was then lowered to 2T0 for deuteration. Scheme

1 describes the different H/D steps involved during this method.

First, the catalyst deuteration was performed by passing for
1 h through the sample bed with 40 &min=1 of dry N,
previously bubbled, at room temperature, through a U-shaped
tube containing PO (about 0,05 g). The excess ob@ was
removed by flushing dry Nat 200°C during 90 min.

Then, the deuterated catalyst (Zeo-OD) was back-exchanged
(Scheme 1, eq 2) at 20 for 1 h with 40 cni*min~1 of dry
N, previously bubbled through a U-tube containingCH(3%
of H,O in Ny stream). This step was necessary since the
trifluoroacetic anhydride contains 0.11 mmol of trifluoroacetic
acid per gram of anhydride as controlled in blank experiment.
For this reason it is desirable to titrate the'Bsted sites by
using the anhydride with the partially exchanged water obtained
after the last step (Scheme 1, eq 2).

The partially exchanged water,8&IDy (Scheme 1, eq 3),
composed of KO, HDO, and DO, was collected in a U-tube
cooled at—117 °C (ethanol melting point). The recovereg-H
ODy was weighted and chemically trapped by trifluoroacetic
anhydride (used in a 2-fold excess). The acid solution thus
obtained was transferred under argon to a NMR tube for
analysis. The spectra were recorded on a Bruker AM400
spectrometer (400 MHz) after an addition of a CRCIO wt
'%)/CHCb mixture as reference. The integration of LOOH-

(D) and CH(D)C} on bothH and?H spectra allows an accurate
guantification of the H/D content of the sample. The acid site
density was then calculated based on the H/D ratio measured
and the mass of ¥®Dy collected. The precision of this titration
method for the total number of acid sites is between 0.05 and

of 1 s was used for all experiments. The spinning frequency 0.07 mmol/g
was 8 kHz. Measurements were carried out at room temperature '

with [AI(H 20)e]®" as external standard reference.

The temperature-programmed desorption (TPD) of ammonia
was used to titrate the different acid sites but essentially to
compare the behavior of Bnsted acid sites with our H/D

3. Results

3.1. Methodology for Determining the Chemical Composi-
tion of Solid Acids. Table 1 presents the comparison between

exchange technique. The measurements were performed in ahe theoretical number of Bnsted acid sites of different solid
U-shaped glass plug flow reactor. The catalysts (500 mg) were acids and the measured number of OH groups by #@/B,O

pretreated under He flow at 50C for 2 h. The adsorption of
NH3 (20% in He flow) was performed at 100 during 1 h.
After a flush d 1 h in He flow, the sample was heated (20
°C.min™1) up to 800°C in a He flow. A Saturn 3 Varian mass

isotope exchange technique. The number ofBted acid sites
appears to be in good agreement with the theoretical one (given
by the Si/Al ratio) for five zeolite samples: MOR, EMT, HUSY,
MFI, BEA. So, this isotopic exchange can be used as an efficient

spectrometer was used to analyze the outlet gas-phase compostool to determine the whole guantity of Brsted acid sites on

tion and was calibrated far/e = 17.

2.3. Description of the H/D Exchange Method.All the
reactions were performed in an all-glass, grease-free, flow
system with a U-shaped reactor as reported elsewhédrbe
temperature was controlled with a thermocouple placed in the

zeolites. Furthermore, an accurate amount of OH groups has
been titrated on pPW;,040 heteropolyacid, as well as on $&
ZrO,. Thus, by knowing the crystalline structure of a given
zeolite or any solid acid, one is able to determine the number
n of H atoms as described in Figure 1a. It is important to note
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TABLE 1: Theoretical and Measured Amount of Bronsted I VRO 6% Mo
Acid Sites of Different Solid Acids
theoretical no. of no. of Brinsted acid o
Bronsted acid sites sites determined by 2 WwJMW 4% Mo
solid acid (mmol/g) H.O/D,0O exchange (mmol/g) % "y “. > "
MOR 2.78 2.66 E
EMT 2.26 2.38 g
HUSY 3.00 3.16 3 Jﬁ m —
MFI 1.21 1.18 @ ~
BEA 1.15 1.07
HsPWi:046? 0.89 0.91
SQu—Zr0; 0.3P 0.33 J ﬁ h! 0% Mo
2 Activation 1 h at 306C. ® Measured via isotope-exchange between > ‘ ‘ . = ;
propane and deuterated %Z. 0 10 20 30 40 50

