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Abstract

The effect of pre-reduction with t+ht a low temperature, i.e. 623 K, on the structure of the Mo/HZSM-5 catalyst prepared by impregnation has
been studied and characterized by meart$idflAS NMR and EPR techniques. It has been revealed that there are three kinds of Mo species on th
Mo/HZSM-5 catalyst, namely, the Mg* oxide species with distorted octahedral coordination, thg.Mmxide species with square pyramidal
coordination, and the M6 oxide species associated with thedBsted acid sites. The first two Mo oxide species exist mainly on the external
surface of the HZSM-5 zeolite, and can be readily reduced to forrp-ie,C species, while the last one resides primarily in the channels, and is
difficult to be fully reduced to form Mo carbide species. The Mo oxide species associated wittotimedgl acid sites can be partially reduced to
the MoQ,C, species during the induction period, which play a crucial role in the methane dehydro-aromatization (MDA) reaction. Tg MoO
species with face centered cubic (fcc) structure are more active and more selective towards benzene, yet more stable than those Mo carbide s;
with hexagonally close packed (hcp) structure. It is likely that pre-reduction witit 823 K can enhance the topotactic transformation of the Mo
specie from the hcp structure into the fcc structure, thus can improve greatly the catalytic activity and selectivity towards mono-aromditics, as v
as the stability of the Mo/HZSM-5 catalyst.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the homogeneous pyrolysis of methane. Recently, this reaction
has been widely investigated, and various transition metal ions
Considerable attention has been focused on the transformatich as Mo, W, Re, V, Ga and Cr, as well as different zeolites
tion of natural gas (mostly methane) into highly value-addedsuch as HZSM-5, HZSM-11, HZSM-8, HMCM-41, HMCM-
liquid fuels and petrochemicals, owing to the increasing con22, HMCM-49, H-beta, HY and H-mordenite, have been tested
sumption and the shortage of oil resources. Therefore, deve]7—15]. Up to now, however, the Mo/HZSM-5 catalyst is still
oping of more economic processes for methane conversioregarded as the best one among the tested catalysts at a reac-
becomes one of the serious challenges facing catalytic chemidisn temperature of 973K and a methane space velocity of
around the world1]. Catalytic dehydrogenation and aromatiza- around 1500 ml/g §16]. It is generally accepted that the Mo
tion of methane in the absence of gas-phase oxygen into highlyxide species are well dispersed on/in the HZSM-5 zeolite after
value-added chemicals such as benzene and naphthalene teaicination, and the Mo species are reduced by @Hhe ini-
out to be a promising route for the effective utilization of natu-tial period of the reaction to form Mo carbide species, which
ral gas[2—6]. Methane dehydroaromatization (MDA) occurs at are responsible for methane activation and for the formation of
relatively lower temperatures (about 1000 K), as compared witlC;Hy species¥ < 4)[17,18] Moreover, due to the unique chan-
nel structure of the HZSM-5, together with its@rsted acid
sites and the suitable pore size of 0.53r10.56 nm, which is
* Corresponding author. Tel.: +86 411 84379189(0); fax: +86 411 84694447¢l0se€ to the kinetic diameter of benzene molecule, aromatization
E-mail address: xuyd@dicp.ac.cn (Y. Xu). of the G intermediates can proceed easil$,19]
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There are several kinds of Mo species in different states andsed to monitor and characterize the alteration in chemical
