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Abstract

MCM-41 in both tubular and particulate morphologies were used as the support for molybdenum and iron oxide catalysts in
ethylbenzene dehydrogenation reaction. Different methods of catalyst preparation, such as solution impregnation and physical
mixing, were investigated. Nitrogen adsorption—desorption and TEM studies suggest extensive structural defects in tubular
MCM-41. The former indicates the presence of an additional pore system at 37 A, while the latter revealed holes of even
larger sizes. We thus suggest that the defects make the channels of tubular MCM-41 effectively interconnected and provide
a better transport of reactant and product in catalytic reactions. In both fresh and regenerated catalysts, physically mixed
samples have lower rates of deactivation and higher catalytic activities than solution impregnated ones. The support of the
latter catalysts suffers more structural collapse than the former. The performance of the catalyst seems to depend also on
the nature of the support. MCM-41-supported samples performed better than amorphous silica-supported ones, and tubular
MCM-41-supported samples are better than particulate MCM-41-supported ones. We interpret the difference in catalytic
performance in terms of the increased porosity of the tubular MCM-41 support. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction preserved. These properties include high surface area
and pore volume, high thermal and hydrothermal sta-
The synthesis of mesoporous siliceous and alumi- bility, and the presence of different types of shape se-
nosilicate M41S materials [1,2] with large-diameter lectivity such as product, reactant and transition state
channel apertures (25-100A) has greatly expandedselectivity. Therefore, considerable attention has been
the capabilities of heterogeneous catalysts [3-8]. It focused on tailoring these materials for specific appli-
has also opened up a wide range of opportunities cations and this requires both structural and composi-
in fundamental research and application in various tional controls. With the large quantity of accumulated
fields of technology [9-18]. However, the catalytic knowledge on supporting metals on carriers such as
application of MCM-41 will be much more attractive alumina, silica, carbon and zeolites, and achieving
if the desirable catalytic properties of zeolites can be high metal dispersions, the very high surfaces of or-
dered mesoporous materials offer new possibilities
* Corresponding author. Fax:886-2-2366-0954. for obtaining highly dispersed metal or metal oxide
E-mail addresscymou@ms.cc.ntu.edu.tw (C.-Y. Mou) catalysts.
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There are two disadvantages in applying MCM-41 carried out at moderate temperature; (c) a relatively
as a catalyst support. One is its hydrothermal instabil- small reactant molecule so that diffusion restriction
ity; MCM-41 is known to collapse in wet conditions at  on the reactant in the pore system is minimized; and
elevated temperature. This would make its long-term (d) a facile equilibrium reaction so that its conversion
use in a reaction stream doubtful if water is one of the depends rather strongly on the removal of the product
by-products. However, there is some recent progressby diffusion. The last two criteria are particularly im-
in improving the hydrothermal stability of MCM-41  portant when correlating catalytic performance with
[19-21]. The other concern in using MCM-41 in porosity of support. We choose to study an unpro-
catalytic reaction is its one-dimensionality of the moted catalyst since it gives relatively low conversion,
channels. This would make the transport of reactant and hence any morphological effect on the conversion
and product difficult; many catalytic reactions are can be clearly observed.
thus strongly dependent on intra-channel diffusion.

Recently, we have disclosed the synthesis of a new

family of M41S with tubular morphology via a spe- 2. Experimental

cial delayed-neutralization process [22,23]. The wall

of the micron-sized tubules consisted of coaxial cylin- 2.1. Synthesis

drical pores, nanometers in size, that are characteristic

of MCM-41. We have found many defects in its struc- The method used for the synthesis of MCM-41 was
ture, which will probably improve the inter-channel adapted from that in our previous reports [22,23]. The
diffusion or porosity of the catalyst. We shall gel was prepared at 3€ and the general molar ratio
demonstrate its advantage as a support in catalytic of the resultant gel composition is 0.47 surfactant: 59.8
reaction. H20: 0.03 NaAIG: 1 Si0Gy: 0.78 NaOH: 0.32 HSOy.