Two Theta [°]

that the Si/Al ratio, which is a key parameter for the study of Figure 2. XRD pattern of Mo-containing ZSM-5 zeolite (Si/At 15).

the catalysis by zeolites, can be dlre_ctly deduced from this TABLE 2: BET Specific Surface Areas of Mo-Substituted
measurement. Moreover, this method is easy, fast, and nondezsp-5 zeolites

structive and could therefore replace the co&ii solid-state

specific surface area @fg)

MAS NMR for the estimation of the Si/Al ratio. Mo content _ _

The next step of the present study consists of getting further (wt %) SiIAI =15 Si/Al = 40
information about both the localization and the geometry of 0 368 394
transition metal cations introduced in zeolitic channels due to i g‘z‘rg gg

their importance in light alkanes activation. Mo-modified ZSM-5
materials were chosen as a case study since these materials a
promising c_andidates for the transformation of cheap methane40) was more affected after an introduction of 4 wt % Mo, with
into aromatics> 182724 . more than 30% loss in the SSA value, than the other zeolite,
Since the leading work of the group of Igledfajt is which had only a SSA decrease of 12%. It seems therefore that
commonly accepted that the molybdenum is anchored inside some MoQ species could not find enough grafting sites and
the micropores of the ZSM-5, on the Bisted acid sites via  gre thus present as extraframework species which partially block
substitution of the acidic H. However, the anchoring mode of ne channels, resulting in a loss of the SSA. The presence of
the molybdenum species and the geometry of the metal centefihese polymolybdate or alumino-molybdate species on the

{§owever the zeolite which possesses fewer acid sites (Si/Al

are still a matter of debate: Borry et al. suggested a D45 external surface of the zeolite has been clearly evidenced by
dimer anchored on two neighboring acid sités/hereas other scanning electron microscopy (SER).
groups rather proposed a monomer, either (Y)o@r (MoOy)** Mo-ZSM-5 (Si/Al = 15) has been further characterized by

anchored respectively on one or two'Bsted acid site®:*%> 10277 MAS NMR technique to get insights about the surface

As the anchoring of the molybdenum leads to a loss of acid gcigity of the zeolite via investigation of the nature and the

sites, we believed that the H/D isotopic exchange developed inanvironment of Al specie¥ -3 Figure 3 shows th&Al MAS

our group should give more insight about the anchoring mode NMR spectra obtained for the different Mo loadings (0, 2, 4,

of Mo, i.e., monomer or dimer. and 6). Nonpromoted ZSM-5 presents two signals: an intense
3.2. Characterization of the Mo-ZSM-5 Zeolites Elemental peak centered at 55 ppm corresponding to framework tetrahedral

analysis was performed by using an inductively coupled plasma aluminum (Ak) and a weak signal centered at O ppm which

atomic emission spectroscopy (ICP-AES) technique to quantify corresponds to extraframework Al (EFAT.3° While increasing

the molybdenum in the different samples. For the ZSM-5 zeolite the Mo content, the latter signal tends to increase, thus increasing

having Si/Al= 15, 2.03, 3.98, and 6.22 wt % of Mo have been the amount of extraframework Al species. Interestingly, a new

introduced. The MFI sample having a Si/Al 40 presented  contribution appears at 14 ppm (2% Mo) and has been attributed