various coordination environments on/in the Mo/HZSM-5 cata-environment and coordination of the Mo species during the pre-
lysts, as identified by FT-IR, ISS, NHTPD([7,18,20] NH;OH  reduction and the early reaction stages, while'th&AS NMR
extraction and’Al, 2°Si MAS NMR technique$21,22] Usu-  technique was used to monitor the changes of various hydroxyl
ally, the Mo oxide species are highly dispersed on the HZSM-Froups on the HZSM-5 zeolite during the preparation and pre-
surface, and interact with the &mnsted acid sites of the HZSM-5 reduction stages of the Mo/HZSM-5 catalysts.
if the Mo loading is less than 8 wt%, and the calcination tem-
perature is lower than 823 K. With an increasing Mo loading,2. Experimental
MoO;3 crystallites can be detected by XRD and FT{IR. On
the other hand, the extraction of framework Al by the Mo oxide2.1. Catalyst preparation
species will become more severe with the increase of the Mo
loading and the calcination temperature. Up to now, what kind The Mo/HZSM-5 catalyst having a Mo loading of 6 wt%
of Mo oxide species are acting as the precursor of the active Mwas prepared by the conventional impregnation method. In
carbide species in MDA is still under discussion. Lunsford et albrief, a HZSM-5 zeolite (supplied by Nankai University,
and Solymosi et al. suggested that theJ@@pecies, highly dis-  SiO»/Al203 =50) was impregnated with an aqueous solution
persed on the external surface of the HZSM-5 zeolite, played theontaining the desirable amount of ammonia heptamolybdate
role of active sites and were responsible for initial methane acti{(NH4)s[M07024]-4H20), and then dried at room temperature
vation[23-27] Iglesia et al. demonstrated that most of the Mofor 12 h. Finally, itwas dried at 393 K for 2 h and calcined in air at
species could migrate into the channels, replacing tii@&ed 773 K for 6 h. For use as samples of catalyst evaluation and char-
acid sites and anchoring on thg&@8—31] Recently, they have acterization, the catalyst was crushed and sieved to 25Q4#25
used silicon-containing organic molecules to selectively interacgjranules (20-60 mesh).
with the external Binsted acid sites of the HZSM-5 zeolite (so
called silanation method), which could lead to residence of alR.2. Catalyst activation via prereduction
Mo species in the channels. The Mo/HZSM-5 catalyst prepared
by using the zeolite modified by silanation method exhibited Before reaction, the Mo/HZSM-5 catalyst was prereduced
excellent performances in the MDA. The authors also showeth situ by H,. A catalyst sample (0.29) was charged into a
that the Mo species in the channels were less sensitive in fornfixed-bed quartz tubular reactor of 6.2 mm I.D, and a hydrogen
ing carbonaceous deposits, and were more effective for methafiew of 2400 ml/(g cat h) was introduced into the reactor. After
activation[19]. Our previous studies revealed that the reducibil-Ho-prereduction, a 10% MCH,4 stream (1500 ml/g cath) was
ities of the Mo species located at various positions on/in theswitched into the reactor and the temperature was raised to 973 K
HZSM-5 zeolite were different, i.e. the MgGpecies which at a heating rate of 5 K/min. All gases used in this work were
were non-associative with the @usted acid sites could be easily of UHP grade and were used without further purification. The
and fully reduced into the Mo carbide species by methane, whilstatalyst, prereduced withAlwas denoted as Mo/HZSM-5(H),
the Mo species associating with thetBsted acid sites could while that without H-prereduction and was directly heated in a
only be partially reduced by CH which, very likely, formed 10% N,/CH4 stream to the reaction temperature of 973 K, was
the MoQ,C, specieg432]. denoted as Mo/HZSM-5(0).