To evaluate the possibility of this novel material The surfactant used is hexadecyltrimethylammonium
as potential catalyst support for transition metal cat- bromide. Acid was added last in the sequence. The
alysts used in the petroleum industry, we use ethyl- rate of acidification of the reaction gel is important
benzene dehydrogenation as the probe reaction. Thein determining the morphology of the product [23],
historical evolution of ethylbenzene dehydrogenation i.e.immediate addition for particulate morphology and
process has been summarized by Kearby [24] and gradual addition for tubular morphology. The former
others [25]. Ethylbenzene is relatively easy to dehy- was synthesized with pure silica framework, the latter
drogenate, and the reaction can proceed simply via awith aluminosilicate framework. The final hydrother-
thermal gas-phase process, as observed by Berthelomal stage was performed at T@for 2 days. Further
in 1869 [26]. However, a much higher selectivity to details in morphology control have been previously
styrene is obtained by catalytic dehydrogenation re- examined by us [30] and the optimized synthetic con-
action in the vapor phase at 580-820 just below ditions of tubular MCM-41 have been reported [31].
the region where thermal cracking becomes important Using well-controlled synthetic conditions, one can
[27]. The catalytic dehydrogenation process has long produce tubular MCM-41 at more than 95% yield and
been an industrial important process for the manufac- with very uniform size. The organic template of the
ture of styrene. Alkali-promoted iron oxide is uniquely as-synthesized MCM-41 was removed by calcination
better than any other catalysts known for ethylbenzene in air at 560C for 6 h.
dehydrogenation in the presence of superheated steam MCM-41 and amorphous silica-supported catalysts
[28,29]. The reaction was carried out in vapor phase were prepared by several commonly used techniques
at high temperatures (550—6@) with moderate con-  such as solution impregnation, isomorphous substi-
versions of usually 50%. tution and physical mixing (see Table 1 below). For

The choice of ethylbenzene dehydrogenation as the the impregnation process, the template-free MCM-41
probe reaction was based on four criteria: (a) a gas was immersed in a minimum amount of salt solution
phase reaction is preferred in order to avoid the influ- at the required concentration and was then air-dried
ence of solvent, especially water, on the catalyst sys- overnight. After further drying at 10@, the sample
tem; (b) a facile reaction so that the reaction can be was calcined at 50@ for 6 h. For the physical mixing
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Table 1

- at 100keV. The temperature-programmed reduction
Nomenclature and specification of catalysts

(TPR) profiles of the catalysts were obtained with a

Catalyst Metholl  Form Precursor conventional apparatus consisting of a quartz reactor.

Mo/Mp M Particulate  (NH)sM07024-4H,0 The amount of hydrogen consumed was measured

’\N/Ia'/v's‘?g\z"" :m Ear:!cu:a:e (NN%O&"ZOHZOA‘H o with a thermal conductivity detector. The sample was
0o/31 articulate 6M07024-4H2 . . 0 . o

Fe/Vp M Particulate  (NH)sFe(GOs)s-3Hs0 heated in a flowing 10_/o qydrogen/nltrogen gas mix

Fe/Myb M Tubular Fe(GH702)3 ture at a rate of 10 min~= from room temperature

Fe-Mp IS Particulate ~ Fe(NQ)9H,0 to 800°C.

Mo+Mp PM Particulate  Mo@

Mo+M+ PM Tubular MoQ 2.4. Catalysis

a|M: Impregnation, IS: Isomorphous substitution, PM: Physical
m'X})Ufe- All the catalyst samples used in the reaction study
Methanol was used as the solvent for Iron (lll) Acetylaceto- have a metal Ioading of 6Wt.%. Reactions were car-
nate instead of water. . . . .
ried out at 500C in a continuous flow micro-reactor
system at atmospheric pressure. The sample was pre-
q ioxid ll - ed h treated under flowing nitrogen at reaction temperature
enum trioxide were carefully mixed together at 4.1 and no further reductive pretreatment was per-

room temperature and then calcined at8D0as de-  ¢4meqd prior to the reaction. The reaction was started
scribed above. The isomorphous substitution Processpy injecting the reactant, ethylbenzene, continuously

is similar to the synthetic process for pure MCM-41, (2.72ml/h) into the nitrogen carrier gas stream (ef-

except that iron salt was added to the synthetic gent flow rate-30 mi/min) and the reaction product
mixture. (gas and liquid) was analyzed off-line by a Shimadzu
GC-7A gas chromatograph. The liquid product was
2.2. Nomenclature collected by a condenser (D) positioned at the out-
let of the reactor and the components were separated
In this work, Mp denotes pure-silica MCM-41 with  ith a packed column (5% SP-126Q.75% Bentone
the usual particulate morphology and-Menotes alu- 34 on 100/120 Suplecoport, 6 ft). Catalyst regenera-

minosilicate MCM-41 with tubular morphology. Ac-  tion was done at 50€ for 1 day under a stream of
cordingly, the various notations used for the catalysts ajr flowing at about 75 ml/min.