1.96 and 3.97 wt % of Mo introduced. It is important to note by Howe et al. to hydrated alumino-molybdatdn fact, Al,-

that this method of preparation is efficient to introduce any (MoO,); species usually present a signal-at4 ppm, which

desired amount of Mo. shifts to+14 ppm after hydratio® This group has unambigu-
Figure 2 shows the XRD patterns of zeolite ZSM-5 (Si#Al ously proven the existence of a strong interaction between Mo

15) with different Mo loadings (2, 4, and 6 wt %). The MFI

structure appears to be preserved omt4 wt %loading of Ml ens

Mo, as no substantial loss of crystallinity was observed. et e

Furthermore, this also confirms that the whole quantity of MoO

vaporized has been deposited on the surface without affecting

the zeolite structure, thus reducing the formation of extraframe- /f'

work alumino-molybdeno species. However with a further  EERanatentai

increase of the Mo content (6 wt %), a drastic loss of crystallinity

was observed, and new reflections corresponding to the Al ’_A_'_’J

(MoQgy)3 phase appeared af 2= 9, 23, and 2825 Thus, only

the Mo-modified ZSM-5 samples having loadings of 2 and 4 /

wt % are suitable for the H/D exchange study. Table 2 shows

the BET specific surface area (SSA) of the different samples 150 100

for the two zeolites (Si/AE 15 and 40). The introduction of Chemical Shift [ppm]

Mo led to a decrease in the SSA value for both zeolites. Figure 3. 27Al MAS NMR spectra of Mo-ZSM-5 (Si/Al= 15).
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TABLE 3: Bro'nsted Acid Sites Measurement via HO/D,O Isotope Exchange

Si/Al =15 Si/Al= 40
Mo no. of Brinsted no. of Brinsted
content amt of Brinsted acid sites consumed no. of Brinsted acid sites consumed
(wt %) acid sites (mmol/g) per Mo atom (mol/mol) acid sites (mmol/g) per Mo atom (mol/mol)
0 1.04 0.41
2 0.61 1.99 0.20 0.94
4 0.18 1.93 0.17 0.53

and zeolite framework. Surprisingly, the peak corresponding
to Alg was shifted to higher fields:— 2.5 ppm after Mo
introduction. This can be due to the modification of the chemical
environment of At atoms, presumably via anchoring of Mo on
the neighboring oxygen atom. Recently, Kucera and Nachtigall
have proven that such a shift in Al spectrum for high silica
zeolites is connected to the extraframework cation coordination
as well as on the FO—T angle distortior#* This MAS NMR
study confirms that most of the Mo vaporized is linked to a
framework oxygen via replacement of a"Brted acid site.

NHs-TPD has been used to further investigate the surface
acidity of the zeolite. Figure 4 shows the {PD spectra of
Mo-ZSM-5 (Si/Al = 15) which are similar to those from the
literature3>-37 Each signal has been deconvoluted in three
distinct components. First, a low-temperature peak was attributed
to physisorbed ammonia or bonded to terminal silanol grétps.
Second, the peak at about 28D has been attributed to ammonia
adsorbed on extraframework speciesFinally, the high-
temperature peak (between 400 and 80) was assigned to
chemisorbed ammonia on Brsted acid site®4?It is seen that
the number of Bfosted acid sites decreases with an increase
of the vaporized transition metal oxide, thus confirming the
anchoring of MoQ species to the zeolite surface via consump-
tion of Bronsted acid sites. The Bnsted acid site decrease was
quantitavely estimated via integration of the high-temperature
peak. After introduction of 2 wt % Mo, a loss of 2.3-®
groups per Mo atom introduced has been calculated. This value
becomes close to unity after an introduction of 4 wt % Mo. For
the zeolite having Si/AE 40, a consumption of 0.4 and 0.9
hydrons was measured per Mo atom at 2 and 4 wt % loading,
respectively. It supposes with increase of the Si/Al ratio, the
distance between two Bngted acid sites was increased and
that either polymeric Mo species are formed or the presence of
extraframework alumino-molybdate species becomes nonneg
ligible.

