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Chapter 1 Introduction

1-1 General aspects of molybdenum catalysts

Molybdenum is the element which can possess the formal
oxidation states from -2 to +6 and its coordination numbers are
in the range from 4 to 8. Therefore, molybdenum exhibits exten-
sive variety in chemical properties. As a catalyst, molybdenum
presents also the wide variety in its application. Molybdenum
compounds have been used as industrial catalysts for a lot of
reactions, and most of these catalysts are employed in heteroge-
neous reaction systems. Some representative applications of the
molybdenum catalysts are shown in Table 1. These catalysts are

classified into three catalyst systems;

a) MoO3 supported on other oxides
b) Multicompornent composite oxides
c) Heteropoly acids

Among these three catalyst systems, M503 supported cata-
lysts are most widely used for many kinds of reactions. In the
MoO5 supported catalysts, molybdenum occupies two or three dif-
ferentloxidation states by reduction treatments. Therefore, the
variety in the chemical properties of molybdenum is reflected in
the MoOj supported catalysts more extensively than in the other
two catalyst systems.

In recent years, new molybdenum supported catalysts have
been prepared to clarify what kind of molybdenum species pos-
sesses catalytic activity for an individual reaction. These new
catalysts are prepared by using the different molybdenum com-

pounds or complexes from the molybdates used in the MoO; sup-
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Table 1

Molybdenum catalysts for various reactions

Catalyst -~

" . Reaction

MoOS/AIZO3
Ni-MO/AlZO
etc.

3

B1203-M003
VZOS-MOO3
Fe-Bi-Mo oxides
P-V-Mo oxides

etc.

Heteropoly acids

Hydrodesulfurization
Hydrodenitrogenation
Hydrocracking of parafin
Hydrogenation of olefin
Liquefaction of coal
Isomerization of olefin
Metathesis of olefin
Polymerization of olefin

Ammoxidation of propylene
Selective oxidation of olefin
Selective oxidation of alcohol
Oxidation of aromatics

Hydration of olefin
Dehydration of alcohol
Isomerization of olefin
Selecﬁive oxidation of olefin
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ported catalysts. I review these two types of molybdenum sup-
ported catalysts and refer to the catalytic activity of molybde-

num in an individual reaction in the next section.

1-2 Molybdenum supported catalysts

As mentioned in the previous section, MoO3 supported
catalysts are widely applied to many kinds of reactions. Sup-
porting MoO3 on other oxides which have high surface areas
results in higher dispersion of active molybdenum species. The
other effects of the supports, that is, mechanical and thermal
stabilities, geometrical influence, electronic effect, and so on,
are also expected. The MoO3 catalysts supported on other oxides
are often used with some promoters such as Co, Ni, V, etc. to
increase the activity and selectivity for hydrodesulfurization,
hydrogenolysis[ etc. in petroleum refining processes. However,
the surface molybdenum species on the MoO; supported catalysts
are usually heterogeneous in the oxidation states, particle size,
interaction with supports, etc.. Consequently, there exists
certain complexity in studing the catalytic properties of molyb-
denum when the MoO5 supported catalysts are used.

For the purpose of overcoming this complexity, some
investigators have recently paid their attention to a new class
of molybdenum supported catalysts.; These new catalysts ha?e been
prepared by using some molybdenum complexes or compounds as
molybdenum sources instead of the molybdates which are usually

used for the MoO3 supported catalysts. It has been progressively
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revealed that the new catalysts have many advantages to study the
catalytic properties of molybdenum.

In this section, I review the studies on both‘the MoOg
supported catalysts and the new molybdenum supported catalysts
and point out the differences in the nature of supported molybde-

num species and their catalytic activity for several reactions.

1-2-1 MoO; supported catalysts

First, I refer to the conventional MoO3 supported cata-
lysts. As a support, alumina has been generally used. In addi-
tion, silica, silica-alumina and magnesia supports have been
industrially used, while titania [1] and zeolites [2] have been
adapted as supports to the studies on the catalytic properties of
molybdenum. Adding a promoter may complicate such studies on the
catalytic properties, so that it is difficult to obtain a cle@r
conclusion. I mention hereinafter the preparation, redox be-
havior and characterization of the MoO; supported catalysts,
mainly MoO3/A1203 without any promoters.

MoO3/A1203 catalysts have been usually prepared by using
an incipient wetness impregnation method with the aqueous solu-
tion of ammonium paramolybdate, ( (NHy)gMo05054 ). A certain
amount of the ammonium paramolybdate solution thch corresponds
to the total pore volume of the alumina is added to the alumina
support. Subsequently, the mixture is dried and calcined to
obtain MoO3/A1203. The polyanion of this paramolybdate has a

equilibrium in water;

(4)



MO70246_ + 4H20 b e—— 7MOO42- + 8H+ (1‘1 )

Therefore, the increase in pH results in the degradation of the
polyanion. Jeziorowski and Kndzinger [3] have reported that when
the polymolybdate solution of pPH 6 is used for the impregnation,

the ion exchange occurs on the alumina surface;
Al-OH + Mo04%~ ——  Al-0-MoO3~ + OH™ (1-2)

As a result, the local pH near the catalyst surface increased and
the anion was adsorbed via MoO42’. They have concluded that the
adsorption process of the anion is not so extensively affected by
using the molybdate solutions of various pH.

In order to diminish the change in the local pH in the
impregnation solution, Wang and Hall [4] have prepared molybdenum
supported catalysts by their equilibrium adsorption method using
an excess amount of the dilute aqueous solution of ammonium
paramolybdate. They found that the pH change did not occur so
much during the impregnation, and that the anion was adsorbed via
MoO42' at pH = 8.6, Mb70246' at pH = 2.0 or‘M080264' at pH = 0.8.
Thus they have suggested the possibility to control the degree of
the aggregation of Mo species on calcination, that is, higher pH
prefers less degree of aggregation. However, at the higher pH,
less amount of adsorbed anion causes low loading of molybdenum.

In addition to the pH of the impregnation solution, the
content of molybdenum has some effect on the nature of the sup-

ported Mo species. 2Zingg et al. [5] have reported that the Mo
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species of MoO3/A1203 prepared by the conventional impregnation
method are divided into four types; tetrahedral interaction spe-
cies, octahedral interaction species, A12(M004)3 and MpO3. The
tetrahedral interaction species were the primary species at the
low content of Mo. Below monolayer coverage, the two interaction
species were formed, while abo%e monolayer coverage, both
A12(MOO4)3 and MoO; were identified. Vagin et al. [6] have
proposed three types of Mo species on MoO3/A1203 in view of their
studies on the reduction kinetics. This proposal corresponds to
the result of Zingg et al. [5], since these three species are the
interaction species, A12(M004)3 and MoO3. The structures of
these two interaction species have been reported as follows

[7,81;

\\// \\// NN/ \/

(l)./ \O/ \O —0 MO 0 MO 0 00—
f

AN / \, i\\\\\\\\\?\T

However, these structures may be subject to further discussion,

(1-3)

because the structures of Mo species should depend on the struc-
ture of the alumina surface. Weigold [9] has proposed a surface
attached oligomer model from two findings;

1) The adsorption of molybdate anions occurred through the
interaction between the anions and the hydroxyl groups on
alumina.

2) A significant proportioh of these hydroxyl groups remaining

on the surface of partially dehydroxylated alumina were located

(6)



in rows.

His oligomer modél is represented by the structure below;

/8\4 /\ N

~Mo—0~—= ~Mo /O\Mo

/l I\/I I\/ (1-4)
UNE TN TATTRRRNRAT

where O; is the interstitial oxygen atom located in a vacancy of
alumina layer. He has suggested that molybdenum is strongly
attached through the Mo-0-Mo bond in addition to the Al-0-Mo
bond, and that the (Al-0-),Mo structure does not exist because
the distance between two adjacent Mo atoms in this structure is
too long for the formatién of the Mo-0-Mo bond.

Reduction process is often necessary for the MoO3 supported
catalysts to generate the sufficient activity for some kinds of
reactions. The reduction has usually been carried out at 500 °C
or so with hydrogen. Although a certain/amount of Mo(VI) is
reduced to Mo(IV) during this reduction, all of the Mo(VI) spe-
cies can hardly be reduced homogeneously to Mo(IV) species.
Besides, Mo species with'the oxidation number of less than +4
cannot easily obtained by the ordinal reduction treatment, that
is, a hydrogen treatment at about SOOéC.

Fransen et al. [10] and Millman et al. [11] have reported
that their IR studies indicate‘the formation of new hydroxyl
groups during the reduction of MoO3/A1203. The new hydroxyl band
was attributed to the hydroxyl groups on alumina. This results

led to the suggestion for the reduction mechanism [11];
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\,/ \/ \/
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Mo Mo

(1-5)

Considering the proportion of Mo(IV), Mo(V) and Mo(VI) determined
from XPS spectra, Zingg et al. [5], however, havé reported that
the tetrahedral interaction species formed at low contents of Mo
are reduced not to Mo(IV) but to Mo(V). This is consistent with
the other reports [12,13] that Mo species on the MoO3/A1203 with
low contents of molybdenum (<« 3 wt%) are difficult to -be reduced.
On the other hand, Houalla et al. [14] have measured the surface
.Mq/Al ratio of MoO3/A1203 with a monolayer_covefage (8.1 wt%) and
observed the decrease in this Mo/Al ratio of about 20 % during
the reduction. They.have suggested that the above mechanism (1-
5) can not sufficiently account for their result and that MoO,
crystallites are probably formed.

Thus the reduction of MoO; on supports is rather complex
because the reduction behaviour varies with the content of molyb-
denum. In order to characterize the calcined, reduced or sul-
fided MoO; supported catalysts, a lot of physical method have

been applied. Electron spin resonance (ESR). spectra can provide
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the existence of Mo(V). However, the amount of Mo(V) measured
from ESR spectra was significantly less than that estimated from
the stoichiometric uptakes of H, and O, or from XPS speqtra [15 -
18]. Petrakis et al. [16] have measured both XPS and ESR spectra
of reduced MoO3/AlZO3 and indicated the difference between the

amounts of Mo(V) determined from the two methods, that is, 50

o0

of total molybdenum from XPS spectra and 0.6 % from ESR spectra.
Such a difference has been interpreted by the formation of Mo (V)
pairs which are inactive for ESR [19]. These Mo(V) pairs were
assumed to be formed through Mo-0-Mo bonds [{19] or Mo-Mo bonds
[9]. Thus the application of XPS technigue seems useful to
determine the total amount of Mo(V) if one can adapt the deconvo-
lution instruments for the measured spectra. The results of XPS
studies have indicated that the Mo species with the oxidation
number less than +4 are not formed during the reduction by Hy, at
500°C [5,18] or during the sulfidation of MdO3/A1203 [20].

UV spectra can deté;t the charge transfer from 02~ to Mot
of oxomolybdenum species. Therefore, the UV spectra of calcined
MoO3 supported catalysts measured using a diffuse reflectance
method give the information about the oxygen coordination around
Mo(VI). The oxomolybdenum species with an'octahedral coordina-
tion have given the adsorption bands at 300 - 330 and 230 - 240
nm and those with a tetrahedral coordination at 260 - 290 and 230
- 240 nm [21]. Giordano et al. [7] have reported for MoO3/A1203
that the low loading of molybdenum and the low temperature of
calcination lead to the formation of tetrahedrally coordinated
oxomolybdenum species and that the higher loading or the higher

calcination temperature leads to the formation of octahedral
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species which probably consist in bulk MoO5;. Wang and Hall [22]
have investigated the MoO3/A1203 prepared by their equilibrium
adsorption method and found that the tetrahedral species are
preferably formed when the impregnation solution of higher pH
(8.6) is used. )

Raman spectra and infrared spectra provide some informa-
tionsrabout molybdenum-oxygen bonds. The supports like A1203 and

T in their

S5i0, have intense background absorptions below 1000 cm~
IR spectra. When Mo-0O-Mo bonds exist, the Mo species are likely
to form two or three dimensional aggregates. In the Raman
spectra,ithe bands attributed to Mo-0-Mo bond vibrations appear
at 850 - 700 cm~! (antisymmetric), 600 - 400 cm™! (symmetric) and
250 - 200 cm™! (deformation). Jeziorowski and Knozinger [3] have
reported from their observations on Raman spectra that the
polymerization of the isolated tetrahedral species through the
Mo-0-Mo bridges occurs during drying and calcination of the
molybdates impregnated on alumina. They found that the degree of
this polymerization depended on the Mo content and the tempera-
ture of calcination. These results are consistent witthhe uv
studies by Giordano et al. [7]. On titania supports, as long as
the loading was below a monolayer coverage, no Raman band at-
tributed to MoO3 was observed when the catalyst was prepared by
the incipient impregnation method [1-B].

Iﬁ recent years, extended X-ray absorption fine structure
(EXAFS) has been applied to solid catalysts. It provides the
local structure of any atom in amorphous materials. Clausen et

al. [23] have measured the EXAFS of Mo atoms in calcined and
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sulfided MoO3/A1203. In the Fourier transforms of these EXAFS,
there appeared only one peak (R = ca. 1.73 A) with the calcined
sample and two peaks (R % ca. 1.90, 2.86 A) with the sulfided
sample. They have suggested that the Mo species beforebsulfida-
tion have a highly disordered structure and that the ordering
takes place to form MoS, like structure during the sulfidation.
Thus a lot of studies have been performed with various
MoO4 supported catalysts. However, a lot of ambiguity about the
nature of molybdenum remains unsolved. For the detailed study on
the catalytic properties of molybdenum, the MoO5 supported cata-
lysts have three disadvantages as follows;
(D) The surface Mo species are heterogeneous. Three or four
kinds of species coexist and their proportion changes in relation
'fo the impregnation condition and the content of molybdenum.
2) The aggregation of molybdenum occurs through the formation
of Mo-0-Mo bonds. |
3) The oxidétion state of molybdenum canﬁgt be altered widely.
It is difficult to obtain the molybdenum species with the oxida-
tion number less than +4.
In order to overcome these disadvantages, new type molybdenum

supported catalysts have been expected to be developed.