Many kinds of Mo carbide species can be formed, depend-
ing on the nature of the Mo precursors and the carburizatioB.3. Catalytic test
conditions, as has been reportef3g—35] Recently, Derouane-

Abd Hamid and co-workers have studied the effect of different After the Hy-prereduction, the catalyst was evaluated in a
phases of the Mo carbide species phases on the catalytic péixed-bed flow reactor at 973 K and atmospheric pressure. The
formance of the Mo/HZSM-5 catalysts in MDA. They have catalyst charge was 0.2 9. The feed was a gas mixture of 10%
found that if the Mo/HZSM-5 catalyst was pre-reduced with N2/CH4 (1500 ml/(g cat h)), and theNinthe CH; was used as an

a mixture ofn-C4H10/H2 at 623K for 24 h and then reacted internal standard, as reported by Lunsford dtl#], for measur-

with CHyg, the catalyst was more active and stable for the MDAing the CH,; conversion as well as the selectivity of all products
reaction. The authors claimed that the Mo carbide species thumd carbonaceous deposits. On-line analysis of the effluent was
formed after prereduction with a mixture afC4H1o/H2 at  performed with a Hewlett-Packard 6890 gas chromatograph.
623K for 24h was in the form o&-MoC;_,, which was a The hydrocarbon products, including ethane, ethylene and con-
face centered cubic (fcc) structure. On the other hand, mostensable g-Cigaromatics such as benzene, toluene, xylene and
of the studies reported in the literature concluded that the Mmaphthalene, etc., were separated by using a methyl-silicone HP-
carbide species of the Mo/HZSM-5 catalysts were in the formil capillary column (0.32 mnx 50 m) and determined by a flame

of B-Mo,C with a hexagonally close packed (hcp) structureionization detector (FID). For on-line separation and analysis of
[36-38] Hz, N2, CO, CHy, CO,, CoHy and GHeg, etc., a HayeSep-D

In this work, the effects of hydrogen prereduction at a lowcolumn (3 mmx 2 m) and a thermal conductive detector (TCD)
temperature (623 K) on the structure as well as the catalytisvere equipped on the same gas chromatograph. Methane con-
performances for MDA of a 6 wt% Mo/HZSM-5 catalyst were version, selectivity of hydrocarbon products, and coke formation
investigated by'H MAS NMR and EPR techniques. EPR was were evaluated according to carbon mass balance. All reaction
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rates were calculated basing on carbon balance and expresse 2.0 == 1nethane convertion
as mmoles per gram of catalyst per second. < BTX formatuion
. . g - 1.6 + g
2.4. Catalyst characterization % g é} Ll _ ——*‘ H E
1H MAS NMR experiments were carried out at 400.1 MHz gg_g % % E
on a Bruker DRX-400 spectrometer with a BBI MAS probe and £ ﬁf 08 % % z
4mm ZrQ rotors. Prior to the experiments, the Mo/HZSM- %mi; é g %
5 catalyst sample was pretreated in two different ways. Inonez ~ %4 % % 2
case, the sample was dehydrated in a He stream at 623 K for 20 |2 % %
: 0.0 7 4
to remove adsorbed water. In the other case, the sample was firs without 473K 323K 623K 723K 823K
reduced by hydrogen (2400 ml/g cath) at 623 K for 6 h and then pretreatment