process, the dried template-free MCM-41 and molyb-

are summarized in Table 1. Total conversion of ethylbenzene is defined as the
o percentage of ethylbenzene converted to hydrocarbon
2.3. Characterization products, while styrene selectivity is the percentage of

styrene in the observed product. Both the conversion

The powder X-ray diffraction (XRD) patterns were and selectivity data were based on carbon number.
recorded on non-oriented samples with a Scintag
X1 diffractometer using copper Kradiation (wave-
length=0.154nm). Nitrogen adsorption—desorption 3. Results
isotherms were obtained at 77K on a Micromerit-
ics ASAP 2000 apparatus. The data were analyzed 3.1. X-ray diffraction (XRD)
with the BET equation for surface area determination
and with the BJH (Barrett—Joyner—Halenda) method  The XRD patterns of molybdenum oxide catalysts
for pore size distribution. The pore size distribution and their corresponding supports are presented in
curves were obtained from the analysis of the desorp- Fig. 1. The sample notations are listed in Table 1.
tion portion of the isotherms. Scanning electron mi- The d-spacings q) of the first diffraction peaks are
croscopy (SEM) was performed on a Hitachi S-2400 also summarized in Table 2. A small shift to lower
instrument using an accelerating voltage of 20keV, d-spacing relative to the support is observed for all
while transmission electron microscopy (TEM) was catalysts, showing that the perturbation effect of metal
performed on a Hitachi H-7100 instrument operated oxide on MCM-41 is not large.
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Fig. 1. XRD patterns of molybdenum oxide catalysts and supports.
Mp: particulate MCM-41, M: tubular MCM-41, Me+Mp: physi-
cally mixed catalyst with M support, Me-M+: physically mixed
catalyst with My support, Mo/M: impregnated catalyst with M
support.

The pristine MCM-41 supports (Mand My) show
five XRD peaks, indicating structural regularity. They
have higher thermal and hydrothermal stability than

Table 2
Characterization of catalysts

Catalyst d (A) A (m2/g) P/V (mlig)2 PID (A) WIT ()P
Mp 40.4 1051 0.93 27 20
Mt 37.8 1123 1.05 25 & 37 19
Mo/Mp 38.4 779 0.50 24 20
Mo/SiIO, - 377 0.70 55 -
NaMo/Mp — 154 0.16 80 -
Mo+Mp 39.8 959 0.81 27 19
Mo+Mt 37.3 1005 0.88 24 & 37 19
Mo+Mt¢ 36.7 958 0.78 23 & 37 19
Fe/Mp 38.3 774 0.53 25 19
Fe/Mr 36.2 918 0.84 24 & 37 18
Fe-Mp 37.3 943 0.71 23 & 37 20

aCumulative values for pore diameter between 10 and 100 A

b WIT=[2d/(3)"/2]-P/D

¢Mo metal loading is 9wt.% instead of 6 wt.% in other cata-
lysts.
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the usual MCM-41 synthesized by the normal basic
solution route. Their XRD patterns were not affected
significantly even after these samples were heated in
air at 800C or in boiling water for at least 1 day.
We have attributed this behavior to the thicker wall
(2.0 nm) of MCM-41 obtained in our delayed neutral-
ization method [23].

The physically mixed MCM-41-supported molyb-
denum oxide catalysts (MeMp and Mo+MT) pre-
serve much of the periodic structure of MCM-41,
while the impregnated catalyst (Mofyl suffers
a drastic decrease in the diffraction peak intensi-
ties. In addition, the resolution of the higher order
peaks of Mo/M becomes very poor. The situation
is even more serious with sodium molybdate precur-
sor (NaMo/Mp), whereby the structure of MCM-41
collapsed altogether (not shown). Silica-supported
catalyst (Mo/SiQ) is also amorphous in nature.