1-2-2 New molybdenum supported catalysts

To clarify the catalytic properties of molybdenum, some
new molybdenum catalysts have been investigated.' These catalysts
have been prepared by using molybdenum complexes or compounds

instead of the molybdates which are used for the preparation of
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the MoO; supported catalysts. I review the new molybdenum cata-
lysts, dividing this section into three parts, that is, the first
part for the catalysts from MoClg, the second from molybdenum "w-
allyl complexes, and the third from Mo(CO)6.
(Aa) Molybdenum cat;lysts prepared from MoClg

Dai and Lunsford [24] have prepared molybdenum supported
Y-type zeolites by using a solid-solid cation exchange between
MoClg and HY or ultrastable HY zeolites. MoClg was mechanically
mixed with the zeolite followed by heating in flowing He at
400°C. During the mixing in air much of the MoC15 was trans-
formed into MoOCl, and the following reaction occurred by the

heat treatment;
MoOCl, + 4 Si-OH —> (8i-0-)4MoO + 4 HCL (1-6)

From the XPS spectra, they found that Mo(VI) was the main Mo
species and that molybdenum was not concentrated on the outer
surface of the zeolite crystallites. From X-ray diffraction
.studies, not so severe destruction of the zeolite framework
sﬁructure.ﬁas found to occur, and they have suggested that molyb-
denum is located at the cation exchange site of Sr1-

Johns and Howe [25] have prepared molybdenum supported
mordenites by‘the vapour phase adsorption of MoClg into H-morde-
nite. The'MoClS vapour was introduced into the dehydrated H-
mordenite and the mixture was subsequently heated to decompose
MoClg. After the decomposition at 100°C, about 30 % of the total

molybdenum was detected as Mo(V) in ESR spectra. They have
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inferred that the other Mo species are Mo(V) dimers inactive for
ESR. The maximum content’ of molybdenum corresponded to 6 wt$ of
Mo. The Mo species seemed to be located in the side pockets of
the mordenite because the adsorption capacity of the mordenite
did not change significantly.

These two molybdenum supported zeolites have the advantage
to limiting the aggregation of molybdenum, if the Mo species are
distributed at the specific sites within the zeolite pores.
However, it seems difficult to control the oxidation state of
molybdenum widely, since the oxidation number of molybdenum in
the starting materials is high (+5 and +6) like MoO3 supported
catalysts.

(B) Molybdenum catalysts prepared from m-allyl complexes

The SiO,-supported molybdenum catalysts have been prepared
by a ready reaction between molybdenum m-allyl complex and
surface OH groups of the supports [26]. The pentane solution of
Mo(w—C3H5); was added to the precalcined Si0, under argon atmo-
sphere at 20°C. Through the reaction as described below, molyb-

denum was .supported on Si0, surface;

~c ~ o '
>si—oOH >35i—0 C.H
’ + Mo(m-CgH.), —> L Pilg 55 4+ 2 CaHg (1-7)
=Si— OH =5i—07 TC,H,

Additional H2 treatments and 02 treatments converted the Mo

species as follows [261];
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0 2+ 0°C 0
~ H 2, 4'*'
2 ~
_Mo(C.Hc), 5 _Mo=0
H2,600 c NgY

6+ 0

&
MoQ§O (1-8)

0,,300°C 0

~
. Hp,450°C Y0~

Individual steps were determined from the amount of H, or O,
consumed during each step by the volumetrical measurements. In
the case of alumina supports, molybdenum was supported in the
same manner as silica supports except that the reduction of
Mo(VI) directly converted it into Mo(II) [27]. Among above Mo
species, Mo(VI) species were characterized as follows;
a) Mo 3d5/2 binding energies observed in XPS spectra were
higher than 232.6 eV indicating the existence of Mo(VI) [27].
b) The IR band at 916 cm~! was attributed to the tetrahedral
Mo(VI) species with two terminal 02" [28].
c) From the photolumin;scence study, there existed only one
kind of emitting Mo(VI) species, while two different emitting
Mo(VI) species were found in MoO3/SiOZ prepared by the conven-
tional impregnation method. This result indicates that the
Mo(VI) species prepared from Mo(w-C3H5)4 are homogeneous [27].
In this catalyst system, molybdenum is supported via the
reaction between the m-allyl complex and the surface OH groups of
the support. Consequently, it is suggested that rather high and
homogeneous dispersion of molybdenum 1is obtained. In addition,
the oxidation state of molybdehum could be easily altered down to
Mo(II). However, the homogeneity of the Mo species may be re-

duced at the higher content of molybdenum.
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Iwasawa et al. have prepared the supported Mo-pair cata-
lysts using Moz(n—C3H5)4 as a molybdenum source and alumina‘[29]
or silica [30] as a support. Molybdenum was supported by the
reaction between the complex and the support in the similar
manner to the prepafation process of the mononuclear catalysts
from Mo(ﬂ—C3H5)4. In this reaction, one complex molecule reacted
with four adjacent OH groups on the support to form a Mo-pair
with a Mo-Mo distance of ca. 3.3 A, which was estimated from the
EXAFS studies. Similar oxidation and reduction procedures which
were carried out on the mononuclear catalysts produced reversibly
Mo(II), Mo(IV), Mo(V) and Mo(VI). From the UV spectra and EXAFS

study, they proposed two different structures for Mo(IV) and

Mo(VI);
n u 0
Mo (IV) MO<O>M0 (1-9)
/ \ / \ / \ /7 \
e ¢ 9 9
\\\\\\\\\\\\\\\ TR
o o0 0 0
| N7 N\ / \
Mo (VI) /Mo\ /Mo< N o<o>/Mo// (1-10)
| S A 9/ \9 9 \9
AR ANNNRNNNNNNRNNGN

(C) Molybdenum catalysts prepared from Mo(CO)g

The preparation of molybdenum supported catalysts from
Mo(CO)6 aﬁd A1203, SiOZ, Zn0, MgO or Y zeolites have been
reported. The methods for the preparation of these catalysts
involve two processes, that is, the attachment of Mo(CO)6 on the

support and the decomposition of the attached Mo(CO)6. Two
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procedures have been adapted for the first process;

a) The impregnation procedure with benzene or pentane solution
of Mo(CO)g.

b) The adsorption of Mo(CO)6 on the support by contacting
Mo(GﬂG vapour. )

IR spectra of the adsorbed Mo(CO)6 had some additional bands to
those observed for gas phase Mo(CO)g, which indicated the exis-
tence of the adsorbed species strongly interacting with the
supports [31,32].

The procedure for the second process, that is, the decom-
position of the attached Mo(CO)g, has been performed by heating
in vacuo or in flowing He or H,. The heat treatment at 100 -
150°C produced the relatively stable subcarbonyl species. The
adsorbed subcarbonyl, Mo(CO)3 (ads), was proposed to be the
stable subcarbonyl onHA1203 [32 - 35] or ZnO [36] from IR studies
or the measurement of the eliminated CO. On HNa-Y zeolites,
Mo(CO),4 (ads) was proposed as the subcarbonyl species [2)37,38].
Abdo and Howe ([39] have reported from ESR studies that subcarbon-
vyl species with the dimer structure, Mo,(CO)qq + are also con-
tained in Mo/HNa-Y. However, on SiO, supports, no stable subcar-
bonyl was detected [40 - 43].

These subcarbonyl species were reversibly converted into
Mo(CO)6 (ads) by contacting with CO gas [34])]. However, there
occurred the irreversible decomposition of the subcarbonyl spe-
cies at the higher temperature. H, and methane were formed
during this irreversible decomposition. Thevefore, it has been

considered that the oxidation of molybdenum by the surface hydro-
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xyl groups of the support takes place as follows [33,37,421;
Mo(CO)g + n(-OH) ——> (-0-),Mo"* + (n/2)H, + 6CO  (1-11)

The IR absorption bands due to the surface OH groups decfeased in
intensity during this decomposition, which was also the evidence
for the reaction (1-11) [32,37]. The oxidation state of Mo"*
formed on the support has been reported by severai investigators.
In the case of alumina supports, the oxidation state estimated
from the amount of H, formed during the decomposition varied with
the decomposition temperature [33]. When the alumina dehydroxyl-
ated at 950° was used as a support, the average oxidation number
of molybdenum which was determined by an O, titration method was
+0.3 [44]. 1In this catalyst, Mo(0) atoms were thought to aggre-
gate on Mo(II) to form a cluster of about 40 A in diameter. Whan
et al. [45] have measured the XPS spectra to determine the oxida-
tion state of molybdenum. They found that the binding energy of
Mo 3d5/2 shifted to the Higher region by about 1 eV during the
decomposition of Mo(CO)6. This is the evidence of the oxidation
of Mo(O),'but they did not refer to the oxidation number of Mo
after the decomposition. Abdo and Howe [39] have detected a
significant amount of Mo(V) by ESR technique after the decomposi-
tion of Mo(CO)6 on HNa-Y zeolite, but no Mo(V) was detected when
Na-Y zeolite was used as a support. They have suggested that
molybdenum supported on Na-Y zeolite is not oxidized readily.
Thus.it has been possible to vary the oxidation state of
the supported molybdenum widely using the m-allyl complex or
Mo(CO)6 as a molybdenum source. 1In addition, the high dispersion

of molybdenum can be obtained because the Mo species are sup-
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ported through the reaction between the complex and the support.
Consequently, the new molybdenum supported catalysts prepared
from the molybdenum complexes seem to be better catalysts for the
study on the catalytic properties of molybdenum than the conven-

tional MoOj supportea catalysts.

" 1-2-3 Catalytic reactions on molybdenum supported catalysts

The catalytic properties of molybdenum have been studied
with the various molybdenum supported catalysts mentioned in the
previous section (1-2-2). The new catalysts . prepared from the
molybdenum complexes are revealed to have higher activity than
that of the conventional MoO3 supported catalysts for several
reactions. The oxidation state of the active Mo species for
these reactions has been investigated. 1In this section, I refer
to what kind of Mo specieé are active for each reaction.
(A) Olefin metathesis

Since the metathesis of olefin was reported first by Banks
and Bailey [46] with Mo(CO)6/A1203 catalysts, many investigations
have been performed on various molybdenum supported catalysts.

In the case of MoO3/A1203, the reduction of calcined
- catalysts has generated the activity for the propylene metathe-
sis. Nakamura et al. [47] have reported that the reduction of
Mo(VI) to Mo®* (n<5) causes the higher activity compared with the
parent Mo(VI). However, the oxidation state of the active Mo
species was not determined clearly, probably because the surface

Mo species were rather heterogeneous. Hardee and Hightower [48]
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have measured the amount of NO which is necessary to'poison
completely the reduced Co-Mo/Al,05. They found that at most 14 %
of the total molybdenum was the active site. The similar result
has been reported by Giordano et al. [49]. They have studied the
relation between the Mo(V) ESR signal and the activity for
propylene metathesi; by using the reduced MoO3/A1203 and sug-
gested that the active site is a Mo(V) pair whose structure is
[OMo-0-Mo0 14+,

Many investigations have been carried out also on the
catalysts prepared from Mo(CO)g. On the whole, these catalysts
are more active than the MoO5 supported catalysts. For example,
Howe and Kemball [50] have reported that the catalyst prepared by
the decomposition of Mo(CO)6/8102 at 200°C is about 200 fold as
active as Co—Mo/A1203 catalysts for the propylene metathesis.
Howe et al. [41] have found that the completely decarbonylated
species on alumina are more active for the propylene metathesis
than the subcarbonyl species. -In the case of the silica support,
the complete decomposition of Mo(CO)g also generated the high
activity. Addition of oxygen 6ﬁto the decomposed speciesAcaused
the significant increase in activity with alumina as a support
and the drastic decrease in activity with silica as a support.
From these results, they have proposed that the active site for
propylene metathesis is not Mo(0) but the Mo species of some
higher oxidation state. In the case of a ZnO support, the com-
plete decomposition of Mo(CO)6 generated the activity for a cross
metathesis of cis—2—butene—d0 and cis-2—butene—d8, which indi-
cated that the active Mo species were some oxidized ones [36].

Brenner et al. [43] have found that the maximum metathesis
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activity is obtained at 140°C when the temperature pfogrammed
decomposition (TPDE) of Mo(CO)6/8102 is performed in flowing
H2/C3H6 mixture. In the TPDE experiment with flowing He, the
rate of H, formation which resulted from the oxidation of molyb-
denum reached the ﬁeximum at 200°C. Consequently, the maximum
activity was generated at the early stage of the oxidation of
molybdenum, and the further oxidation led to the decrease in
activity. They proposed the Mo(II) species to be the active
site. On the other hand, Howe and Kemball [50] have proposed
that the Mo(III) species is the active site because the most
active catalyst prepared from Mo(CO)6/SiOZ exhibits the most
intense IR absorption bands attributed to Mo3+(NO).

Thus the studies on the catalysts which consist of the Mo
species in low oxidation states prepared from Mo(CO)6 have re-
vealed the possibility that Mo(II) or Mo(III) is the active
species for olefin metathesis in addition to Mo(IV).

In the case of the catalysts derived from w-allyl com-
plexes, it has been reported that Mo(IV) species, especially
Mo(IV) with two 0-allyl groups, are the most active for propylene
metathesis [51,52]. In contrast with the results for the cata-
lysts prepared froﬁ Mo(CO)6, Mo(II) and Mo(III) were much less
active than Mo(IV). The dimer species prepared from the dinu-
clear complex were less active than the monomer species, and the
activity also altered with the kind of supports (two types of
silca or alumina).

(B) Olefin hydrogenation

Such metal catalysts as Ni, Pd, Pt, etc. are generélly
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used for the hydrogenation of olefin, while among oxides, Cr,05
is known to be active. Molybdenum coﬁtaining catalysts are not
so much active as these catalysts. However, the studies of the
olefin hydrogenation on molybdenum supported catalysts have been
performed by many workers to know the catalytic propérties of
molybdenum.

From the studies on MoO3/A1203 catalysts, the activity for
propylene hydrogenation usually increases with increasing the
extent of reduction. Millman and Hall [53] have found that the
hydrogenation activitj of the reduced MoO3/A1203 is in proportion
to the amount of chemisorbed oxygen at -78°C. Because the chemi-
sorption of oxygen was believed to occur at the coordinatively
unsaturated site (CUS) on Mo(IV), they have proposed that this
CﬁS on Mo(IV) is the active site for propylene hydrogenation.
Hall and Millman [54] and Lombardo et al. [55] have measured the
amount of NO which completely poisons the hydrogenation of pro-
pylene. They~have suggeéted that a few péfcent of the total
molybdenum is the active site.

For the hydrogenation of ethylene, the activity increased
also with increasing the extent of reduction on MoO3/A1203, so
that the CUS on Mo(IV) was believed to be the active site [56].
While for the hydrogenation of cis-2-butene, the reduction of
Mo(VI) in MoO3/8-TiOZ to Mo(IV) generated the activity, and
further reduction increased this activity [1-A]. This indicates
that the Md species with the oxidation number of less than +4 is
the active site.

In the case of the catalyst prepared ffom Mo(CO)6, the

activity for the ethylene hydrogenaton reached the maximum when
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Mo(CO)6 adsorbed on alumina was decomposed‘at 200 - 300°C in
flowing HZ/C3H6 mixture [57]. In this temperature range, parts
of the CO ligands were eliminated. Above 300°C, the oxidation of
molybdenum occurred, which was evidenced by the formation of
hydrogen. It has been considered that the subcarbonyl species
which is not oxidized at all is the active site.