dehydrated in aHe flow at 623 K for 20 h. After the pretreatmentig_ 1. Rates of methane depletion and BTX formation, as well as BTX selec-
the sample was putinto the NMR rotor for measurement withoutivity on 6Mo/HZSM-5(0) and 6Mo/HZSM-5(H) catalysts (prereduced with
exposing to air. Each sample was spun at 8 kHz, and 200 scahig at different temperatures) after 24 h time-on-stream for MDA (973 K, 1 atm,
were accumulated. Chemical shifts were referenced to a sat{HSV- 1500 ml/(gcath), btprereduction time: 6 ).
rated aqueous solution of 4,4-dimethyl-4-silapentane sulfonate
sodium (DSS). The number of Bnsted acid sites per unit cell 0.4x 10~>mmol/g cat-s. After the 6Mo/HZSM-5 catalyst was
in the parent zeolite was calculated from the corresponding unRrereduced with bifor 6h at different temperatures, its cat-
cell composition. The number of Bnsted acid sites per unitcell alytic performance was improved. The methane conversion and
of the Mo/HZSM-5 catalyst after calcination was estimated bythe BTX formation over the 6Mo/HZSM-5(H) catalyst both
comparing the peak areas of ¢ MAS NMR spectra with the  increased with the increasing of the prereduction temperature,
corresponding parent zeolite. and reached its highest value at the prereduction temperature of
All EPR experiments were performed on a JEOL ES-E03Xx623 K. Then they went down with a further rising of the-H
X-band spectrometer at room temperature. A microwave freprereduction temperature from 623 to 823 K, as showfign1
quencyy of 9.42 GHz and a power of 1 mw were used. TheMeanWh”e, the effect of pI'EI'EdUCtiOH temperature on the prod-
relative spin concentration and the g factor were calculated byctdistribution of MDA over the 6Mo/HZSM-5(H) catalysts was
taking the signal of manganese as an internal standard. A spéulite apparent. On the 6Mo/HZSM-5(H) catalyst which was pre-
C|a||y designed EPR flow reactor cell was emp|oyed’ WhicthdUCEd with Hat623K for6 h, the BTX selectivity was about
could be placed in the resonance cavity. The reactor cell fof 1%, as compared with that of about 36% on the 6Mo/HZSM-
EPR measurement was made of quartz (4mm 1.D.,) and wad(O) catalyst. It is clear that 623K is a proper temperature for
nomally charged with 0.2 g of catalyst sample. With this reactoH2-prereduction to obtain the best MDA performance over the
cell, the real fix-bed catalytic reaction could be simulated. AftetM0/HZSM-5(H) catalyst.
the reaction or prereduction, the reactor was transferred into The performance of the 6Mo/HZSM-5(H) catalyst could also
the resonance cavity of the EPR spectrometer under a protedi€ affected by the pretreduction time, and the best prereduction
ing gas. The EPR spectra were digitized and doubly integrateime has been found to be about 6 h, as showign2 No further
by the PEAKFIT workstation in order to calculate the relative €nhancement could be observed with a further prolonging of the
spin concentration. The Mo/HZSM-5 catalyst sample was prerePrereduction time.
duced with H (2400 ml/g cath) at 623 K for 6 h. Thenamethane ~ Thus, it can be concluded that prereduction withetl623 K
stream (1500 ml/g cat h) was introduced into the reactor cell, anfr 6 h is the most appropriate treatment condition in allowing
the temperature was increased to 973 K. The EPR signals wetde 6Mo/HZSM-5 catalyst to exhibit its best catalytic perfor-
recorded during the processes gf-pretreatment and methane

treatment, respectively. 2.0 [ mmothane convertion 100
2 BTX formation
3. Results and discussion g = o 80 <
3.1. Effect of Hy-prereduction conditions of Mo/HZSM-5 & 512 1\ 2 % 160 @
1 5} £ % % Gy
on the catalytic performances of MDA £5 é g é ;
X 08 o v 140 -5
2= / . g=]
The catalytic performances of MDA over 6Mo/HZSM-5(H) §m§ % % %
catalysts prereduced withHat different temperatures for 6h 3 04t % % 20 @
. . . <
were investigated and the results were compared with those< g g .

of a non-prereduced 6Mo/HZSM-5(0) catalyBtg. 1 shows 00— 2" Az Tor
the methane depletion rate and the BTX formation rate over
these CatalyStS after running the reaction for 24h. Qver thEvityon 6Mo/HZSM-5(0) and 6Mo/HZSM-5(H) catalysts (prereduced with H

6Mo/HZSM-5(0) catalyst, the rate of methane depletion wasg; various durations of time) after 24 h time-on-stream for MDA (973 K, 1 atm,

1.2x 10-3mmol/g cat-s, and the rate of BTX formation was GHsV: 1500 ml/(g cath), tprereduction temperature: 623 K).