Similar XRD patterns to Mo/M were observed
in the corresponding impregnated iron oxide cata-
lyst. However, the peak intensity of FefMs slightly
higher, since methanol instead of water is used as
the solvent during the impregnation process. Inter-
estingly, iron-substituted MCM-41 catalyst (FepM
also has low peak intensities.

Except NaMo/Mp, no other catalyst showed any
diffraction peaks from the supported metal oxide
phase. We do not identify the molybdenum species in
NaMo/Mp since it is not the prime catalyst of interest
in this study.

The crystallinity of the used catalysts was also
checked by XRD. After two cycles of reaction, these
catalysts still retained at least half of their original
peak intensity, even though the quality of the used cat-
alyst samples is poorer than that of the fresh catalysts.

3.2. Surface area and porosity

Table 2 lists the surface are&A), pore volume
(PIV), pore diameterR/D), and wall thicknessW/T)
of the catalysts and supports. A selection of their nitro-
gen adsorption—desorption isotherms is also presented
in Fig. 2.

In accordance with XRD results, physically mixed
catalysts with structural integrity retained much of
the surface area and pore volume of MCM-41. The
small reduction in pore size relative to MCM-41
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Fig. 2. Nitrogen adsorption—desorption isotherms of molybdenum and iron oxide catalysts and supports. Top curve (desorption), Bottom
curve (adsorption). Fe-M iron substituted MCM-41 catalyst. Other catalyst notations are similar to those used in Fig. 1.

suggests that the metal oxide in the channel systemhigher than those samples in particulate MCM-41
is probably close to a monolayer. The impregnated series.

catalysts, which show partial structural collapse, All the nitrogen adsorption—desorption isotherms
have lower surface area and pore volume. They alsoin Fig. 2 show an inflection negypy=0.34 charac-
show a larger reduction in pore size than physically teristic of the well-known capillary condensation in
mixed catalysts. The situation can be improved sig- MCM-41. The adsorption isotherm aboy#ip=0.8
nificantly by using organic solvent, as mentioned shows the standard multilayer condensation to macro-
before. Not surprisingly, amorphous Mo/SiGand scopic saturation. Again, the physically mixed sam-
NaMo/Mp samples have very low surface areas. One ples give sharper inflections than impregnated ones,
should note that the surface areas and pore volumesindicating more uniform pore-size distributions, i.e.
of samples in tubular MCM-41 series are consistently preserving the structure better. One striking behavior
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in Fig. 2 that we have observed is a distinct second in- S5
flection in the desorption isotherm at abgipo=0.5

for all tubular samples, and a large hysteresis in the
isotherm. This indicates that a second pore system of 5.0 -
larger pore size is present in tubular MCM-41, ac-
cording to the capillary condensation model. The size
of the inflections reflects the relative amount of this
large pores (which we tentatively called pore defects)
and its concentration seems to depend directly on the
amount of hole defects in the tubules (see TEM). Previ-
ously, Chao and coworkers [32] have indicated slit-like
defects as a possibility in interpreting the hysteresis
in their nitrogen adsorption—desorption isotherms at a
much higher pressurg/fp>0.9), but macropores are
probably the cause. Until now, the true origin of such
pore defects and hysteresis is not clear and further
study is required.

Interestingly, the Fe-Msample also shows this hys-
teresis behavior. This result suggests that the 37 A
pore defects are related to the presence of heteroatoms 2.5
(aluminum or iron) in MCM-41, and the defects are
formed after removing these atoms from the wall be- Temperature (°C)

tween neighboring channels e.g. via a dealumination Fig. 3. TPR profiles of molybdenum oxide catalysts. Mo/SiO

process during the templatg remloval process. I!’l & S€-impregnated catalyst with silica support. Other catalyst notations
ries of MCM-41 tubules with different pore sizes, are similar to those used in Fig. 1.

we found that the position of the inflection in the
adsorption—desorption isotherm which corresponds to
this defect remained unchanged. 3.4. Electron microscopy