In the case of the catalysts prepared from the mT-allyl
complexes, Mo(II) species, especially with dimer structure, ex-
hibited the higher activity than the Mo species whose oxidation
numbers were +4 or +6 [58]. The initial activity of this most
active catalyst was 10 fold as higher as MoO3/SiOZ catalysts
prepared by the conventional impregnation method. It has been
concluded that the active site is Mo(ITI).

Thus in any kind of molybdenum supported catalysts, the
lower oxidation state of molybdenum leads to the higher activity
for the hydrogenation of olefin. -
(C) Ethylene polymerization

For the polymerization of ethylene, the studies by using
reduced MoO3/AlZO3 catalysts have been reported. Morris et al.
[59] have measured the amount of Mo(V) from the ESR spectra and
found that the activity increases with increasing the amount of
Mo(V). They have proposed that the Mo(V) species are the active
sites. Hashimoto et al. [60] have also measured the ESR spectra
and identified three different Mo(V) species on the reduced
MoO3/A1203. The activity for the ethylene polymerization was
measured with the catalysts of various Mo contents and of various

extents of reduction. The activity was in good correspondence
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with the ambunt of the specific Mo(V) which was soluble in water.
This Mo(V) species were believed to be the active site for the
ethylene polymerization.
(D) Miscellaneous reactions

It has been ;eported that the catalysts derived from
Mo(CO)g are active for the methanation. Brenner and Hucul [42]
have measured the methanation activity of the catalyst prepared
by the decomposition of Mo(CO)6/A1203 at about 200°C. This acti-
vity was about 1000 fold as active as that measured after the
oxidation to Mo(VI) and was about 20 fold as active as that
measured after the additional reduction on the Mo(VI). When
alumina dehydroxylated at 950°C was used as a support, the ini-
tial activity was higher than the activity measured by using
partially dehydroxylated alumina as a support [44]. The active
species for the methanation were suggested to be the molybdenum
in low oxidation states.

- In the case of the hydrogenolysis of propane, the éatalyst
prepared from Mo(CO)6 and highly dehydroxylated alumina exhibited
the high activity [61]. The Mo species in low oxidation states
were believed to be the active species as in the case of the
methanation. MoO; supported catalysts, especially with Co as a
promoter, are used for the hydrodesulfurization. To generate the
activity, these catalysts are usually sulfided with HyS, CS,,
thiophene, etc.. Therefore, the active species are thought to be
Mos, crystallites or a kind of molybdenum oxysulfides which are
different from the active species for the reactions mentioned
previously in this section.

As described above, the different Mo species are proposed
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to be the active site for the same reaction when the different
kind of catalysts are used. Therefore, any definite conclusions
have not been drawn as to what is the active site for each reac-
tion. Generally speaking, however, the new type catalysts pre-

pared from molybdenum complexes seem more active than the con-

ventional impregnation catalysts such as MoO3/A1203.

1-3 Purpose of this study

As mentioned in the previous sections, in order to clarify
the catalytic properties of molybdenum, many studies on the
nature of some new type molybdenum supported catalysts have been
performed in addition to those on the conventional MoO; supported
catalysts. These new catalysts generally exhibits higher activi-
ties for many reactions than the conventional catalysts. Be-
sides, the conclusion as to the active Mo species differs with
the kind of the catalysts used in the studies. I consider that
this difference results from four reasons as follows;
1) The range of the oxidation state of molybdenﬁm which can be
contorolled by changing the preparation conditions varies with
the kind of catalysfs.
2) The dispersion of molybdenum varies with the preparation
conditions as well as with the kind of catalysts.
3) The chemical and morphological nature of the surface varies
with the kind of supports.
4) . Several differeﬂt Mo species often coexist in a catalyst.

In order to obtain the clear conclusions as to the catalytic
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properties of molybdénum, it is important to choice a molybdenum
source and a support taking account of the effects which are
induced by these reasons.

In this study, taking account of the oxidatibn state
(reason 1), I used Mo(CO)g as a molybdenum source which has a
certain advantage in varing the oxidation state of molybdenum
widely because it consists of Mo(0). In addition, the dispersion
of molybdenum (reason 2) is expected to be high because the
molybdenum is supported through a reaction between Mo(CO)6 and
the surface of the support. It is also expected that homogeneous
Mo species (reason 4) can be obtained by controlling this reac-
tion.

I used Y-type zeolite as a support. Zeolites have some
definite framework structure, so that the nature of the surface
is not so complicated as that of amorphous oxides (reason 3).
The high dipersion of molybdenum is likely to be obtained because
the framework structure of zeolites consists of sméll and uniform
pores. Usually, transition metal cations can be anchored in the
framework of éeolites by ion exchange methods with agueous solu-
tions of the metal salts. HoweVer, molybdenum is unstable in a
cationic form in water, so that ordinary ion exchange methods
with aqueous solutions cannot provide molybdenum supported zeo-
lites. The only exception using an aqueous solution of
Mo,(en)yCl, (en: ethylenediamine) has been reported [38,62].
However, thé preparation in the presence of water may result in
the oxidation of molybdenum, so that the Mo spesies in low oxida-
tion state can hardly be formed by this method. Another example

of the ion exchange is the method using a solid-solid cation
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exchange with MoC15 and H-Y zeolite [24]. Because Mo(V) was used
as a molybdenum source, only the Mo species of high oxidation
states were obtained. |

The preparation method of molybdenum supported Y zeolite
from Mo(CO)g and HNa-Y has been reported by Gallezot et al. [37].
The characterization of Mo/HNa-Y zeolites prepared by this method
has been performed [31,38,39]. However, the catalytic properties
of the supported Mo species have not been investigated, so that
the relation between the nature of the Mo species and their
catalytic activity are not clear.

In this study, I preéared molybdenum supported Y zeolites
(Mo/HNa-Y) by using Mo(CO)6 and HNa-Y zeolites, and carried out
some experiments and discussion with two purposes as follows;

1) To prepare the Mo species of various oxidation states and

‘make them clearly defined species through some characterizations.

2) Toclarify the relation between the nature of the Mo species

and their catalytic}activity for some rections.
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Chapter 2 Preparation of Mo/HNa-Y

2-1 Introduction

The preparation of molybdenum supported Y zeolites ueing
Mo(CO)6 as a molybdenum source has been reported by Gallezot et
al. [1]. They adsorbed Mo(CO)6 on HNa-Y zeolite by contacting
HNa-Y with the Mo(CO)6 vapour, and subsequently decomposed the
adsorbed Mo(CO)6 by heating in vacuo to form the Mo/HNa-Y zeo-
lite. The similar method has been adapted with alumina supports
[2]. The other method using Mo(CO)6 is the impregnation method
with an organic solvent such as pentane as mentioned previously
on alumina supports (1-2-2). When the characterization of the
supported molybdenum is carried out with an in situ technique,
the impregnation method sometimes cannot be applied, since the
use of solvents is prohibited in many kinds of spectroscopic
instruments. The preparation using the adsorption of Mo(CO)6 in
vacuo ie preferable from ;his point of view and is advantageous
to preventing the catalyst from hydrocarbon contaminations.

Taking into account these considerations, I prepared the
molybdenum supported HNa-Y zeolite (Mo/HNa-Y) using the adsorp-
tion of Mo(CO)g. The preparatioﬁ procedure was designed based on
that reported by Gallezot et al. [1]. 1In this ehapter, I discuss
the details of the preparation of Mo/HNa-Y and the loading behav-

iour of molybdenum on HNa-Y zeolites.

(32)



2-2 Experimental
2-2-1 Materials

Na-Y zeolites (Toyo Soda Ind. Co., Lot Y-30; unit cell
composition: Na49‘5Al49_SSi142_50384~233H20) were treated with
NH,Cl agueous solution to form NHyNa-Y. After calcination at
470°C in air, H(x)Né—Y was obtained, where x is the percent
degree of proton exchange. Na-Y was washed with pure water,
followed by drying at 120°C in air. Table 2 shows the conditions
of NH4+ exchange and the specific surface areas of H(x)Na~-Y with
x of 0 - 82 %. The content of sodium in H(x)Na-Y was determined
by flame emission spectroscopy.

Mo(CO)é (Soekawa Chemical Co. Ltd.) was used without
further purification.
2-2-2 Preparation of Mo/HNa-Y

The preparation procedure of Mo/HNa-Y zeolites which was
designed based on the procedure reported by Gallezot et al. [1]
is as follows. A specific amount of HNa-Y placed in a quartz
tube was heated in vacuo at various temperatures to yield dehy-
drated HNa-Y. The desired amount of Mo(CO)g waS'addéd to the
_dehyérated HNa-Y under nitrogen or argon atmosphere. After the
nitrogen or argon was pumped out for 20 s, the tube was put in a
thermostatted oven at 60°C and allowed to stand for 15 h to
adsorb Mo(CO)6 on HNa-Y. Mo/HNafY was obtained by heating
Mo(CO)6/HNa—Y in vacuo at various temperatures.

The content of-molybdenum in the Mo/HNa-Y was determined
by atomic absorption spectroscopy.
2-2-3 Infrared spectroscopy

Infrared spectra were measured with Mo/HNa-Y prepared by
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using a self-supporting wafer of HNa-Y as a support. The HNa-Y
wafer was placed in the quartz IR cell with KBr windows. The
Mo/HNa-Y sample was prepared in situ from the HNa-Y wafer and
Mo(CO)6. The IR spectra were measured at room temperéture in
each stage of the préparation on the Hitachi EPI G3 spectrometer.
2-2-4 Temperature programmed decomposition

Temperature programmed decomposition of Mo(CO)6 adsorbed
on HNa-Y zeolite was carried out with a vacuum system, Mo(CO)g
/HNa-Y was heated in vacuo from 25 to 500°C at a heating rate of
2°C/min. CO (m/e = 28), Ho (m/e = 2) and methane (m/e = 15)
evolved during this heat treatment were monitored on the quadru-
pole mass spectrometer (ULVAC, MSQ-150A).

2-2-5 X-ray photoelectron spectroscopy (XPS)

The Mo/HNa-Y samples for X-ray photoelectron spectroscopic
studies were prepared by using HNa-Y tablets. The loading of
molybdenum and subsequent treatments were carried out in a Pyrex
tube and the sample was then sealded in'vacuo. The sample tablet
was placed in the sample holder of the XPS apparatus under argon
atmosphere. XPS spectra of Mo 3d and Si 2p regions were measured
on the Shimadzu ESCA 750 spectrometer with Mg K3 2 X-rays (1253

eV) used as the exciting source.

2-3 Results and discussion
2-3-1 Adsorption and decomposition of Mo(CO)g4

Mo(CO)g is a volatile solid and has the vapour pressure of
about 0.08 torr at room temperature [3]. Keeping the mixture of

Mo(CO)6 and the dehydrated HNa-Y in vacuo caused the adsorption
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of the volatilized Mo(CO)6 molecules on HNa-Y. The IR study was
performed to observe the adsorbed Mo(CO)g molecules. The result
is shown in Fig. 1 (b). Intense absorption bands attributed to
the CO Stretching vibration appeared at 1900 - 2000 cm~'. The IR
spectra of gaseous Mo(éO)6 exhibited an intense band at 1996 cm'1
and two shoulders at 2080 and 1971 cm_1. The spectrum of the
Mo(CO), adsorbed on HNa-Y was slightly different from that of the
gaseous molecules. Therefore, the Mo(CO)6 molecules are thought
to be adsorbed strongly. In fact, the desorption of Mo(CO)g was
scarcely occurred at room temperature, which implies also the
strong interaction between Mo(CO)6 and HNa-Y. Abdo and Howe [4]
have measured the IR spectra of Mo(CO)G/HNa—Y after the evacua-
-tion at various temperatures. They found the chemisorbed Mo(CO)6
in addition to the physisorbed Mo(CO)g. Their findings of the
chemisorbed species are consistent with my proposal that Mo(CO)6
is adsorbed strongly.

Decomposition of Mo(CO)6/HNa~Y at 100?C led to the change
in the spectrum (Fig. 1, c). This subcarbonyl species may be
Mo(CO)3 (ads) taking into account the results of the temperature
programmed decomposition of Mo(CO)G/H(36)Na-Y mentioned later in
this section. The further decomposition at BOOéC resulted in the
disappearance of all carbonyl bands and.the spectrum became
similar to that of Fig. 1 (a). This indicates that Mo(CO)g is
completely decomposed up to 300°C. Gallezot et al. [1] have
measured the amount of CO evolved dﬁring the decomposition of
Mo(CO)6/HNé—Y and reported that six CO molecules per Mo atom are

desorbed up to 300°C. This result is consistent with the result
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Fig. 1 IR spectra of Mo(C0)g/H(82)Na-Y

a: H(82)Na-Y dehvdrated at 300°C for 2 h
b: Mo(CO); was added to sample g

c: Sample b evacuated at 100°C for 10 min
d: Sample ¢ evacuated at 300°C for 1 h
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of my IR study.

In order to clarify the decomposition process further,
temperature programmed decomposition (TPDE) of Mo(CO)6/HNa~Y was
carried out. The TPDE curves of Mo(CO)6/H(36)Na—Y are shown in
Fig. 2. The curve for CO desorption had two peaks (Pq, P2),
while the curve for the evolved H, or methane had a sharp peak
(Q1 or Rq) and a broad peak (Q, or RZ) at higher temperatures.
The decarbonylation began at about 50°C and was almost completed
at about 300°C. This result is in agreement with that from the
IR study. At the temperature around the peak Py, a significant
amount of H, was not formed and only CO was evolved. The two
clearly separated CO peaks indicate that parts of the CO ligands
are desorbed to form a rather stable subcarbonyl species,
Mo(CO),. Peak areas of the two CO peaks (P4 and P,) were nearly
equal to each other, so that the subcarbonyl species is con-
‘sidered to be Mo(CO)3 (see Fig. 1, c¢). The formation of H2 began
at about 120°C and the formation curve reached the maximum at
about 165°C (peak Qq) accompanied with the other CO peak (P2).
In the case of the thermal decomposition of Mo(CO)g adsorbed on
alumina or silica [5] and HNa-Y [1], it has been reported that
the hydrogen is formed as the result of the oxidation of molybde-
num b&lthe surface hydroxyl groups of the supports. This oxida-

tion ié expressed as follows;
Mo(CO), + n(-OH) — (-0-) Mo™" + =xCO + (n/2)H, (2-1)

It is Suggested that such an oxidation of molybdenum occurs above

120°C. In addition, a certain amount of methane was formed (peak
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Fig. 2 Temperature programmed decomposition of
Mo(C0)s adsorbed on H(36)Na-Y

Dehydration temperature of H(36)Na-Y: 400°C
Mo content: 2 Mo-atoms/supercage
Heating rate: 2 °C/min
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R1) at the similar temperature to that of the H2 formation. This
methane is produced through the reactions between H, and the CO
ligand or the desorbed CO. These reactions can be expressed as

follows [61];

Mo(CO), + 2H, — MoO(CO),_q + CHy (2-2)

(-0-) Mot &+ €O + 2H, —> (-0-) Mo(P*2)*0 + cm, (2-3)

Though H,0 is possibly formed in these reactions, the H,0 mole-
cule is probably consumed to oxidize molybdenum. In‘any case,
both reactions also cause the oxidation of molybdenum. At a
higher temperature than that of peak P,, the CO curve decreased,
but the curve for H, formation had a broad peak at about 250°C.
This indicates that further oxidation of molybdenum occurs after
Cco ligahds are completely eliminated. This oxidation lasted
above 300°C. A small amount of methane formed in the similar
temperature range is probably generated from some strongly ad-
sorbed CO.