ig. 2. Rates of methane depletion and BTX formation, as well as BTX selec-



232 H. Liu et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 229-236

(x107 mmol/g.cat.s) -
25 25 -~ kd=024x 10
q 3]
‘g -13.2 7
= kd=074x107
T g e
L o Sag - .
s = g 35t
£/ S'E
2% 52
w— B z 8 b%b
s C §5 38l
b= 9 g :
g2 23
5% £z
35 B2 41k kd=12x10°
25 EE T
(a) g — ':?, QQQQ
3 aal 7%,
05 05 = i . .
s 20 40 60 80 (x 107)
L 1 L 1 1
0 4 8 12 16 20 24 Time -on-stream (s)

Tirive-airsbeestn (h) Fig. 4. Rates of methane depletidll)(and BTX formation @) as a function

Fig. 3. Dependence of rates of methane deplenahd BTX formation @) of time on stream over 6Mo/HZSM-5 catalysts (the valuekqadre calculated
over Mo/HZSM-5 catalysts on time on stream of MDA. Open symbols for the ffom the slope of semilogarithmic plot). Open symbols for the 6Mo/HZSM-5(0)
6Mo/HZSM-5(0) catalyst. Solid symbols for the 6Mo/HZSM-5(H) catalyst pre- catalyst. Solid symbols for the 6Mo/HZSM-5(H) catalyst pretreated in hydrogen
treated in hydrogen at 623K for 6 h. at623Kfor6h.

mance.Fig. 3 shows the rates of methane depletion and BTXg5=3.8 ppm belongs to the bridging OH groups in the form of
(the main products) formation on the 6Mo/HZSM-5(0) catalystfree Al-OH-Si groups locating at the intersections of the chan-
and the 6Mo/HZSM-5(H) catalyst prereduced with&t 623K nels of the zeolites, which are the so-called freérdted acid

for 6 h. As illustrated inFig. 4, the deactivation rate constant, sites[39-43] And the broad resonance peak at about 6.0 ppm
kq, of the depletion rate of methane over the 6Mo/HZSM-5(H)can be due to another kind of @1sted acid sites, termed as
catalyst is 0.24< 10-°s™* for an on-stream time of 24 h, and the restricted Binsted acid sites, which are affected by addi-
the deactivation rate constant for the formation of BTX is aboutjonal electrostatic interaction of the oxygen atoms in the zeolite
0.35x 10~°s "1, as compared with those of 0.%410 s~ *and  framework, as described in rd#3]. In addition, the resonance
1.2x 10°s71, respectively, over the 6Mo/HZSM-5(0) cata- signal of the water adsorbed on the Lewis acid sites exhibited
lyst. Obviously, both the activity and the stability for methane g chemical shift of 4.7 ppri44]. Variation in the number of
conversion and aromatics formation over the 6Mo/HZSM-5 catqifierent kinds of hydroxy! groups per unit cell on the HZSM-5

alysts were greatly improved after prereduction withitl623 K zeglite and the two 6Mo/HZSM-5 catalysts are liste@amle 1

for 6 h. Obviously, introduction of the Mo species led to a significant
decrease in all kinds of hydroxy groups, especially ibrigted
3.2. 'H MAS NMR results acid sites. Since the Bnsted acid sites of HZSM-5 zeolites are

mainly located on the inter-surface, as reported by Bao and co-
The parent HZSM-5 zeolite as well as the 6Mo/HZSM-5(0)workers[45], the obvious decrease of thedisted acid sites

and 6Mo/HZSM-5(H) catalysts were investigated by using theindicates that the Mo species would first disperse on the surface
1H MAS NMR technique. There were five types of characteris-of the HZSM-5 zeolite and then migrate into the channels to
tic resonance lines appearing after thieMAS NMR spectrum  interact with and replace the 8nsted acid sites.
of the dehydrated parent HZSM-5 zeolite was deconvoluted, It is interesting to notice that the spectra of the 6Mo/HZSM-
as reported previously in ref§39-44] The high-field signal 5(0) and 6Mo/HZSM-5(H) catalysts are almost the same. Only
with a chemical shift of 1.7 ppm can be ascribed to external Sia few changes could be observed in the number of different kinds
OH groups, while the second peaksat 2.4 ppm is associated of OH groups (i.e. external Si—OH groups, extraframework
with extraframework AlI-OH39-42] The low-field signal at Al-OH groups and Binsted acid sites) after the 6Mo/HZSM-5

Table 1
Numerical results ofH MAS NMR experiments on the parent HZSM-5 zeolite and 6Mo/HZSM-5 catalysts

Sample The number of hydroxyls per unit cell Number of B acid site pét u.c.