4.5 |- Mo+M,

Mo+Mp
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3.3. Temperature-programmed reduction (TPR) SEM micrographs of the two different preparations
of MCM-41 have been previously examined and will
Fig. 3 shows the TPR profiles of various MCM-41 not be reproduced here [23]. In tubular MCM-41, the
and silica-supported molybdenum oxide catalysts. tubules has quite uniform diameter of less thaoni
Reduction of molybdenum oxide on physically mixed and they are well dispersed individually. In particu-
catalysts seems to begin at a lower temperature thanlate MCM-41, the micro-particles (diamete®.5.m)
the impregnated ones. The reduction process of all agglomerate into larger particles of 1gf in size.
catalysts covers a broad range of temperatures. OnlyFig. 4 shows the TEM picture of tubular MCM-41
in the case of heptamolybdate impregnated samplesafter calcination. A similar picture is obtained for
is a low temperature peak resolved. The plateaus ob-as-synthesized sample. Extensive structural defects
served with Me-Mt and Mot+Mp catalysts are not  can be seen as white spots, whereas the framework of
due to artifacts, such as the limitation in hydrogen particulate MCM-41 remains mostly intact (picture
concentration, since they are far below the maximum not shown). The existence of such hole defects is
peak intensity recorded. Qualitatively, physically further clarified by taking TEM pictures on ultrathin
mixed Mo+M+ catalyst consumed the most hydrogen, sections of the tubules.
whereas the impregnated Mop\tatalyst consumed In conclusion, there are two types of structural
the least. For the catalysts with particulate MCM-41 defect observed in tubular MCM-41:the pore de-
support, a second stage of reduction is observed atfects at~37 A (from nitrogen adsorption—desorption
temperatures beyond 700. isotherm) of unknown origin and the hole defects in
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Fig. 4. TEM micrograph of tubular MCM-41. The many white
dots on the tubules indicate hole defects.

the order of 200A (from TEM). The former is not

clearly visible even under micrographs taken with mi-
crotome TEM technique. It is possible that the latter
is formed from the local collapse of pore walls, and
thus increases the porosity of tubular MCM-41. Also,
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the holes can act as reservoirs connecting neighboringrig. 5. variation of total conversion of ethylbenzene (bottom)
uni-dimensional channels. These two types of defect and selectivity of styrene (top) with reaction time-on-stream over

contribute appreciably to the total pore volume of
tubular MCM-41. Knowing the total nitrogen adsorp-
tion capacity of the sample, and taking the adsorption
capacity beyond 40A as from holes (judging from
the pore-size distribution plot), we can estimate the
relative contribution of pore and hole defects to the
total pore volume. The hole defects contribut&2%

of the total pore volume (1.12ml/g, pore diameter
ranging from 11 to 300A), as compared te35%
contributed by the pore defects.

3.5. Ethylbenzene dehydrogenation reaction

The catalytic performances of various molybdenum
oxide-loaded catalysts at 500 are compared in Fig.

various molybdenum oxide catalysts. Catalyst notations are similar
to those used in Fig. 3.

stable in the case of MeMp catalyst with non-acidic
silica framework. Generally, the selectivity of styrene,
which is the major product, is at least 90% at steady
state. Minor products include benzene and toluene,
with less than 1% of light hydrocarbons.

In both fresh and regenerated catalysts, physically
mixed catalysts gave higher activity than impregnated
ones after 24 h of reaction, and MCM-41-supported
catalysts are better than amorphous silica-supported
ones. Physically mixed molybdenum oxide cata-
lysts with tubular MCM-41 support are particu-
larly active. The activity decreases in the order :
Mo+Mt>Mo+Mp>Mo/Mp>M0/SiO;,. Interestingly,

5. Regenerated catalysts also showed similar trends ofthe rate of deactivation also seems to depend on the

reaction.

The catalytic activity usually decreases steadily
with increasing time-on-stream. The styrene selec-
tivity over physically mixed Me-Mt catalyst with
aluminosilicate framework tends to increase slightly
with increasing time-on-stream, whereas it is quite

nature of the support, and increases in the order :
Mt <Mp<SiOo.