Since the decomposition of adsorbed Mo(CO)6 occurs with
the concomitant oxidation of molybdenum by the.hydroxyl groups of
HNa-Y, the proton concentration of HNa-Y may affect the decompo-’
sition behaviour. Using four H(x)Na-Ys (x = 14, 36, 65 and 74)
and Na-Y as supports, I obtained the TPDE curves of the adsorbed
Mo(CO)g. Figure 3 shows the profiles of CO desorption. With
increasing ﬁhe degree of proton exchange, Py peak shifted to
lower temperatures and the separation between Py and P, peaks got

ambiguous. This indicates that the subcarbonyl species are the
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Fig., 3 CO desorption profiles during temperature
programmed decomposition of Mo(CO)s/Y zeolites

Dehydration temperature of Y zeolite: 400°C
Mo content: 2 Mo-atoms/supercage
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Fig. 4 H, formation profiles during temperature
programmed decomposition of Mo(CO)G/Y zeolites

Dehydration temperature of Y zeolite: 400°C
Mo content: 2 Mo-atoms/supercage
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léss stable on HNa-Y with the higher proton concentration.

The formation of Hy during the TPDE of the samples in Fig.
3 is described in Fig. 4. With increasing the degree of proton
exchange in Y zeolites, Qq peak shifted to lower temperature as
observed for the P, péak in Fig. 3.' This indicates that molybde-
ﬁum is oxidized at the lower temperatures on HNa-Y with the
higher proton concentration. It is found that the surface OH
groups with the higher concentration promote the reaction (2-1).
Theréfore, the subcarbonyl species is easily decomposed on the
HNa-Y with the higher proton concentration as observed in Fig. 3.
In addition, the Q, peak also shifted to the lower temperature
région with increasing the degree of proton exchange, which
ind;cates that the oxidation after the complete decomposition of
subcarbonyl species is also promoted by the higher concentration

of the OH groups.

2-3-2 Loading of molybdenum

It has been reported that Mo(CO)6 is adsorbed in the
supercage of dehydrated HNa-Y zeolite [1]. The supercage is the
largest space in the porous structure of Y-type zeolites, having
the diameter of about 13 A and the aperture of about 8 A,
Mo(CO)g molecules have a molecular diameter of about 6.4 A esti-
mated from the bond lengths of Mo-C and C-0. Consequently, it
seems easy for a Mo(CO)6 molecule to enter a supercage. However,
the number of the Mo(CO)6 molecules which can simultaneouély

enter one supercage seems to be very small. Based on these
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inferences, I measured the content of molybdenum in Mo/HNa-Y
prepared from various amounts of Mo(CO), to clarify the loading
behaviour.

Figure 5 shows the relation between the amount of added
Mo(CO)6 and that of supported molybdenum after the decomposition
of adsorbed Mo(CO)g. It is clear that the wholé amount of the
added Mo is supported on the HNa-Y, up to 1 Mo atom per supercage
of Y zeolites (1 Mo-atoms/supercage), irrespective of the degree
of proton exchange in Y zeolites. When H(82)Na-Y was used as a
support, the content of molybdenum was restricted to. this level,
while in the case of H(36)Na-Y and NafY,’the content linearly
increased up to 2 Mo-atoms/supercage (which corresponds to about
9.5 wt% Mo). When H(14)Na-Y, H(65)Na-Y and'H(74)Na-Y were used
as suppérts, the maximum contents of Mo were 2.0, 2.0 and 1.9 Mo-
atoms/supercage, respectivély. These results indicate that no
more Mo(CO)6 molecules can adsorb in the supercage which pre-
viously adsorbed two Mo(CO)6 molecules and that the amount of
supported molybdenum is independent of the concentration of
protons on the zeolite, except for the H(82)Na-Y.

The specific surface area of the H(82)Na-Y was certainly
small compared with the other HNa-Y (see Tabie 2), which can be
explained by the partial destruction of the framework structure
of the H(82)Na-Y zeolite. Therefore, the decrease in the maximum
content of molybdenum may result partly from a decrease in the
concentration of supercages:—Thusthe maximum amount of sup-
ported molybdenum is determined by the saturated amount of ad-
sorbed Mo(CO)6 which is the only function of the relation between

the size of Mo(CO)g molecules and the diameter of the supercages.
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It is found that once the Mo(CO)g molecules are adsorbed in the
supercage, all of the Mo atoms are supported on zeolites by
heating in vacuo without the sublimation of the adsorbed Mo(CO)g.

After decomposing Mo(CO)6 to remove bulky CO ligands, the
space in the supercag;s nearly equal to that of the parent HNa-Y
may be regenerated. Consequently, it seems possible that addi-
tional‘Mo(CO)6 molecules are adsorbed in this regenerated space.
I added Mo(CO)g to the Mo/HNa-Y with the content of 2 Mo-atoms/
superéage. The results are shown in Fig. 6. The solid line
represents the calculated value when all of the added Mo is
supported on HNa-Y. The numbers in parentheses represent the
number of adsorption-decomposition cycles repeated on the same

sample. It is found that additional molybdenum is indeed sup-

ported on the Mo/HNa-Y, and that the increase in the molybdenum

content permitted by each cycle.is .nearly.equal to the content.

determined by the saturated amount of the adsorption (2 Mo-atoms/
supercage). The loading behaviour were again-the same-for Na-Y
and H(36)Na-Y. It is confirmed that tﬁe content of molybdenum is
limited by the size of vacant space in the supercage which can
adsorb Mo(CO)6, and that it is independent of the proton concen-
tration of the zeolite supports.

XPS spectra can provide the surface composition in the
range of dozens of angstrom depth. In the case of molybdenum
supported on zeolites, the comparison of the surface composition
with the bulk composition reveals whether molybdenum is supported
on the external surface of the zeolite crystallites or inside the

crystallites. Dai and Lunsford [8] have reported for Mo/Y zeo-
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Numbers in parentheses: See text
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lites prepared from MoClg by a solid-solid cation exchange method
that the Mo/Si ratio calculated from XPS data is not greater than
the raﬁio determined from bulk composition. They have concluded
that their method results in the exchange of protons by Mo inside
the zeolite crystallites. Tri et alr [9] have prepared bimetal-
lic PtéMo/Y zeolites and checked the homogeneity of the Mo dis-
tribution from XPS spectra in the similar manner to that of Dai
and Lunsford [8]. They have concluded that no surface enrichment
in molybdenum occurs for Pt-rich samples, and that large amounts
of Mo(CO)6 are adsorbed and decomposed in the outer layer of
zeolite crystallites for Mo-rich samples. - -

I calculated the Mo/Si ratio from the XPS spectra of
_ Mo/HNa-Y by equations (2-4) and (2-5) [101];
N, N, 0, £, X1 Sy

= X X X X (2-4)
n, v N1 (o] fz XZ SZ )

fi = 1 +—%i(€;sinze - 1)

(2-5)
where n is the concentration of ﬁhe element, N is the photoelec-
tron intensity, ¢ is the total photoionization cross. section, f
is the angular asymmetry factor, A is the eScaping depth, S is
the transmission factor of the spectrometer, B is the asymmetry
parameter and 6 is the angle of photoelectron emission. I used
the values of o, B and A which were reported by Scofield [11],
Reilman et al. [12] and Penn [13], respectively, and-those of-§———
and © preseﬁted in the manual of the spectrometer.

Table 3 shows the external surface Mo/Si ratios calculated

from the peaks of Mo 3d and Si 2p in the XPS spectra together
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with the bulk Mo/Si ratios derived from the bulk composition.
The molybdenum contents of these samples corresponded to 1.6 -
1.8 Mo atoms per supercage of HNa-Y. It is clear that the sur-
face Mo/Si ratio is smaller than the bulk ratio in each Mo/HNa-Y,
regardless of the deé}ee of proton exchange in the zeolites and
the preparation conditions. Consequently, I conclude that en-
richment of molybdenum at the external surface of the zeolite
cryétallites does not occur, and that the Mo.species are uniform-
ly distributed within the crystallites. When each supercage of
HNa-Y is saturated with the adorbed Mo(CO)6 molecules (2 mole-
cules per supercage), the Mo(CO)g should be homogeﬁeously dis-
persed within the zeolite crystallites. Therefore, I can also
conclude that Mo atoms do not migrate toward the external sufface

of the zeolite crystallites during the decomposition of Mo(CO)6,

oxidation by O, and reduction by Hj.

2-4 Conclusion

Molybdenum can be supported on HNa-Y zeolites by the ad-
sorption of Mo(CO), on the dehydrated HNa-Y and the subsequent
decomposition of the adsorbed Mo(CO)6. Two Mo(CO)6 molecules can
be adsorbed per supecage of HNa-Y. Héating the adsorbed Mo(CO)6
in vacuo first leads to the partial decomposition of Mo(CO)6 to
form a subcarbonyl species, Mo(CO) 3 (ads). Further heating at a
higher temperature causes the elimination of the remaining CO
ligands with the simultaneous formation of hydrogen and methane.

It is found that the oxidation of molybdenum occurs during this
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decomposition. The stability of the subcarbonyl species varies
with the degree of proton exchange in Y zeolites. It is sug-
gested that the higher proton concentration in HNa-Y results in
the lower temperature of the oxidation of subcarbonyl species.
From the XPS study, it is revealed that the supported molybdenum
after the thermal decomposition is not located exclusively on the
surface of the zeolite crystallites but is distributed within the
crystallites. The content of molybdenum in Mo/HNa-Y is limited
by the saturated amount of Mo(CO)g which corresponds to two
molecules per supercage. Once the Mo(CO)g molecules are adsorbed
in the supercage, their sublimation does not océur during the
heating in &acuo, so that all of the Mo atoms are supported on
zeolites. The saturated amount of adsorption is determined only
by the size of the available space in a sﬁpercage for the adsorp-
tion of,Mo(CO)6 and is independent of the proton concentration of

HNa-Y. T
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Chapter 3 Oxidation state of molybdenum

3-1 Introduction

Molybdenum has the high affinity to oxygen, so that the
molybdenum in its highest oxidation state, namely Mo(VI) is the
most stable in air. Consequently, in order to obtain the Mo
species with lower oxidation states than Mo(VI), it is necessary
to~g§rry out the reductions at high temperatures. In the case of
conventional MoO3/A1203 catalysts, Mo(IV) has been easily ob-
tained by the reduction with Hy, but the Mo species whose oxida-
tion number is lower than +4 has hardly been obtained unless the
reduction under severe conditions is conducted [1,2]. In the
cases of the hydrogenation of olefins, the hydrodesulfurization
in petroleum refining, etc., the catalytic activity of the MoO3'
supported catalysts increased with increasing the extent of the
reduction. Therefore, the activity of the Mo species with the
oxidation number less than +4 should be one of the subjects to be
resolved. H

Such a low oxidation étate of molybdenum has been obtained
by Nakamura et al, [1]. They found the formation of Mo(0) by the
reduction of MoO3/Al,04 with H, at 950°C. Perl [2] has also
reported that the similar Mo(0) formation occurs by the reduction
of the MoO3/Al,03 with H, at 800°C. On the other hand, the low
oxidation state; of molybdenum ﬁave been obtained under mild
conditions using the new molybdenum supported catalysts prepared
from molybdenum complexes. For example, Mo(0) clusters are
formed by decomposing Mo(CO)6 adsorbed on fully dehydroxylated

alumina at 500°C [1,3].
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In order to clarify the catalytic properties of the Mo
species in the low oxidation states, it is better to use the
molybdenum supported catalyst in which the oxidation state of
molybdenum can be controlled widely without treatments under
severe conditions. 9 prepared Mo/HNa-Y with various oxidation
states of molybdenum by altering the concentration of hydroxyl
groups on HNa-Y and the decomposition‘temperature of Mo(CO)6, and
discuss the oxidation states from the results of O, titration, X-
ray photoelectron spectroscopic study, adsorption of CO, and so

on.

3-2 Experimental
3-2-1 Average oxidation number of molybdenum

The average oxidation number (AON) of molybdénum in
Mo/HNa-Y prepared by the decomposition of Mo(CO), adsorbed on
HNa-Y was determined by two different methods as follows.
(d) 0, titration method

Mo/HNa-Y was exposed to 200 torr of oxygen at room tempe-
rature. The sample was then héated at 300 - 500°C for 30 min.
The amount of O, consumed during this oxidationiwas measured
volumetrically. After O, was pumped out at room temperature, the
amount of O, which was physisorbed on the Mo/HNa-Y was measured
at room temperature under nealy thersame pressure of O, as that
after the first O, treatment. The amount of O, used to oxidize
molybdenum was calculated by subtracting the amount of the physi-

sorbed O, from the total amount of consumed O, during the first
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treatment. I determined the AON of Mo from the amount of 0,
which oxidized molybdenum by assuming that all of the Mo species
wére oxidized to Mo(VI) during the first treatment.
(B) Measurement of the amount of Hy formed during the
decomposition-
As mentioned previously (2-3-1), molybdenum is oxidized by
the surface hydroxyl groups of HNa-Y during the decomposition of
the adsorbed Mo(CO)6. In this decomposition, the overall stoi-

chiometry can be expressed as follows;
Mo(CO)g + n(-OH) —> (-0-) Mo™* + 6CO + (n/2)H, (3-1)

Parts of these Hy and CO were consumed to form methane, as shown
in the equations (2-2) and (2-3) in the previous section. I
measured the amounts of CO, H, and methane evolved during the
decomposition by using quadrupole mass spectrometer (see 2-2-4),
and calculated the AON of Mo from the ;elative amounts of these
gases.

3-2-2 X-ray photoelectron spectroscopy (XPS)

The Mo/HNa-Y sémples for.XPS studies were prepared by an
in situ procedure. A small drop of HNa-Y suSpended in pure water
was put on the tip of the éample holder of the XPS apparatus and
then dried to form a very thin layer of HNa-Y. This tip was
placed in a Pyrex tube which was connected to a vacuum systenmn.
The HNa-Y on the tip was dehydrated in Vaéuo. A certain amount
of Mo(CO)G'was added under argoh atmospheré on the HNa-Y in the

Pyrex tube. Mo(CO)g was adsorbed in vacuo and the sample was

then sealed in vacuo at -196°C after the adsorption was com-
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pleted. The Mo(CO)6/HNa—Y thus prepared on the tip was placed in
the sample holder in a glove box filled with argon. Immediately
after the sample was inserted into the analyzer chamber, it was
heated under vacuum (10'6 torr) to form Mo/HNa-Y.