B2 (6.0 ppm) Water (4.7 ppm) B1 (3.8 ppm) Al-OH (2.3 ppm) Si—OH (1.7 ppm)

HZSM-5 1.9 1.9 2.1 0.50 0.54 4.0
6Mo/HZSM-5(0) 0.5 0.2 0.7 0.22 0.08 1.2
6Mo/HZSM-5(H) 0.5 0.1 0.7 0.23 0.07 1.2

aThe number of Binsted acid sites per unit cell=B1 + B2, the number dir&ted acid sites per unit cell of the HZSM-5 zeolite was calculated from the unit cell
formula on the basis of the Si/Al ratio, which is measured18i MAS NMR.
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to the Masc>* and Masc>* species appeared, indicating that the
Mo®* species can be reduced readily toMaeither in the form

of compressed octahedral coordination or in a square pyramidal
coordination. Xu and co-workers have reported that, when a
2 wt% Mo/HZSM-5 catalyst was reduced in a methane stream
at573 K for 1 h, the signals A and B could be well detected. The
authors suggested that the 48" and Ma;>* species existed
mainly on the extra-surface of the HZSM-5 zeol[&2]. In
addition, signal A is much more intense than signal B, as shown

in Fig. 5a, implying that a large part of the Mo species located
on the external surface is in distorted octahedral coordination.
After the 6Mo/HZSM-5 catalyst was prereduced in situ with
H,at 623 K for 6 h, amethane stream (1500 ml/g cat h) was intro-
duced into the reactor, and the temperature was raised to 973 K,
which is the temperature for MDAig. Sb—e shows the changes
! [ in EPR spectra with time on stream of the reaction. After running
the MDA reaction for 0.5 h, the EPR spectrum was totally differ-
ent from that recorded at the end of the-ptereduction. First,
a new detectable isotropic signal locateg at2.003 appeared.
As suggested by Lange and co-workers, the appearance of this
50 Gauss signal is due to the free electrons of condensed aromatics or
L graphite-like coké51]. Thus, the appearance of this signal indi-
Fig. 5. EPR spectra of 6Mo/HZSM-5(H) catalyst after prereduced wittati ~ Cates the formation of carbonaceous deposits. With an increase
623K for 6h (a), and after running the MDA for 0.5h (b), 1h (c), 2h (d) and Of the time on stream from 0.5 to 1 h, an evident increase of the
4h(e)at973K. signal located ag =2.003 Fig. &) could be found, while the
shape and the line width of the isotropic signal changed scarcely.
catalyst was prereduced withoHat 623K for 6h. Neither  Obviously, the increase in intensity was mainly resulted from the
changes in dispersion of the Mo species on the external surfagermation of the more carbonaceous deposits on the surface of
nor in the amount of Mo species migrating into the channels othe 6Mo/HZSM-5(H) catalyst. Second, the overall signal of the
HZSM-5 zeolite was caused by thedgrereduction process.  Mo®* species became rather complicated. Signal B disappeared
completely, indicating that there was a further reduction of the
3.3. EPR results square-pyramidally coordinated Mi8* species on the extra-
surface of the HZSM-5 zeolite. On the other hand, a new six-line
EPR is a sensitive technique for monitoring variations in theand axially symmetric signal, locating at =1.983g|;=1.921
chemical environment and coordination sphere of paramagnetand denoted as signal C, appeared, which contributed mainly
species. The Mo oxide species on the Mo/HZSM-5 catalysto the overall M8* signal. It is clear that signal C represents
prepared by impregnation mainly exist in the form ofMafter ~ superimposed hyperfine structures, and the splitting okgthe
calcination at 773K, which is diamagnetic, so that no EPR sigis not so severe as the splitting of the. Such kinds of split-
nals could be observed at room temperature if the 6Mo/HZSM-8ing lines in the EPR spectra of Mo/HZSM-5 catalysts have
catalyst had not been subjected to any further treatments (spdoeen reported only in ref32]. The authors suggested that the