The Mo-ZSM-5 zeolites were characterized by means of
different bulk and surface techniques. The later methods allowed
following the perturbation of surface acidity’Al MAS NMR)
or its decrease (NHTPD) and will serve as a basis for
comparison with the H/D exchange method which permits
titration to determine the total number of Bisted acid sites of
many solid acidg#

3.3. Bronsted Acid Sites Titration via H,O/D,O Isotope
Exchange.This isotope exchange technique has been proven

30000

20000
— 05

—215

\ 415
o,
\““x
e Pty 1

200 400 600
Temperature [°C]

Figure 4. NH3-TPD spectra of Mo-ZSM-5 (Si/AE15).

10000

Intensity [a.u.]

800

to be an efficient tool for the quantification of Brsted acid
sites of different kind of solid acids: zeolites, heteropolyacids,
sulfated zirconid® as well as mesoporous materials such as
SBA-15 and Ga-promoted SBA-15.Figure 5 shows the

—_ —&—SilAl=15
=] A i
1

~&-5i/ Al=40

Number of Brénsted acid sites [mmol H/

o

o 1 2

Mo content [wit]

Figure 5. Dependence between the amount of number ¢inBied
acid sites and the Mo content.

3 4

dependence between the number offidted acid sites measured
via this method and the Mo content of the two zeolites. The
number of Bimsted acid sites decreases while raising the Mo
content in both MFI zeolites, thus indicating the anchoring of
Mo species on surface OH groups. It is noteworthy that the
OH groups consumption was more pronounced on the zeolite
having the higher Bhasted acid sites density (Si/Ad 15). Table

3 expresses this trend via the number of isted acid sites
consumed per Mo atom. In the zeolite having a SHALS5, a
molybdenum atom was found to replace two hydrons whatever
the Mo loading (2 or 4 wt %). Unlike this zeolite, the amount
of hydrons consumed was only close to unity for the zeolite
having a Si/Al= 40 at 2 wt % Mo loading. The ratio ©H
loss/Mo was further reduced to 0.53 with an increase to 4 wt
% of Mo. Consequently it appears that either the bonding mode
or the nature of the Mo species are different for both zeolites.
In fact, it appears that the density of OH groups (their proximity)
has an influence on the metal introduction inside the zeolite
channels. This suggests that the interaction between the Mo
species and the Bnsted acid sites is closely related to the
amount of those sites per unit cell.

4. Nature and Location of Mo Complexes in the Zeolitic
Environment

It has been demonstrated in the last section that 2 and 4 wt
% of Mo can be introduced in the zeolite channels via
vaporization reaction of Mo®with the surface OH groups at
700°C.

Higher Mo loading (6 wt %) led to an extensive dealumina-
tion of the zeolite framework, accompanied by a decrease in
crystallinity, and thus to the loss of the confinement effedt
created by the framework. It has been proven that the bifunc-
tional site created in this confined environment via the presence
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NG %\\Mo/oxm/‘) becomes too h_igh f_or the formation_ of such bio!entate comp!ex.
PG F | | =% Therefore, a dimeric Mo complex is formed via condensation

/0\ /0\ /0\ /0\ of two monomeric species to overcome the distance between
R s AL )= AL sial % the two grafting sites. By choosing the MFI zeolite having an
Low Si/Al High Si/AI appropriate density of OH groups to suit the desired Mo loading,