The XPS spectra were measured on the Shimadzu ESCA 750
spectrometer with Mg Kal’zx-rays (1253 eV) used as the exciting
source. The values of binding energies were determined from the
4f7/2,line of Au (83.7 eV) deposited oﬂ the sample after measure-
ments of the spectra of other elements. The C 1s line was used
as a secondary standard for each spectrum. The reproducibility
of binding energies was + 0.2 eV.

3-2-3 Infrared spectroscopy

The measurement of IR spectra was carried out with the
Mo/HNa-Y prepared fromvthe self-supporting wafer of HNa-Y and
Mo(CO)G. ‘As described previously (2-2-3), Mo/HNa-Y samples were
prepared within the IR cell. After 50 torr of CO was adsorbed on
Mo/HNa-Y at room temperature, IR séectra were measured on the
Hitachi EPI G3 spectrometer.

3-2-4 Electron spin resonance spectroscopy

The Mo/HNa-Y samples for the measurements of ESR spectra
were prepared in situ within a quartz tube of a 4 mm diameter.
The ESR spectra were measured at -196°C on the JEOL JFS-PE-IX
spectfometer (£ 1000 G). The spin concentration of the sample
was determined by using CuS04-5H,0 as a reference. The g-value

was determined from the g-values of manganese.

(56)



3-3 Results and‘discussion
3-3-1 Average‘oxidation number of molybdenum

During the decomposition of Mo(CO)6 adsorbed on HNa-v,
molybdenum is oxidized by the hydroxyl groups of HNa-Y as men-
tioned in chapter 2. If the degree of this oxidation is control-
led, the Mo species having a wide range of oxidation state will
be prepared. There are two ways to control this oxidation, that
is, to vary the concentration of the OH groups and to vary the
temperature of the decomposition. It is known that the concen-
tration of the surface OH groups on HNa-Y zeolites can be altered
by heating in vacuo [4]. I prepared Mo/HNa-Y using H(82)Na-Y
supports dehydrated in vacuo at various temperatures and deter-
mined the average oxidation number (AON) of the supported molyb-
denum by the O, titration method. The results are shown.in Fig,
7. The AON of Mo decreased from +3.76 to +0.60 with increasing
the dehydration temperature Qf H(82)Na-Y. The dehydration at
higher ?emperatures directly leads to the decrease in the concen-
tration of the OH groups on H(82)Na-Y. As a result, the oxida-
tion of Mo is suppressed when the HNa-Y dehydrated at the higher
temperatures is used.

I tried to control the AON of Mo also by varing the decom-
position temperature of Mo(CO)6 adsorbed on H(82)Na-Y. Figure 8
shows the change in AON with the decomposition temperature.
Every H(82)Na-Y support was dehydrated at 400°C and has the same
concentration of the OH groups. The AON increased from +1.16 to
+2.33 with increasing the decomposition temperature. It is found
that the oxidation of Mo is accelerated at the higher tempera-

tures.
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Fig. 7 Effect of dehydration temperature of
H(82)Na-Y on average oxidation number of Mo
in Mo/H(82)Na-Y '

Decomposition temperature of Mo(CO)g: 300°C
Mo content: 0.68 Mo-atoms/supercage
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of adsorbed Mo(CO)¢ on average oxidation
number of Mo in Mo/H(82)Na-Y

" Dehydration temperature of H(82)Na-Y: 400°C
Mo content: 0.68 Mo-atoms/supercage
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Thus the AON of Mo was altered with both the dehydration
temperature of H(82)Na-Y and the decomposition temperature of
Mo(CO)6. Combining these two effects, I prepared the Mo species
of various AON of Mo on the H(82)Na-Y support. Figure 9 shows
the variation of AON with the decomposotion and dehydration
temperatures. At each decomposition temperature, an inverse
correlation between the AON and the dehydration temperature was
observed. On the other hand, at each dehydration temperature,
thekAON incresed with increasing the decomposition temperature.
Howé&er, when the H(82)Na-Y dehydrated at higher temperatures
(2 450°C) was used as a support, only a small increase in AON was
observed with increasing the decomposition temperature. H(82)Na-
Y zeolite has about five OH groups per supercage before the
dehydration. Therefore, when two Mo(CO)6 molecules are coexist
in one supercage, there exist about 2.5 OH groups per Mo atom on
an average. The dehydration at the higher temperatures (> 450°C)
diminishes the concentration of OH groups to a considerable
extent. Therefore, the AON of Mo does not increase so much at
the higher decomposition temperatures on the HNa-Y dehydrated at
such a high temperature.

Changing the preparation conditions as mentioned above, I
could adjust the AON of Mo supported on H(82)Na-Y from +0.60 to
+3.77. The oxidation states of this range are lower than those
obtained by the reduction of MoO3/A1203 under the usual condition
(at 500°C with Hy). In addition, oxidation with 0, could in-
crease the AON of Mo in the Mo/HNa-Y to various extents. For
example, the oxidation at room temperature caused the increase in

AON of about 2, while the oxidation at 300°C transformed all Mo
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species into Mo(VI). By changing the preparation conditions
and/or by conducting these oxidation treatments on the Mo/HNa-Y,
the AON of Mo could be altered in the range from +0.60 to +6.
Thérefore, the Mo/HNa-Y prepared from Mo(CO)g is of great advan-
tage to investigatind'the relation between the oxidation state of
Mo and its catalytic properties. However, most of Mo/HNa-Y did
not exhibit the integral AON of Mo, so that two or more Mo spe-
cies with different oxidation states are considered to coexist in
one Mo/HNa-Y.

The concentration of the surface OH groups of HNa-Y can be
controlled also by varing the degree of proton exchange in Y
zeolites. Using the HNa-Y with a low degree of proton exchange
or Na-Y as a support, Mo should not be oxidized so much., From
the H, formation during TPDE (Fig. 4, in section 2-3-1), iﬁdeed,
the oxidation of Mo required the higher temperatures with de-
creasing the degree of proton exchange.

Figure 10 shows the change in AON of Mo with the degree of
proton exchange in Y zeolites. The AON cleérly decreased with
decreasing the exchange degree, which indicates that lowering the
degree of proton egchange has the same effect on AON as that of
increasing the dehydration temperature of HNa-Y supports. - Na-Y
zeolite has a Nat ion at each cation exchange site, so that the
only terminal OH groups present at the end of crystallites and
the deffects of lattice structure can oxidize the molybdenum
during the decomposition of Mo(CO)G. The low values of AON imply
the presencé of a considerable amount of Mo(0) species.

The Mo/HNa-Y with various AON of Mo were obtaired by
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Fig. 10 Effect of degree of proton exchange
in Y zeolites on average oxidation number of
Mo in Mo/Y zeolites

Dehydration temperature of Y zeolite: 300°C
Decomposition temperature of Mo(CO)g: 300°C
Mo content: 2 Mo-atoms/supercage
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changing both the degree of proton exchange in 'Y zeolites and the
dehydration temperature of the HNa-Y. These AON are shown in
Fig. 11. In the cases of H(74)Na-Y, H(65)Na-Y and H(36)Na-Y
supports, the AON decreased with increasing the dehydration
temperature, as observed in the case of H(82)Na-Y support (Fig.
7). When H(14)Na-Y or Na-Y was used as a support, however, the
AON of Mo did not change so much. The proton concentrations of
these zeolites are very low, so that the‘dehydration temperature
has little influence on the AON.. It is clear that, as a whole,
the AON shown in Fig. 11 is smaller than that of Mo in
MO/H(BZ)NafY (Fig. 9). The content of Mo in Mo/HNa-Y used in
Fig. 11 is 2 Mo-atoms/supercage, while that of the Mo/H(82)Na-Y
used in Fig. 9 is 0.68 Mo-atoms/supercage. The number of OH
groups of HNa-Y per added Mo atom is less than 2.3 for the former
Mo/HNa-Y, while that for the latter is about 7.5.‘ Though molyb-
denum is not oxidized by all of the OH groups, the lower concent-
rations of the OH groups in former HNa-Y lead to the smaller AON
of Mo.

From the results on the temperature programmed decomposi-
tion (TPDE) of Mo(CO)G/HNa-Y as described in the previous section
(2-3-1), it is possible to determine the AON of supported molyb-
denum. The total amount of CO desorbed during the TPDE up to
300°C should correspond to CO/Mo = 6, because the decomposition
of Mo(CO)6 igs completed at this temperature. Therefore, integra-
ting the TPDE curves, I can determine how many molecules of H,
and methane per Mo atom are formed. From the equations (2-1),
(2-2) and (2—3) presented before (see 2-3-1), tﬁevformation of

one molecule of H, and methane per Mo atom corresponds to the in-
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Fig. 11 Effect of dehydration temperature of
Y zeolites on average oxidation number of Mo

Decomposition temperature of Mo(CO)g: 300°C
Mo content: 2 Mo-atoms/supercage
Degree of proton exchange (%):

H-0; O-14 @-36; O-65 A-74
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crease in AON of 2 and 6, respectively. The AONs thus calculated
from the amount of H, and methane are shown in Table 4 together
with those determined by the O, titration method. The two series
of the AON determined for the same Mo/HNa-Y were nearly consis-
tent with each other. It is revealed that the Mo/Na-Y contains a

large proportion of Mo(0) also from the TPDE results.

3-3-2 XPS study

In the previous section (3-3-1), the average oxidation
number of molybdenum in Mo/HNa-Y is investigated. The results
indicates that AON is not always integral. Therefore, it seems
that Mo species with different oxidation numbers coexist ih a
Mo/HNa-Y ;ample. In order to find out the individual oxidation
number of the Mo species, I measured XPS spectra of Mb/HNa-Y.

The Mo species with low oxidation states are easily oxi-
dized by oxygen at room temperature [3,5]. As the Mo species in
Mo/HNa-Y have the AON below +6 (see Figs. 9 and 11),.I should
protect the Mo species from the oxidation to determine the pre-
‘cise oxidation stafe. I placed the Mo/HNa-Y sample in the sample
holder of XPS apparatus under argon atmosphere using a glove box
filled with argon. From the XPS spectra of the sample thus pre-
pared, it was found that the oxidation state of Mo was rather
high compared with the AON of Mo for the sample. Therefore, the
Mb species may be oxidized by a trace amount of oxygen and/or
water in thé glove box. The possibility of a similar oxidation

by the trace amount of oxygen when a glova box is used for the
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measurement of XPS spectra has been reported by Leclercqg et al.
[6]1 for Pt? in Pt-Mo/Y zeolites.

For the purpose of avoiding the oxidation of molybdenum,
Mo/HNa-Y was prepared in the analyzer chamber of the XPS instru-
ments. Heating the.sample was achieved by an electric heater
placed in the sample holder. 1In order to raise sufficiently the
temperature on the upper side of the sample by the heater under
the sample, I used a thin layer of HNa-Y, since the high vacuum
(< 10'6) causes the low thermal conduction.

Figure 12 shows the Mo 3d XPS spectra of Mo(CO)6 adsorbed
oh H(36)Na-Y. I refer to the peak of Mo 3d5/2 since its inten-
sity is higher than that of Mo 3d3/2. In the first scan (a:
scanning time was 68 s), a large peak was observed at a binding
energy of 228.5 eV. However, the intensity of this peak de-
creased in the second scan (b: 68 s) and decreased moreover in
third scan (c: 204 s), while the intensity of the peaks in the
higher binding energy region increased.> These results indicate
that X-ray irradiation causes the decomposition of Mo(CO)6 and
the consequent oxidation of the Mo species.

Figure 13 shows the Mo 3d XPS spectra of some kinds of
Mo/HNa-Y measured after the thermal decomposiotion carried out in
the manner mentioned in this chapter (3-2-2). 1In the case of
Mo/Na-Y (a), the spectrum exhibited a peak at 228.4 eV. This
spectrum did not change significantly on repeated scans, so that
I can exclude the chénge in the oxidation state of Mo caused by
X-ray irradiation on the thermally decomposed products. In the
case of Mo/H(65)Na-Y (b), a broad and split peak at about 229 ev

was observed. It is clear that the oxidation state is certainly
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Fig. 12 Mo 3d XPS spectra of Mo(CO); adsorbed on
H(36)Na-Y

Dehydration temperature of H(36)Na-Y: 400°C
a: First scan; scanning time was 68 s.
b: Second scan; scanning time was 68 s.
c: Third scan; scanning time was 204 S.
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Fig, 13 Mo 3d XPS spectra of Mo/Y-zeolite

a:

O

Mo/Na-Y; dehydration temperature of Na-Y was 500°C
decomposition temperature of Mo(CO), was 440°C

: Mo/H(65)Na-Y; preparation conditions were same as d
: Sample b exposed to air at 25°C
: Sample c exposed to air at 250°C
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heterogeneous compared with Mo/Na-Y (a). This broad peak may
consist of a peak at 229.5 eV in addition to a peak at 228.6 eV,
which is nearly equal to the binding energy of the peak in spec-
trum (a). Spectrum, (c) was obtained after the Mo/H(65)Na-Y
(spectrum b) was oxidized by air at room temperature. A peak at
230.5 eV was observed, but the oxidation state was rather hetero-
geneous. When this sample was further oxidized by air at 250°C,
spectrum (d) was obtained. This spectrum, having a peak at, 233.0
ev, demonstrates the existence of the Mo species with a homoge-
‘ﬁeous oxidation state.

In order to clarify the oxidation number to which each
peak in Fig. 13 corresponds, I measured the XPS spectra of Mo
metal and several Mo compounds. The results are presented in
Table 5 together with the data appeared in literatures [7 - 9].
In the case of data taken from Refs. 7, 8 and 9,rcorrections are
made to the publishedr3d5/2 binding energies, takin§>into account
the different referencing procedures (see footnotes a,b and c of
'Table 5). The binding energies used as reference standards in
Refs. 7, 8 and 9 are 83.0 eV (Au 4f7/2), 284.0 eV (C 1s) and 83.8
eV (Au 4f7/2), respectively, while those used in this work are
83.7 eV (Au 4f7/2) and 284.5 eV (C 1s). From Table 5, the peak
at 228.4 eV observed for Mo/Na-Y apparently corresponds to the
molybdenum with an oxidation number between 0 and +2. Here I
attribute this peak to Mo(0) for the following reasons.