trum not show here). The EPR spectrum of the Mo species osplitting signal C should also be assigned to the’Mspecies.
the 6Mo/HZSM-5 catalyst after Hprereduction at 623K for The hyperfine structure (HFS) of this signal are resulted from
6 h is shown inFig. 5a Two smooth and axially symmetric the existence of the nearby odd nucleus moment, when the
EPR signals appeared, but overlapping with each other. Favio®* species are located at positions closely associated with
simplification, the signals located @t =1.950,¢;,=1.894and the framework’Al species [=5/2). The super-hyperfine inter-
g1 =1.959,¢,=1.866 were denoted as A and B, respectively.action between the Md species and th&’Al atoms will lead
The shape angd values of the signals A and B are very similar to a splitting of the M8" EPR signal. Therefore, the Mo species
to the EPR signals of the Mb species formed on various corresponding to the six-lined splitting signal C are proposed
supported molybdenum-based catalysts subjected to differetd be mononuclear M8 cations having a particular interaction
reduction treatments, as reported previousl\f46-50] Che  with the framework Al species and are located in the channels of
and co-workers suggested that both of the two®Mspecies, the HZSM-5. This assignment is very similar to those reported
corresponding to the signals A and B, possess a short/o in the cases of Cr/HZSM-5 and Cu/HZSM£2-54] Recently,
bond and are surrounded only by oxygen ligands. Signal A wasvo-dimensionaf’Al MAS NMR has been used to study the Al
attributed to M@c®* species with a distorted octahedral coor- species on Mo/HZSM-5 catalysts prepared by impregnation, and
dination symmetry, and signal B to Mg™ species in the form  the experimental results testified the existence of strong inter-
of square pyramidal coordinatig#9,50]. After the sample was action between the Mo species and the framework Al atoms
prereduced with blat 623 K, both of the signals corresponding through Mo—O-Al bondg55]. Results from'H MAS NMR

@

(e)
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experiments suggested that the Mo species would migrate into
the channels during thermal treatments, and would replace the
Bronsted acid sites, thus resulting in a decrease in the number of
Bronsted acid sitefb6]. Therefore, it is reasonable to attribute (@)
the signal C to Mo species associated with thérBted acid
sites, and most of them are residing inside the channels of the
HZSM-5 zeolite. Signal C would not appear if the temperature
of reduction with CH was lower than 973K, suggesting that

the reduction of the M& species associated with thedBisted “T: D
C

(b)

acid sites to M8* species are much more difficult than those of
the Md®* species on the extra-surface of the HZSM-5 zeolite.

Moreover, signal A, locating ag; =1.950 andg) =1.894 ©
and corresponding to the Mg™ species in distorted octahedral
coordination, changed significantly in shape, as compared to
that in Fig. 5a. After treating the catalyst sample with a flow
of methane at 973K for 30 min, the, tensor of this signal
splitted, and showed the same HFS as in signal C. To simplify the
discussion, signal A that exhibited six-lined spitting is denoted as
signal D. Theg tensors of signal D are almost the same as those of
signal A, indicating that the distorted-octahedrally coordinated
Mo®* species locating at the external surface of the HZSM-
5 zeolite would not change its coordination environment with
respect to oxygen ligands. Meanwhile, the splitting in signal D
suggests that the interaction between the Mo species and the
parent zeolite was strengthened during the methane treatmehig. 6. EPR spectra of the 6Mo/HZSM-5(0) catalyst after running the MDA
Probably, the unpaired electrons of the Mo species were affectégaction for 0.5h (a), 1h (b), 2h (c) and 4 h (d) at 973K.
by the Al atoms through the bridging oxygen.