Figure 6. Proposed anchoring modes for the Mo on'isted acid one should be able to tailor the.type and nat!Jre Of_ME,O
sites. cations formed and thus to modify the catalytic properties of
the material. Early results obtained in our group for the dehydro-
of Bronsted acidity in the vicinity of a Mo center is the active aromatization reaction of methane performed with the 2/15
site for natural gas conversion into aromafi®$?23During the (monomeric bidentate species) and the 2/40 (dimeric mono-
catalyst synthesis, MogZrystallites were first dispersed on the  dentate species) catalysts conduced to aromatic yields of 17%
zeolite outer surface and then migrated as (Ia®@ligomers and 10%, respectiveRp.
into the zeolite channef§.By performing infrared studies, these In addition to allowing the definition of the chemical formula
authors came to the conclusion that Mo@teracts with of zeolites (especially the Si/Al ratio), this method also permits
framework oxygens to form isolated monomolybdate species jnvestigation of the nature and mode of bonding of transition
(MoO4?7).#8 As isolated MoG?~ species migrate via surface  metal complexes via the quantification of Bisted acid sites
or gas-phase diffusion, they react with H atoms at exchange consumed per metabxo cation introduced. This opens new
sites to form (MoQ(OH))* species, which can condense to routes for the preparation of either single-site heterogeneous
produce a (MgOs?*) dimer?® Nevertheless, free cations do not  catalyst® or bifunctional materials with optimal loading and
exist inside zeolite%.So these species are rather in a (g site geometry.
form via stabilization by two nucleophilic oxygens from the
framework. The effective mode of coordination between 5 Conclusions
molybdenum species and the Breted acid sites is crucial to ) ) ) )
activate the stable €H bonds from methan® In this work, Unlike many other methods which are mainly destructive and
we have observed bAl MAS NMR, NHs-TPD, and H/D hencellimited by mass transfer constraints, the shqpe of.t.he
exchange that the way of bonding differs either with a change catalytic bed, and the need to reach a thermodynamic equilib-
in the density of Brasted acid sites or with the Mo loading UM between a basic probe and the solid surface, this/H
(see section 3). sz |sotope_ ex_cha_nge t_echn_lque counts the tot_al numbe_r of
Table 3 presents the number of hydrons consumed per Mo Bronsted acid sites in solid f’:\CIdS. Furthermqre, this “anhydride
introduced. It shows th&2 H atoms are replaced by one Mo Method” can also be applied to characterize the nature and
atom after the introduction of 2 and 4 wt % of Mo in the zeolite Ponding of transition metal complexes in their zeolite host. In
presenting the highest number of Beted acid sites (Si/Ak the present work, this new method was applied to get more
15). In other words, a monomeric (Mgl3* species is bonded insight about the gra.ftlng.of monernum inside the channels
to two framework oxygens, thus forming a bidentate species as®f ZSM-5 zeolites with different Si/Al ratios. Thanks to this
presented in Figure 6. The number of anchoring sites is high Method, used in combination witfAl MAS NMR and NHs-
enough (1.04 mmol of OH/g) to disperse those species (4 wt % 17D, we were able to show that the anchoring mode of the
Mo corresponds to 0.40 mmol of Mo/g). Howe et al. have molybdenum is strqngly linked Wlth 'the Si/Al rat|q of the
proposed the formation of the same Mo complex on the surface Starting ZSM-5 zeolite: monomeric bidentate species at low
of the EAU zeolite?? Si/Al ratio and dimeric monodentate species at high Si/Al ratio.
When the Si/Al= 40 (0.41 mmol of OH/g), it appears that Sq, we were able to develop a useful tool to characterllze.new
the number of hydrons replaced by Mo is for each loading below tailor-made Mo-ZSM-5 catalysts possessing an optimized
unity (0.94 for 2 wt % and 0.53 for 4 wt %). This indicates that amount_an(_j distance _between the _act|ve_ sites for methane
the mode of bonding is completely different. The consumption CONVersion into aromatics. In conclusion, this strategy opens a
of close to one hydron per Mo, when the loading is 2 wt %, N€W rogte for.the !nvestlgatlor! of one of the major problems in
suggests that in this case, dimeric Mo species are connected tgatalysis which is the relationship between structure and
two distinct acid sites (see Figure 6) as proposed by Igesia "éactivity of a catalytic material.
or Bao3®
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