(1) It has been reported [10] that the Mo 3d5/2 binding energy
of Mo(CO)g is higher by 0.5 eV than that of Mo metal. This

indicates that the binding energy is high if Mo(0) has no metal
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Table 5

Binding energies of molybdenum metal and some molybdenum

compounds
Sample Oxidation Binding energy Reference
number of Mo of Mo 3d5/2
/eV
Mo metal 0 227.9 This work
227.78 [7]
MocCl1,, +2 229.2b [8]
g MoCl3 \ +3 229.6 This work
. ' 229.74 [7]
MoO, - +4 229.5 This work
231.78 [7]
MoC1, +4 230.338 [7]
MoCl5 : +5 . 231.7 This work
230.78@ [71]
MoO +6 2327 | This work
' 232.4¢ [7]
232.4¢ [9]
(NH,)Mo-0,,-4H,0 +6 232.4 This work
476777724 T2 232.42 7]

aValues corrected by +0.7 eV(see text).
bvalue corrected by +0.5 eV(see text).
CValue corrected by -0.1 eV(see text).

(72)




bond. As shown in Fig. 12, Mo(CO)G/HNa-Y gave a peak at 228.5 ev
for the first scan. This seems to represent the peak corre-
sponding to Mo(0) in Mo(CO)G.

(2) It has been reported [11] for Pt/Y zeolites that when Pt(0)
'is atomically dispersed, the binding energy of Pt(0) is higher by
1.3 eV than that in metal film and by 0.6 eV than that in perti-
cles of 10 - 20 A in diameter (Table 6). This result has been
explained by the change in the extra-atomic relaxation. A simi-
lar difference in binding energies (ca. 1.0 eV) depending on the
particle size is observed for Ru(0) in Y zeolites [12] (Table
6).

In the case of Mo/HNa-Y, the dispersion of molybdenum is certain-
ly high (see 4-3). T can, therefore, expect a similar increase
in the binding energies of molybdenum in the Mo/HNa-Y.

It is clear that the peak at 233.0 eV (Fig. 13, d) corre-
sponds to Mo(VI), because the binding energies of Mo(VI) in some
.compounds (Table 5) were below 233.0.eV. This assignment is
confirmed by the fact that the color of the sample (Fig. 13, 4)
was white. From Fig. 13 and Table 5, the differences in the
Mo(VI) binding energies between Mo/HNa-Y and Mo compounds were
0.3 - 0.6 eV. Assuming that the same difference exists in the
Acase of Mo(IV), I can attribute the peak at 230.5 eV (Fig. 13, <)
to Mo(IV). From these assignments, the peak at about 229.5 ev
(Fig. 13, b) clearly corresponds to the Mo species whose oxida-
tion numbers are +1 - +3. From Table 5, the binding energies of
Mo(III) and Mo(II) in molybdenum chlorides were lower than that
of Mo(IV) in MoCl4 by 0.6 - 0.7 eV and 1.1 eV, respectively. The

binding energy of the peak at 229.5 eV was lower by 1.0 eV than
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that of the Mo(IV) peak in Mo/HNa-Y. Therefore, I can attribute
the peak at 229.5 eV to Mo(II).

In these assignments, each binding energy is rather high
compared with that in the corresponding Mo compound. Similar
positive shifts of Einding energies have been reported for metal
cations in zeolites, as shown in Table 6. Pedersen and Lunsford
[12] have reported that the Ru 3d5/2 binding energy for RuO,
particles within the zeolite cage is higher by 0.9 eV than that
located on the external surface of the zeolite. They have attri-
buted this change in the binding energy to the metal-support
interaction and the matrix effects of the zeolite, such as diffe-
rences in the crystal field potential energy. In the case of
NiNaX [13] and NiHZSM-5 [14], the positive shifts in Ni 2p3/2
binding energies are 1.1 eV and 0.7 eV, respectively, compared
with Ni(II) éompounds. Taking into account these investigations,
I consider my assignments of the Mo 3d5/2 binding energies to be -
reasonable.

From fhe above assignments, it is concluded thaf Mo/Na-Y
(Fig. 13, a) contains a considerable amount of Mo(0), and that
‘Mo/ﬂ(GS)Na—Y (Fig. 13, b) contains the Mo species whose oxidation
numbers are 0 and +2. It is clear that the hydroxyl groups of
H(65)Na-Y zeolite oxidize the Mo species to increase their oxida-
tioﬁ numbers from 0 to +2. 'After oxidation at room temperature
with air (Fig. 13, c¢), Mo(IV) is mainly formed, and further
oxidation at 250?C converts all the Mo species to Mo(VI). The
AONs of the samples a, b and ¢ in Fig. 13 were 0.25, 0.61 and

2.7, respectively. These values are somewhat lower than those
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estimated from the XPS spectra. However, the same tendencies are
observed, that is, Mo(0) exists in Mo/Na-Y and some Mo species in
Mo/HNa-Y have higher oxidation states than those in Mo/Na-Y.

An XPS study of Mo/Na-Y and Pt-Mo/Y prepared from Mo(CO)¢
has been carried out by Tri et al. [15]. They have reported that
only Mo(IV), Mo(V) and Mo(VI) are detected, even in the Pt-
containing samples. Because their samples were exposed to air
and subsequently reduced by Hy before the XPS measurements, I
suppose that the oxidation state of Mo in the sample without
exposure to air is lower than Mo(IV).

I conclude from my in situ XPS studies that the dominant
Mo species in Mo/HNa-Y prepared from Mo(CO)g and HNa-Y zeolites
have oxidation numbers of 0 and +2. When Na-Y is used as a
support, the lack of surface hydroxyl groups in Na-Y results in

the formation of nearly homogeneous Mo(0) species.

3-3-3 Adsorption of CO

The adsorption of CO provides some information about the
oxidation state, the coordinative unsaturation, the structural
eﬁvironment, etc. of the metal as a édsorption site. IR spectro-
scopy is one of the vibrational spectroscopy which is used to
chafacterize the metal or oxide surface with prove molecules such
as CO, NO, NHj3, etc.. Many reports have referred to the IR
spectra of CO adsorbed on some transition metals or their oxides.
When CO is adsorbed on the metal atom through the M-CO o-bond,
the back donation of d-electron in the metal to thé antibonding

m*-orbital occurs simultaneously. This back donation weakensthe
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C-0 bond, which leads to the lower frequency of its IR absorption
band. Therefore, the IR band of adsorbed CO provides the certain
information about the oxidation state of metals.

Figure 14 shows the IR spectra of CO adsorbed on Mo/
H(65)Na-Y. Additionjof 50 torr of CO onto Mo/H(65)Na-Y (spectrum
a) caused the intense absorption bands as indicated in spectrum
(b). New peaks at 2163, 2132, 2084 and 2037 cm™! and a broad

band around 1970 cm'1

appeared. The evacuation at room tempera-
ture for 5 s (spectrum c¢) and for 10 min (spectrum d) led to the
drastic decrease in intensity of the peak at 2163 em~ 1. It is
found that this band is attributed to the physisorbed CO and that
the other bands are attributed to the chemisorbed CO. By further
evacuation at 100°C, all of the CO bands, especially higher
frequency bands (2132 and 2084 cm‘1), decreased in intensity.

IR spectra of chemisorbed CO on various kinds of Mo/HNa-Y
are shown in Fig. 15. When CO was adsorbed on Mo/H(36)Na-Y, two

peaks were observed at 2130 and 1977 cm™]

(Fig. 15, b). These
two bands were also observed on Mo/H(65)Na-Y (spectrum a). On
the other hand, CO adsorbed on MO/H(74)Na—Y which has a higher
‘AON of Mo exhibited a IR band at 216ﬁ cm~! with a shoulder at
about 2180 cm'1. Additional Mo(CO)g was adéorbed and decomposed
on this Mo/H(74)Na-Y in the similar manner to that mentioned pre-
viously (2-3-2), and the IR spectrum of CO adsorbed on the resul-
tant Mo/H(74)Na-Y was measured (spectrum d). Three bands at
2183, 2132 and 2025 cm™! were observed. The last two bands were

similar to those in the spectrum (a) (2132 and 2037 cm‘1, respec-

tively).
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Fig. 14 IR spectra of CO adsorbed on Mo/H(65)Na-Y

a: Mo/H(65)Na-Y; dehydration temperature was 400°C
decomposition temperature was 300°C

: Sample a exposed to 50 torr of CO

: Sample b evacuated at 25°C for 5 s

. Sample ¢ evacuated at 25°C for 10 min

. Sample d evacuated at 100°C for 10 min
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Fig. 15 IR spectra of CO adsorbed on various Mo/HNa-Y

Spectra were recorded after 50 torr of CO was adsorbed

and then pumped out at 25°C for 5 s,

a: Mo/H(65)Na-Y; AON of Mo was 1.0

b: Mo/H(36)Na-Y; AON of Mo was 0.6

C: Mo/H(74)Na-Y; AON of Mo was 2.5

d; -Additional Mo(CO)s was adsorbed on sample ¢ and
then decomposed at 300°C
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Kung and Kung [16] have reviewed the IR studies of the Cco
adsorbed on the surface of various oxides and indicated the
wavenumbers of the IR bands. From their review, CO adsorbed on
M* exhibits the IR band at 2170 - 2130 cm™!, while CO adsorbed on
M2* and M3* exhibits the band above 2172 cm-'. Lokhov and
Davydov [17] have reported from their IR studies that the wave-
numbers of the IR bands for MOCO are below 2100 cm'1, those for
M*CO are in the region of 2120 _ 2160 cm~', and those for M2*Co
are above 21790 cm“1. Considering these reports, I assign the
bands at 1977 cm™ | (Fig. 15, b), 2025 - 2037 cm™] (a,d) and 2084
cm~! (a) all to CO on Mo(0), while I assign the bands ét 2129 -
 2132 cm‘1(a,b;d)and 2161 - 2163 cm'1(a,c)to CO on Mo(I). The
band at 2183 cm~| observed in the spectra (a), (c¢) and (d) in
Fig. 15 is assigned to the CO adsorbed on the Mo species whose
oxidation number is +2 or more.

From above assignments, it is suggested that the
Mo/H(65)Na—Y’(Figu 15, a) and Mo/H(36)Na-Y (b) consist of mainly
Mo(0) and Mo(I). The AON of Mo in these samples determined by
the 02 titration method were +1.0 and +0.6, respectively. There-
fore, the existence of Mo(0) and Mo(I) suggested by the IR spec-
tra are reasonable for these Mo/HNa-Y, but their proportion is
not clear because the extinction coefficients of the individual
CO are not known. The bridging CO on metals gives its IR band
below 2000 cm™'. Consequently, the band at 1977 cm™| are as-
consistent with the result in chapter 4 that the Mo species on
H(36)Na-Y support are aggregated to form Mo(0) clusters.

Repeated loading of Mo on Mo/H(74)Na-Y caused the new CO
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band at 2025 cm~! (Fig. 15, d). During the second loading,
molybdenum may be less oxidized because the OH groups were al-
ready consumed by the reaction with Mo in the first loading.
Therefore, the assignment of this band to Mo(0)CO is reasonable,
However, the difference betWeen the two Mo(0)CO bands in the
spectrum (a) cannot be explained.

Perl [2] has measured the IR spectra of adsorbed CO on
some reduced MoO3/A1203 catalysts. He observed the IR band ét
2190 cm"1‘on the catalyst reduced at 700°C with hydrogen and two
bands at 2040 and 2025 cm~ " on that reduced at 800°C. He attri-
-buted the former band to Mo(IV)CO and the latter bands to -
\Mo(O)CO. This is consistent with my assignments, except that the
exact oxidation number of Mo corresponding to the higher frequen-
cy CO band is not clear.

In addition to the previous XPS study, the IR study on the
adsorbed CO ensures the existence of Mo(0) épecies. However,
instead of Mo(II) which is suggested to consist in Mo/H(65)Na-Y,
Mo(I) is suggested to exist from the IR spectra of CO adsorbed on
the Mo/H(65)Na-Y though the existence of Mo(II) is not excluded
from the IR spéctra because CO molecules are adsorbed more weakly

on Mo™* (n > 2) than on Mo(0) or Mo(I).

3—3;4 "ESR study

Because Mo(V) is an ESR active species, ESR spectra have
been widely used for the characterization of molybdenum supported
catalysts.' It has been often reported that the catalytic activi-

ty for such reactions as the olefin hydrogenation, etc. is gene-
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rated when the calcined MoO; supported catalysts are reduced.
Some reports have been referred to the relation between fhe
amount of Mo(V) and the catalytic activity [18 - 20]. In the
case of Mo/HNa-Y, the AON of Mo is always below +4 without the
oxidation by O, (see 3-3-1). However, the oxidation state is
suggested to be héterogeneous as mentioned in the previous
sections (3-3-1 - 3-3-3). Therefore, it is possible that Mo/HNa-
Y contains a significant amount of Mo(V) species. Figure 16
shows the X-band ESR spectra of various kinds of Mo/HNa-Y mea-
sured at -196°C on the JEOL JFS-PE-IX spectrometer. Spectrum (a)
measured for Mo/H(82)Na-Y (AON = +3.8) had a peak (g, = 1.948,qg
= 1.883). Table 7 shows the g-values of the ESR spectra attri-
buted to Mo(V) reported with other molybdenum supported catalysts
[21 - 24]. Comparing my data With other g-values, I assign the
spectrum (a) to the ESR peak of Mo(V) species. Spectrum (b) was
obtained after‘the oxidation of Mo/H(82)Na-Y (spectrum a) by air
at room temperature. The peak attributed to Mo(V) (QL = 1.949,
gy = 1.882) was nearly the same as spectrum (a), but an additio-
nal peak (g = 2.008) appeared. This additional peak had a simi-
lar g-value to g, of 02‘ spebies formed on other molybdenum
supported catalysts [22 - 25], so that it is assigned to the 05"
"on Mo/H(82)Na-Y. The amounts of Mo(V) in Mo/HNa-Y were calcu-
lated by the double integration of the ESR spectra as shown in
Fig, 16. The fraction of Mo(V) did not change so much during the
oxidation at room temperature. Consequently, it is found that
little Mo(V) is formed by the oxidation at room temperature.
Spectrum (c¢) was measured with Mo/H(82)Na-Y which consists of

less oxidized Mo species (AON = +1.10). Only a weak signal (g =
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Ml a 3.8 0.51%
X 4
b — 0.58%
X 7.1
__.//\V c 1.1 0.17 %
X1
d 4.8 1.97%

Fig. 16 ESR spectra of Mo/H(82)Na-Y

a: Dehydration, 200°C; decomposition, 300°C

. Sample a exposed to air at 25°C

: Dehydration, 400°C; decomposition, 300°C

. Sample ¢ reduced at 500°C after oxidation
at 500°C
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ca. 1.95) was detected. After the oxidation of this Mo/H(82)Na-Y
(spectrum c) at 500°C and the subsequent reduction at 500°C,
spectrum (d) was obtained (g, = 1.946, gy = 1.902). This signal
is also attributed to Mo(V) species, but the g-values were
slightly different from the spectrum (a). This may be due to the
different environment of the Mo(V) species due to the treatment
at the high temperature. The fraction of Mo(V) in the reduced
sample (spectrum d) corresponded to 1.9 % of the total Mo, while
the AON of Mo was +4.8. The fraction of Mo(V) calculated from
the ESR spectrum seems low compared with the AON. Such é diffe-
rence in the Mo(V) concentration has been reported to result from
the formation of ESR inactive Mo(V) pairs for MoO3/Al,05 cata-
lysts’[26,27]. In the case of Mo/HNa-Y, two Mo(CO)g molecules
aré adsorbed per supercage of HNa-Y, so that such a Mo(V) pair
seems possible to be formed. Thus only a samll amount of Mo(V)
species which are detected by ESR are found to consist in Mo/HNa-

Y.