Table 3 compares the product distribution of physi-
cally mixed Mo+Mt and Mot+Mp catalysts. The data
from pure MCM-41 are also included as reference.
One can see that styrene selectivity over-Mbr is
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Table 3
Product distribution of physically mixed molybdenum oxide cat-
alysts and supports

MO+MP
0.5h 24h 05h 6h

Mp Mo+M+

0.5h 24h 0.5h 24h

Mt

Total Conv. 550 250 0.18 0.18 5.93 2.87 0.67 0.40

Selectivity
LH2 02 03 26 27 03 04 94 62
Benzene 1.0 11 111 10.0 48 19 521 442
Toluene 19 23 47 46 24 15 23 38
Xylene 0 0 0 0 0 0 29 0
Styrene 96.4 96.4 815 79.3 87.3 957 252 43.2
DEB® 0 0 O O 0 0 57 0
PH® 04 O 0 33 51 06 23 26
a1 H: Light hydrocarbon.
b DEB: Diethylbenzene.
¢PH: Polyaromatic hydrocarbon.
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Fig. 6. Variation of total conversion of ethylbenzene (bottom)
and selectivity of styrene (top) with reaction time-on-stream over
impregnated iron oxide catalysts with particulate MCM-41 (ReyM
and tubular MCM-41 (Fe/M) supports.
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lower than Met+-Mp at the initial stage (0.5 h) of re-
action. At this stage, much larger amounts of ben-
zene and polyaromatic hydrocarbon are observed in
the product. It is important to note that the yield of
styrene and toluene is very much improved in the cat-
alysts relative to the support. The yield of light hydro-
carbon and benzene also increases slightly inHVie
catalyst but decreases in Md/t catalyst, with refer-
ence to their respective support.

When sodium molybdate was used as the precursor,
the activity and styrene selectivity of the NaMgiM
catalyst are the lowest.

Iron-based catalysts do not perform as well as
molybdenum-based catalysts. The performance of
impregnated Fe/Mand Fe/M catalysts is compared
in Fig. 6. A sample of Fe/M catalyst was also stud-
ied, as shown in Fig. 7. Impregnated Fe/Matalyst
performed better than substituted Fe/atalyst but
the activity of the latter decays much less rapidly than
the former.
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Fig. 7. Variation of total conversion of ethylbenzene (bottom) and
selectivity of styrene (top) with reaction time-on-stream over fresh
and regenerated iron substituted MCM-41 catalysts.
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Fluctuations of initial conversion are observed in hydrothermal stabilities of our particulate and tubular
fresh iron oxide catalysts, but they are much less MCM-41 made from the delayed neutralization pro-
prominent in regenerated catalysts. We thought that cess are probably due to their thicker channel walls
this phenomenon might be related to the reductive dis- (~20 A).
integration of large iron oxide particles under the re-
ducing environment of the reacting mixture. A similar
phenomenon is also observed in molybdenum-based4.2. Nature of catalyst
catalysts, but at a lower temperature of 400
Therefore, the catalytic performances of supported Tubular MCM-41 can behave differently depending
iron oxide catalysts were compared only at longer on the method of catalyst preparation. In the prepa-
times-on-stream. ration of physically mixed catalysts, it is generally
agreed that many oxides, such as molybdenum triox-
ide, can disperse spontaneously on the surface of a
support after thermal treatment to form monolayers.
This is because a monolayer is a thermodynamically
stable formin these cases [35,36]. In order to minimize
the formation of multilayers, the molybdenum metal
The details regarding the synthesis and structural loading of the catalysts is limited to 6 wt.%, which is
morphology of tubular MCM-41 have been described even below the critical dispersion capacity for a mono-
previously [22,23,30]. Although particulate and tubu- layer of molybdenum trioxide on the surface of silica.
lar MCM-41 have different morphologies, their pore Consistently, XRD analysis does not reveal the exis-
structures are similar, as can be verified by comparing tence of bulk molybdenum trioxide on the surface of

4. Discussion

4.1. Characteristic of tubular MCM-41

their XRD patterns, TEM micrographs and pore size
distributions.

Our tubular MCM-41 represents a unique fam-
ily of MCM-41 with a large degree of struc-
tural defects, which result in large pores (nitrogen
adsorption—desorption isotherm) and holes (TEM).
The former are of unknown origin while the lat-
ter probably arise from the local collapse of chan-
nel walls and were found to distribute through-
out the framework. The hysteresis portion in the
adsorption—desorption isotherm pipo>0.8 is most
likely due to these holes in the order of 200 A [33].

any catalyst.