Even though the intensity of the overall Rfosignal to form Mc®* species. Accompanying the decrease in intensity
decreased, both the signals C and D could still be clearlyf signal B, signal A became a six-lined splitting structure of
observed. Moreover, it should be noted that, the decrease ®ignal D. However, the intensity of signal D of the 6Mo/HZSM-
intensity of signal D is larger than that of signal C. This implies5(0O) sample was not so intense as that of the Mo/HZSM-5(H)
that further reduction of the M@ species on the extra-surface of sample. By extending further the treating time at 973K in the
the HZSM-5 is easier than the Mbspecies associated with the CHg stream, there were no distinct changes in the EPR spectra of
Bronsted acid sites locating in the channels of the zeolite. Withhe 6Mo/HZSM-5(0) catalyst, with only a continuous decrease
a further increasing of the reaction time from 1 to 2 h or from 2in the intensity of the M&" signal, especially in the high field
to 4h, the intensities of the splitted signals C and D decreasesignal C, accompanied by an continuous increase in the intensity
continuously, particularly in the high field signal D (fg. 5d  of the coke signal.
and e). The EPR results revealed that there are three kinds of Mo

Fig. 6shows the EPR spectra of the 6Mo/HZSM-5(0) catalystspecies on the Mo/HZSM-5 catalyst prepared by impregna-
after heating in methane at 973 K for various durations of timetion: the Masc>* species in distorted octahedral coordination,
The symmetrical signal, located gt 2.003 and ascribed to the Mas®* species in square pyramidal coordination, and the
the carbonaceous deposits, as well as the signal of thi& Mo Mo®* species associated with thedBisted acid sites. The for-
species, could be observed clearly after the 6Mo/HZSM-5(O)ner two Mo species existed mainly on the external surface of
catalyst had been heated at 973K in a,Gitteam for 30 min.  the parent HZSM-5 zeolite and could be easily reduced t8'Mo
The overlapping signal for the M&species is mainly composed while the latter one resided primarily inside the channels. Fur-
of the two signals of A and B. Meanwhile, a weak signal Cthermore, during the MDA reaction at 973K, there were two
could be detected, but the superimposed splitting structures &inds of Mo®* species present on the Mo/HZSM-5 catalyst, one
this signal were not easily distinguished. This suggests that alas derived from the Mg species interacting with the HZSM-5
of the Md* species on the Mo/HZSM-5 catalyst can be reducedzeolite, while the other was associated with thérBited acid
to Mo®* in a CH, flow at 973 K to form the Mgc®* and Masc®*  sites. With the progressing of the reaction, a part of théMo
species which are located on the external surface of the HZSMspecies, mainly the Mo species on the external surface of the
5, as well as to the M species associated with thedBisted HZSM-5 zeolite, was further reduced by methane. The quan-
acid sites. After the 6Mo/HZSM-5(0O) catalyst was heated atitative results of the EPR experiments are showfign 7 by
973K in a CH; stream for 60 min, the intensity of signal C double integrating the overall M signal. It is evident that, the
increased significantly, and the hyperfine structures of this signadverall amount of the M¥" species (mainly corresponding to
became quite clear. These changes in signal C testify that mosggnals C and D) on the 6Mo/HZSM-5(H) is much larger than
Mo species associated with theiBisted acid sites were reduced that on the 6Mo/HZSM-5(0) catalystH MAS NMR results
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with an hcp structure. The Mo species with an fcc structure play
s000L a crucial role in the MDA reaction. This can give inspiration for
creating a Mo/HZSM-5 catalyst with better activity for methane
conversion, higher selectivity to aromatics and better catalytic
stability.
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