3-4 Conclusion

During the thermal decomposition of Mo(CO)g adsorbed on
HNa-Y zeolites, molybdenum is oxidized by the hydroxyl groups of
zeolites. By controlling this oxidation, the oxidation state of
the supported molybdenum can be widely altered. The higher
oxidation states are obtained under the following conditions;
(a) Low dehydration temperature of HNa-Y zeolites

(b) High degree of proton exchange in Y zeolites
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(c) High decomposition temperature of Mo(CO)G/HNa—Y

The average oxidation number of molybdenum is adjusted in the
range from +0.3 to +3.8 by changing above conditions. Thus the
Mo species with the low oxidation states (AON < 4) which can
hardly be prepared by the reduction of MoO3/A1203 under mild
conditions can be prepared. The Mo species in Mo/HNa-Y can be
oxidized easily up to Mo(VI) by 0O, treatments. Therefore, it may
be possible to élarify the catalytic properties of molybdenum in
the low oxidation states by using Mo/HNa-Y as a catalyst and by
compafing with the catalytic properties of Mo(IV) - Mo(VI).

From the in situ XPS spectra, it is found that Mo(0) is
mainly formed on the Na-Y support and that Mo/H(65)Na-Y contains
Mo(0) and Mo(II). The presence of Mo(0) species is also indi-
cated by the IR spectra of adsorbed CO. However, the results of
thg IR studjlsuggést that Mo/H(65)Na-Y contains Mo(I) species as
well as Mo(0) and Mo™' (n » 2). 1In addition, these characteriza-
%ions imply the heterogeneity in the oxidation state of molybde-
num.r This heterogeneity is also suggested by the fact that most
of Mo/HNa-Y does not exhibit an integral AON. However, ESR study
reveals that little Mo(V) is formed during thevdecompositién of

Mo(CO)6/HNa—Y.
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Chapter 4 Dispersion of molybdenum

4-1 Introduction

In the case of MoO3 supported catalysts, the dispersion of
molybdenum has been _one of the main subject to be studied. It
has been generally reported that the dispersion of molybdenum
becomes lower with increasing the content of molybdenum. If
large particles of MoO3; are present, the dispersion can be
estimated by transmission electron microscopy or X-ray diffrac-
tion. However, when the content of Mo corresponds to monolayer
coverage or less, the dispersion of Mo is often too high to be
determined by'these techniques.

The chemisorption of oxygen has been reported to provide
certain informations about the dispersion of Mo for the MoO5
supported catalysts. Reduction or sulfidation of the supported
MoO; leads to the formation of O, chemisorption sites. These
chemisorption sites are thought to be the cooféinatively unsatu-
rated sites (CUS) on Mo(IV) [1,2] or parts of the CUS [3].
Parékh and Weller [4] have determined the surface area of Mo
species supported on alumina from the amount of chemisorbed
oxygen regarding the Mo species after reduction as the crystal-
line MoO,. About a quarter of the alumina surface was covered
with the Mo species even if the content of MoOj3 corresponded to
above monolayer coverage. They have suggested that the disper-
sion of Mo is low.

In the first step of the preparation of Mo/HNa-Y, Mo(CO)6
mclecules are disbersed within the zeolite crystallites in the

ratio of two molecules per supercage of HNa-Y, so that the dis-
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persion of Mo is 100 %. When the CO ligands are removed through
the thermal decomposition, the migration of molybdenum may occur
if the interaction between molybdenum and the support is weak.
VConsequently, the dispersion may become less than 100 & during
the decomposition.

In this chapter, I discuss the dispersion of the supported
molybdenum from the results of the chemisorption of oxXxygen on

Mo/HNa-Y and the ultraviolet spectra of the oxidized Mo/HNa-Y.

4-2 Experimental
4-2-1 Chemisorption of oxygen

The amount of chemisorbed oXygen was measured with a
static system. A specific amount of HNa-Y (0.4 g) was placed in
a quartz tube, and Mo/HNa-Y was prepared in the same manner
described previously (see 2-2—2). At a certain temperature, a
known amount of oxygen was introduced onto the Mo/HNa-Y and the
first adsorption isotherm was obtained. The Mo/HNa-Y was evac-
uéted for 30 min at this temperature except that the evacuation
temperature was -78°C when the adsorption_was carried out at
-190°C. The second isotherm was then obtained at the same ad-
sofption temperature.. The amount of the chemisorbed oxygen was
calculated from the difference between the two isotherms and was
expressed in terms of the number of the adsorbed oxygen atoms per
Mo atom (0/Mo).
4-2-2  Ultraviolet spectroscopy

The diffuse reflectance technique was used on a Shimadzu
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UV-240 spectrometer to obtain the ultraviolet (UV) spectra.
HNa-Y (28 - 60 mesh) was put into a Pyrex tube having a
branch of quartz UV cell. After Mo/HNa-Y was prepared in the
tube, molybdenum was oxidized by O, at 400°C. Then Mo(VI)/HNa-Y
sample was transfer{ed into the quartz cell in vacuo. fhe uv-
diffuse reflectance spectra were recorded at room temperature in

the range of 190 - 700 nm using the parent HNa-Y as a reference.

4-3 Results and discussion
4-3-1 Chemisorption of oxygen

The chemisorption of oxygen has been applied to some MoO,
supported catalysts in order to get the information about the
dispersion of molybdenum. 1In the case of MoO3/A1203 catalysts,
it ﬁas been :eported that the adsorption manner of oxygen differs
significantly depending on the adsorption temperature [4]. I
measured the amount of chemisorbed oxygen on Mo/HNa-Y at various
temperatures to determine the effect of the adsorption- tempera-
ture. The results are shown in Fig. 17. Irrespective of the
temperature, the amount of chemisorbed oxygen on Mo/H(74)Na-Y was
nearly constant (0/Mo = 1.2). Assuming that one oxygen atom is
éhemisorbed on one Mo atom, the dispersion of Mo corresponds to
about 100 %, though parts of the oxygen seem to be chemisorbed in
the ratio of O/Mo > 1. It has been reported for the MoO3/A1203
catalysts that one oxygen atom is chemisorbed on one CUS [1],
that is, the stoichiometry of the chemisorption is O0/Mo = 1. 1In
these catalysts, the oxidation numbers of Mo are mainly +4 and

+5, so that this stoichiometry of chemisorption cannot be applied
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directly»to the Mo/HNa-Y which contains the Mo species of lower
oxidation numbers than +4. iYermakov et.al. [5] and Iwasawa et.
al. [6] have reported that on the catalysts prepared from g-allyl
complexes, oxygen is_consumed on Mo(II) species in the ratio of
O/Mo = 1 at room temperature. In the case of the Mo metal,
however, oxygen was adsorbed on the Mo (100) face in the ratio of
O/Mo = 1.5 at room temperature [7]. I discuss this stoichiometry
taking into account the results from UV-spectra in the next
section.

In the case of Mo/Na-Y, Fig. 17 clearly shows that the
less amount of oxygen was chemisorbed compared with Mo/H(74)Na-Y.
This indicates the lower dispersion of Mo in the Mo/Na-Y. The
O/Mo ratio increased with increasing the adsorption temperature.
When a certain amount of O, was introduced onto the Mo/Na-Y at
25°C, the O, uptake increased gradually for more than 40 hours
~and the 0/Mo ratio became more than twice as much as that mea-
sured at -196°C. These results indicate that the oxidation of
molybdenum in.bulk phase occurs at higher temperatures. Conse-
quently, in order to determine the amount of the surface Mo, it
is better to adsorb oxygen at -196°C.

The low O/Mo ratios for Mb/Na-Y imply the correlation
between the dispersion of Mo and the proton concentration of HNa-
Y. Figure 18 shows the amount of oxygen chemisorbed on Mo/HNa-Y
with various degrees of proton exchange in Y zeolites. The
oxygen chemisorption was carried out at -196°C. When the degree
of proton exchange was 65 or 74 %, the O/Md ratio was about 1,

which indicates the high dispersion of Mo. However, the 0/Mo
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ratio decreased with decreasing the degree of proton exchange
below 65 %. This is attributed to the aggregation of Mo. 1In
addition, the dehydration temperature of HNa-Y had an effect on
‘the amount of chemisorbed oxygen, that is, the O/Mo ratio was low
when the dehydration temperature was high. The dehydration at
500°C should cause the decrease in the concentration of the OH
groﬁps, so that it corresponds to lowering the degree of proton
exchange. Thus the lower proton concentration in Y zeolites
leads to the decrease in the amount of chemisorbed oxygen, pro-
bably because free Mo(0Q) atoms which are formed by the decomposi-
tion of Mo(CO)6 and are not oxidized by the OH groups can migrate
to form aggregates.

Table 8 shows the amount of chemisorbed oxygen (0/Mo)
measured with two Mo/HNa-Y samples in which Mo species with
higher oxidation states are contained.k The O/Mo ratios measured
with MoO4 supported catalysts [1,4,8,9,] are also shown in Table
8. In the case of Mo/H(74)Na-Y oxidized to Mo(VI) and subse-
quently reduced with H, at 500°C, the O/Mo ratio was rather low
compared with the Mo/H(82)Na—Y,'though two samples had nearly the
same AON of Mo. Therefore, the aggregation might occur during
the oxidation and/or the reduction at the high temperatures. The
MoO, supported catalysts exhibit lower O/Mo ratios than the
reduced Mo(VI)/H(74)Na-Y, which indicates the more extensive
aggregation of Mo species in the former catalysts. It is found
that.the Mo/HNa—Y system has an advantage to obtaining the high

dispersion of Mo compared with the MoO; supported catalysts.
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4-3-2 Ultraviolet spectra

I studied the dispersion of molybdenum also by ultraviolet
diffuse reflectance spectroscopy. It has been reported [10,11]
ﬁhat Mo(VI) with tetrahedrally and octahedrally coordinated 02~
exhibits UV absorption bands at 260 - 280 nm and 300 - 320 nm,
respectively. An additional band at 220 - 240 nm is common to
the tetrahedral and octahedral configurations. These bands are
attributed to the charge transfer from 0%~ to Mo(VI). The Mo(VI)
species in the tetrahedral configuration are thought to be mono-
meric or dimeric species, while those in the octahedral configu-
ration are attributed to polymeric species with bridging 02-
[121].

Figure 19 shows the UV diffuse reflectance spectra of two
different Mo/HNa-Y measured after the oxidation of all the Mo
species to Mo(VI). The spectra of sodium molybdate (a) and
ammonium paramolybdate (c) are also shown.> The spectrum of
Mo(VI)/H(65)Na-Y (b) had a peak at about 255 nm and a shoulder at
about 220 nm similarly to the spectrum of sodium molfbdate (a)
which consists of the tetrahedrally coordinated molybdenum. The
spectrum of Mo(VI)/Na-Y (d) had a peak at about 295 nm and three
‘shoulders at about 230, 270 and 320 nm. Ammonium paramolybdate
which consists of the octahedrally coordinated molybdenum exhib-
ited two absorption peaks at about 260 and 295 nm and two shoul-
ders at about 220 and 320 nm.

It is clear that the Mo species in Mo(VI)/H(65)Na-Y
consist almost exclusively of the tetrahedrally coordinated
molybdenum. Therefore, the Mo species in this sample should be

dispersed on the zeolite corresponding to the monolayer coverage
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or less. It seems impossible that the redispersion of Mo atoms
in aggregates occurs during the oxidation of Mo/H(65)Na-Y, so
‘that the dispersion of molybdenum in the Mo/H(65)Na-Y before
oxidation is nearly 100 %. As mentioned in the previous section
(4-3-1), the amount‘of chemisorbed oxygen on the Mo/H(65)Na-Y at
-196°C corresponded to O/Mo = ca. 1. Therefore, the previous
assumption that the 0/Mo stoichiometry is 1 for the chemisorption
- of oxygen at -196°C (see 4-3-1) is found to be reasonable.

It seems that most of the Mo‘species in Mo(VI)/Na-Y have
the octahedral coordination, that is, the Mo species are probably
aggregated to form bulk oxide. The bulk MoOj5 phase in MoO3/A1203
catalysts can be detected by Raman spectroscopy. It has been
reported that the Raman peaks at about 820 and 1000 cm~ are
;ttributed to the bulk MoO3 on alumina [11,13] or titania [14].
However, I could not obtain significant Raman spectra of Mo(VI)/
HNa-¥ because of the intense background.

When the Mo(0) cluster with a considerable size is oxi-
dized at a high temperature, the framework of the zeolite may
hinder the formation of bulk MoO;5, because the formation of MoO5
is accompanied with the increase in the particle size. This
consideration was confirmed by two findings. First, the oxida-
tion of molybdenum on Na-Y proceeded slowly compared with
 Mo/H(65)Na-Y or Mo/H(74)Na-Y. Second, after the oxidation of
Mo/Na-Y, its surface area decreased by about 200 m2/g, while that
of Mo/H(74)Na-Y did not change during the oxidation. These
findings imply that the partial destruction of the framework of Y

zeolite results from the formation of the bulk MoO3.
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4-4 Conclusion

The dispersion of the supported molybdenum is estimated
from the results of the oxygen chemisorption and the ultraviolet
‘diffuse reflectance spectra. The amount of chemisorbéd oxygen at
-196°C corresponds‘to the_number of Mo atoms exposed on the
surféce. When HNa-Y with the higher proton concentration is used
as a support, the dispersion of Mo is about 100 %. This is
confirmed by the UV spectra, that is, the Mo species in Mo(VI)/
H(65)Na-Y consist almost exclusively of the tetrahedrally coordi-
nated molybdenum. It is concluded that Mo/HNa-Y system is advan-
tageous for the preparation of the highly dispersed Mo species
(about 100 % dispersion) compared with MoO; supported catalysts.