Characterization of the physically mixed MoMt
catalysts shows that they still preserve the basic prop-
erties of the support, namely bimodal pore size dis-
tribution, high surface area and pore volume. In other
words, tubular MCM-41 is stable to thermal treatment
in the presence of transition metal cations to at least
500°C. The presence of metal oxide in the mesopore
system of these physically mixed catalysts can be con-
cluded from the decreased pore volume relative to the
support. Also, the high temperature treatment in cat-
alyst preparation leads to some channel disorder as is

The presence of these defects probably made theevident from the decreased XRD peak intensities.

channels in tubular MCM-41 interconnected into a
three-dimensional system.

Even though structural defects are present in tubu-

lar MCM-41, its structure still remained intact after
thermal treatment at 56Q during the template re-

The catalyst prepared by solution impregnation
showed severe collapse in structure. This effect is due
mostly to the basic nature of the impregnation solution,
which causes the dissolution of the silica framework.
However, this situation can be improved significantly

moval process. Its surface area and pore volume areby using organic solvent. Therefore, physical mixing

comparable to those of particulate MCM-41. More-
over, SEM and TEM results also confirm the stability

is a better method of catalyst preparation in this case.
The TPR profiles of our impregnated catalysts

of our materials. Coustel et al. [34] have studied the are similar to those reported by Ismail et al. [37]
relationship of wall thickness versus thermal and hy- and Ldépez Cordero et al. [38]. Broad peaks are
drothermal stabilities and found that a wall thickness observed between 400 and 8@ As was already

of 16 A can preserve the original mesopore volume af- pointed out by Thomas et al. [39], highly dispersed
ter the stability test. Therefore, the high thermal and monolayer-type catalysts at low molybdenum oxide
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contents often show broad TPR peaks, whereas bulkactivity after 24 h of reaction and has the lowest
compounds in general show sharp TPR peaks. Thedecay rate.

explanation given is that the support material usually = The decay rate of MMt catalyst is the low-
exhibits heterogeneity causing a spectrum of activa- est even under the influence of intense Brénsted
tion energies for reduction of compounds adsorbed acid-catalyzed side reactions known to produce coke,
on these sites. A distinct peak can be seen in the pro-i.e. oligomerization of styrene and cracking of ethyl-
files of impregnated catalysts since the monolayers benzene, which tend to deactivate the catalyst. This
formed from heptamolybdate precursor are smaller is just the opposite of what we observed. Therefore,
and are more uniform in size. The monolayers on the aluminum is unlikely to play a significant role in
surface of physically mixed catalysts derived from promoting the catalytic effect in MpMt catalyst.
thermal spreading of molybdenum trioxide are much Obviously, the high porosity of its tubular support
larger. A possible explanation for the plateau is pro- has played an important role in minimizing catalyst
vided by assuming that the increased rate of hydrogen deactivation. In addition, the high catalytic activity of
consumption at increasing reduction temperatures is Mo+MrT catalyst may be due to its high porosity as

roughly compensated by the decrease in the active well.

surface area of fresh molybdenum oxide. Physically
mixed Mo+Mp catalyst seems to have more multi-
layers than M&-Mr, judging from the increase in re-
duction temperature beyond 7@ This observation

is in-line with the observed increases in peak intensity
around this temperature with increasing molybdenum
oxide content on silica [39]. The finding above could
be explained by the better transport of material in
the highly porous tubular MCM-41 during catalyst
preparation.

4.3. Catalytic study

The catalytic performance of various molybdenum
oxide catalysts was tested with ethylbenzene dehydro-
genation. The results are compared in Table 4. We have
found that physical mixing is the simplest and best way
to prepare a transition metal oxide-loaded catalyst,
so we focus mainly on the comparison of Ml
and Mot+Mp catalysts. It can be seen that Mdt
is the best performing catalyst with the highest

Anyway, the presence of defects in tubular MCM-41

might have the following advantages for catalyst
preparation and reaction:

1. Each segment of the tubule’s wall can be consid-
ered as a small particle of MCM-41. With the help
of defects, diffusion of reactant and product could
proceed across instead of just along the channels
in particulate MCM-41. It is also possible that the
large internal channel at the center of the tubule is
freely accessible to reactant and product. In this
way, we have a two-way diffusion system, which
can minimize traffic congestion. This kind of im-
proved diffusion system make the catalyst less
susceptible to coking and deactivation. Besides,
the faster removal of product away from the ac-
tive sites can shift the equilibrium of the reaction
to the right, thereby increasing the conversion of
ethylbenzene.

2. The presence of defects allows a better spread-
ing of molybdenum trioxide from the external
surface of tubule into its internal pore structure.

Table 4
Catalytic performance of molybdenum oxide catalysts
Catalyst SA (m?/g) % Decay Activity (103 mol/hg)
0.5h 24h

Fresh Regenerated Fresh Regenerated Fresh Regenerated
Mo+Mt 1005 20 18 6.34 5.37 3.07 2.99
Mo+Mp 959 29 31 5.88 5.08 2.60 2.20
Mo/Mp 779 31 22 4.34 4.04 1.53 1.48
Mo/SiO, 377 48 47 5.26 4.74 1.12 0.93

aThe rate of catalyst deactivation is expressed in terms of the percentage decrease in initial conversion after 2 h of reaction.
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The concentration of reactive centers (possibly 5. Conclusion

pairs of neighboring molybdenum cations) thus
increases, as demonstrated by TPR. This sugges-
tion is consistent with the reaction model pro-
posed by Chen et al. [40] involving pairs of neigh-
boring metal active sites, one for adsorption of
phenyl ring and the other for dehydrogenation
of alkyl chain alongside with the lattice oxygen
of molybdenum oxide. The very low activity of
NaMo/Mp catalyst can be partly explained by the
absence of these paired centers. Unlike molybde-
num trioxide or heptamolybdate anions, where the
basic MoQ octahedra are held together through
edge-sharing interactions, the layer-like structure
of sodium molybdate with its molydate tetrahe-
dra connected by interlinking sodium cations as

Mesoporous MCM-41 is a very interesting cat-
alyst support due to its large surface area and
pore size. We have presented results from nitrogen
adsorption-desorption experiments and TEM studies
to conclude that the tubular MCM-41 has structural
defects. These defects might facilitate the diffusion
of reactant and product and lead to better catalytic
performance. This reaction approaches equilibrium
easily; thus, the diffusion of product away from the
reaction sites is important in determining conver-
sion. The use of a relatively small reacting molecule
like ethylbenzene can eliminate any geometrical or
shape effect of the channels on the diffusion of re-
actant. Therefore, correlating the increased catalytic
well as by hydrogen-bonding may tend to form performance of Mg-Mt catalysts with the improved
monoatomic centers on NaMof\tatalyst [41]. inter-channel diffusion seems reasonable. This struc-

. The presence of defects allows a better spreadingtural effect should be generally applicable to many
of the reduced molybdenum oxide species formed other catalytic reaction systems. Further study on
during the course of reaction through its entire the morphological effect of MCM-41 on catalytic
surface, thus lowering the possibility of sintering performance should be very interesting.

in a reduced environment. Here, we see that the

decay rate is highest in Mo/SiZatalyst, since it

is amorphous and has the lowest surface area.

The performance of iron-based catalysts is always

lower than that of molybdenum-based catalysts. If the
rate-determining step of this reaction is the heterolytic
dissociation of the alkyl C—H bond, then it is tempting
to ascribe the lower activity of iron-based catalysts to
the lower average oxidation states of iron, i.e. smaller
electrostatic field around the iron active sites. Compar-
ing the performance of impregnated Fea/sihd Fe/M
catalysts (see Fig. 6) shows again that the tubular sam-
ple gives a higher activity. However, in the particulate
sample, there are structural changes of the support in
catalyst preparation. The effect of the support in this
case is less trivial. One needs further studies. We also
observed that the ethylbenzene dehydrogenation ac-
tivity is even lower in Fe-M catalyst with a similar
bimodal pore size distribution. In impregnated cata-
lysts, some of the extra-framework iron species might
have migrated to the framework positions during cat-
alyst preparation or reaction at 5@ Judging from
the poor catalytic performance of FepMatalyst, one

sees that this phenomenon can cause a loss of catalytic (9]

activity in the impregnated catalysts and can also in-
terfere with the effects of a pore system.
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