The aggregation of molybdenum occurs when H(36)Na-Y,
H(14)Na-Y and Na-Y are used as supports, which leads to the
formation of Mo(0) cluster. After the oxidation of molybdenum to
Mo(VI), UV spectra of these samples demonstrate the presence of
the octahedrally coordinated molybdenum. This is explained by

the formation of bulk MoO3.
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Chapter 5 Catalytic activity of Mo/HNa-Y

5-1 Introduction

Molybdenum supported catalysts, especially MoO; supported
catalysts have been used for a variety of reactions. It is
known that the catalytic activity of the MoO;3 supported catalysts
for various reactions such as hydrogenation of blefins, hydroge-
nolysis of parafins, etc. increases by the reduction of Mo spe-
cies. The reduction is usually carried out with hydrogen at
about 500 °C. Most of the Mo(VI) species are reduced to Mo(V) and
Mo(IV) during this reduction. Therefore, in the case of the
MoO3/A1203 catalysts, the studies on the catalytic properties of
Mo(IV), Mo(V) and Mo(VI) are usually performed. In many cases,
the activity increases with increasing the extent of the reduc-
; tion. If a significant amount of the Mo species whose oxidation
numbers are less than +4 is formed during this reduction, it may
be proﬁéble that these Mo species are‘active for the specific
reactions.

Recently, new type catalysts have been prepared from some
molybdenum complexes, and the catalytic activity of the Mo spe-
cies in low oxidation states has been studied with these new
_catalysts. For example, Mo(II) species derived from Mo(n—C3H5)4/
Al,03 or SiO, have exhibited the high activity for ethylene
hydrogenation [1]. In the case of Mo(CO)6/A1203 or Si0,, it has
been reported that Mo(III) is active for propylene metathesis [2]
and Mo(0) is active for propane hydrogenolysis [31].

As mentioned in chapter 3, the Mo species whose average

oxidation numbers are between +0.3 and +3.8 as well as +6 can be
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prepared by changing the preparation conditions of Mo/HNa-Y.
This wide range of the oxidation state obtained with the Mo/HNa-Y
is advantageous for the study on the catalytic properties of the
Mo species in the pr oxidation states. 1In this capter, I refer
to the catalytic activity of the Mo species in the low oxidation
states using Mo/HNa-Y with various oxidation states. The poly-
merization of ethylene, the hydrogenation of ethylene and the
metathesis of propylene are selected as test reactions because it
has been reported that the reduction of Mo(VI) in Moo3/A1203
catalysts generates higher activity for these three reactions
compared with the activity observed with the catalysts without

reduction.

5-2 Experimental
5-2-1 Polymerization of ethyléhe

The polymerization of ethylene on Mo/HNa-Y was carried out
at 60°C with a static system of 110 ml dead volume. The Mo/HNa-
Y catalyst was prepared in situ from 0.70 g of HNa-Y and a
certain amout of Mo(CO)6 (typically, 0.68 Mo atoms per supercage
of HNa-Y). Ethylene was purified by a freeze-pump-thaw techni-
.que. The initial pressure of ethylene was 290 torr.

The reaction products in gas phase were analyzed by gas
chromatography using a 4 m column of VZ-7 and a FID detector.
The extent of the reaction was monitored by measuring the pres-
sure in the system.

5-2-2 Hydrogenation of ethylene
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The hydrogenation of ethylene on Mo/HNa-Y was carried out
at 1?C with a closed circulation éystem of 230 ml dead volume.
The Mo/HNa-Y catalyst was prepared in situ from 0.040 g of HNa-Y
and a certain amount of Mo(CO), which corresponds to the molybde-
num content of 2.0 @o atoms per supercage. Traces of oxygen was
removed from hydrogen by passage through a trap of Mn/SiOz. Both
of the initial pressures of ethylene and hydrogen were 135 torr.

The reaction products were analyzed by gas chromatography
using a 2 m column of Porapak Q and the FID detector. The extent
of the reation was monitored by measuring the pressure in the
system. |
5-2-3 Metathesis of propylene

The metathesis of propylene on Mo/HNa-Y was carried out at
1°C with the closed circulation system of 230 ml dead volume.
The Mo/HNa-Y catalyst was prepared in situ from 0.20 g of HNa-Y
in the same manner as described above (5-2-2). Propylene was
purified using a freeze-pump-thaw technique. The initial pres-
sure of propylene was 190 torr. -

The reaction products were ahalyzed by gas chromatograpy

using a 4 m column of propylene carbonate and the FID detector.

5-3 Results and discuésion
5-3-1 Polymerization of ethylene

When a certain amount of ethylene was introduced onto
Mo/HNa-Y at 60°C, the immediate decrease in pressure was ob-
served. After f hour of the reaction, trace amounts of propylene

and butenes were detected in the gas phase in addition to the
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remaining ethylene, which implies that the side reactions such as
dimerization and metathesis occurred. However, the total amount
of these by-products was less than 5 mol% of the amount of the
consumed ethylene. Therefore, the rate of the pressure decrease
corresponds to the Teaction rate of the ethylene polymerization.
Figure 20 is an example of first-order plot for the ethylene
polymerization on Mo/HNa-Y. The linear relationship was observed
for 10 minutes of the reaction, which indicates the first-order
reaction with respect to the pressure of ethylene. I describe
the activity of Mo/HNa-Y for the ethylene polymerization in terms
of the first-order rate constant obtained at the initial stage of
the reaction.

The gradual deactivation took place with the reaction
time. The polyethylene formed by the polymerization probably
hinders the diffusion of ethylene molecules within the zeolite
crystallites. 1In order to confirm the formation of the poly-
ehtylene, IR spectra was measured with Mo/HNa-Y after the expo-
sure to ethylene. The result is shown in.Fig.Zi. The exposure
to 300 torr of ethylene at 60°C caused four IR bands aé shown in
spectrum (b). These bands result from methylene groups and are
attributed as follows [41]; |

2925 cm™ ! : Asymmetrical stretching

2850 cm"1 : Symmetrical stretching

1470 cm™! : In-plane bending (scissoring)

1370 cm™! : Out-of-plane bending (wagging)

Therefore; the formation of the chain structure consisted of the

methylene groups occurred on the Mo/HNa-Y sample. The intensity
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Fig. 20 First-order plot for ethylene
polymerization on Mo/H(82)Na-Y

Dehydration temperature of H(82)Na-Y: 300°C
Decomposition temperature of Mo(CO)g: 400°C
Reaction temperature: 60°C

Initial pressure of ethylene: 290 torr
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Fig. 21 IR spectra of polyethylene on Mo/H(82)Na-Y

a: Mo/H(82)Na-Y; dehydration temperature was 400°C,
decomposition temperature was 300°C.

b: Sample a exposed to ethylene (300 torr) at 60°C.

c: Sample b evacuated at 100°C for 1 h.
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of these bands were almost constant after the evacuation of the
sample at 100°C for 1 hour (c), and no obvious band due to methyl
groups was observed. Consequently, it is concluded that long and
less branched chains of polyethylene are produced on the Mo/HNa-
Y.

In order to clarify the effect of the oxidation state of
molybdenum on the activity for the ethylene polymerization,
various kinds of Mo/HNa-Y having different AON of Mo were used as
catalysts. The relation between the activity and the AON of Mo
are shown in Fig. 22. The catalysts were prepared at various
dehydration and decomposition temperatures as shown in Fig. 9.
(see 3-3-1). Two curves correspond to two series of Mo/HNa-Y
which differ in the decomposition temperature of the adsorbed
,Mo(CO)6. At the decomposition temperature of 300°C, the activity
reached the maximum at the AON of about +1.1. This maximum
activity was about 25 fold as higher as the activity reported
with reduced MoO3/Al,05 [5]. At the AON of +3.8, the activity
was very low, and the activity became nearly zero after the
oxidation of Mo to form Mo(VI)/HNa-Y. The fraction of Mo(V)
determined from the ESR spectra had the inverse correlation with
the activity, that is, the Mo/HNa-Y exhibiting the maximum acti-
vity gave the Mo(V)/Mo ratio of 0.17 % and the Mo/HNa-Y of lower
activity (AON = +3.8) gave the ratio of 0.51 % as described in
Fig. 16. Therefore, the Mo(V) which is detected by ESR is not
the active site for the ethylene polymerization.

In the case of the decomposition temperature of 400°C, the
activity reached the maximum at the AON of about +1. The two

series of Mo/HNa-Y which differ in the decomposition temperature
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Fig. 22 Effect of average oxidation number
on activity for ethylene polymerization

Catalyst: Mo/H(82)Na-Y (0.76 g) -

Mo content: 0.68 Mo-atoms/supercage

Reaction temperature: 60°C |

Initial pressure of ethylene: 290 torr

Decomposition temperature of Mo(CO)g :
O —-300°C; A —1400°C
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show the similar curves with the maximum activity at the nearly
equal AON. These curves imply that the Mo species in the low
oxidation state around +1 is the active site. HoweVer, the
higher decomposition temperature led to the lower activity. This
decrease in activit§ at the decomposition temperature of 400°C
may result from the decrease in the dispersion of Mo. The amount
of chemisorbed oxygen was measured with the Mo/HNa-Y which exhib-
ited the maximum activity with the decomposition temperéture of
400°C (AON = +0.98). The amount of oxygen corresponded to the
O/Mo ratio of 0.85, which implies that the certain aggregation of
Mo occurs in this catalyst. |

Olsthoorn and Moulijn [6] have reported that the Mo(CO)6
/Al,03 heated at 100?C shows the catalytic activity for the
~ ethylene polymerization. They have suggested thét the adsorbed
subcarbonyl species, Mo(CO)3 (ads), is the active species and
that the oxidation number of Mo in this species is iow. In the
case of the Mo(CO)6/HNa—Y, the activity decreased with decreasing
the decomosition temperature of Mo(CO)6 fromi300éC to 100°cC.
This indicates that the remaining CO ligands on Mo lower the
polymerization activity, that is, subcarbenyl species are not the
most active species. From the above discussion, I conclude that
the most active species for the ethylene polymerization is the

molybdenum in low oxidation state, probably Mo(I) or Mo(II).

5-3-2 Hydrogenation of ethylene

When the 1:1 mixture of ethylene and hydrogen was intro-
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duced onto Mo/HNa-Y at 1?C, the pressure decreased immediately to
approach the half of the initial value. After the decrease in
the pressure became negligible, trace amounts of propane and
methane were detected in the gas phase in addition to ethane.
However, the total amount of these by-products corresponded to
0.4 mol% of the amount of produced ethane, so that the side
reactions can be ignored. Therefore, the rate of the pressure
decrease represents the reaction rate of the ethylene hydrogena-
tion. The reaction rates were measured with various values of
the initial pressure of one reactant keeping that of the other
reactant constant. The results indicate that the hydrogenation
of ethylene on Mo/HNa-Y was the first order reaction with respect
to the pressure of hydrogen and that it was about zero order to
’that of ethylene. Figure 23 shows an example of the first-order
;blot with respect to the pressure of hydrogen for the ethylene
hydrogenation on Mo/H(14)Na-Y. The pressure decrease differed
gradually from the linear relationship with the reaction time.
Side reactions such as oligomerization of ethylene may occur.
Therefore, the activity of Mo/HNa-Y is described in terms of the
first-order rate constant determined in the initial stage of the
reaction (1.5 minutes of the reaction).

Figure 24 shows the relation between the activity and the
AON of Mo. Various Mo/HNa-Y (AON = +0.4 - +2.8) were prepared by
changing both the degree of proton exchange in Y zeolites and
their dehydration temperatures as shown in Fig. 11 (see 3-3-1).
The activity increased with decreasing the AON of Mo when
H(36)Na-Y, H(65)Na-Y or H(74)Na-Y was used as a support. After

the oxygen treatment at -196°C which increased the AON to +3.6,
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Fig. 23 First-order plot for ethylene
hydrogenation on Mo/H(14)Na-Y

Dehydration temperature of H(14)Na-Y: 500°C
Decomposition temperature of Mo(C0)g: 300°C
Mo content: 2 Mo-atoms/supercage

Reaction temperature: 1°C

Initial pressure of ethylene and H,: 135 torr
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Fig. 24 Change in activity for ethylene hydrogenation
with average oxidation number of Mo

Mo content: 2 Mo-atoms/supercage
Decomposition temperature of Mo(CO); : 300°C
Reaction temperature: 1°C
Initial pressure of ethylene and H,: 135 torr
Degree of proton exchange (%):

W-0: O-14 @-36; O-65; A-74
X : Oxidized with 0, at 25°C
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the activity of Mo/H(74)Na-Y decreased nearly to zero. These
results implies that the Mo species in low oxidation state are
the active sites for the ethylene hydrogenation.

Several studies have been carried out in relation to the
active site for the‘;thylene hydrogenation with molybdenum sup-
ported catalysts. 1In the case of MoO3/A1203, Lombardo et al. [7]
have found that the redﬁction of Mo causes the higher activity.
They considered the codrdinatively unsaturated sites (CUS) on
Mo(IV) to be the active site. However, the reduction of Mo(VI)
in MoO3/B—Ti02 to the oxidation number below +4 has made the
activity several fold as higher as that of Mo(IV) species [8].
In the case of the catalysts prepared from the m-allyl complex of
Mo, Mo(II) has been the most active among the Mo species with the
oxidation states of +2 - +6 [2]. Brenner [9] has reported for
"the catalysts defived fromuMo(CO)giandfalumina that the Mo(0)-...- __
subcarbonyl species is active but that the further decomposition
aécompanied with the oxidation of Mo lowers the activity. In the-
above studies, the activity for the ethylene hydrogenation always
increases with decreasing the oxidation state of Mo.‘ This tend-
ency is consistent with my results with the Mo/HNa-Y catalysts.

When Na-Y or H(14)Na-Y was used as a support, the activity
was lower than that of Mo/H(36)Na-Y and Mo/H(74)Na-Y which had
the AON of Mo in the similar range (+0.3 - +0.6). The Mo species
in Mo/Na-Y and Mo/H(14)Na-Y exhibited fhe low dispersion of Mo as
shown in Fig. 18 (see 4-3-1). To clarify the effect of the dis-
persion of Mo, the activity per surface Mo atom was calculated

from the amount of chemisorbed oxygen (0/Mo) at -196°C. The
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results are shown in Fig.ZS. The plots for the activity were
obviously divided into two groups. The lower activity group
contained Mo/H(65)Na-Y and Mo/H(74)Na-Y where the dispersion of
Mo was about 100 %. The higheriactivity group contained Mo/Na-Y,
Mo/H(14)Na-Y and Mo]H(36)Na—Y. In these catalysts, the disper-
sion of Mo was low and the formation of Mo(0) cluster was sug-
gested as described in chapter 4. Thus it is considered that the
activity per Mo atom increases when the metallic cluster of Mo is
formed. Mo metal has been reported to be active for fhe ethylene
hydrogenation, though the activity is 1/18 as active as that of
Pt metal [10]. It is concluded that the active site for the
ethylene hydrogenation is the Mo(0) species an% that when the
Mo(0) species are aggregated to form metallic clusters, the

activity of the surface Mo(O)Hatoms becomes higher.

5—3—3 Metathesis of propylene .

The metathesis of propylene was carried out at 1°C on
various Mo/HNa-Y catalysts. Immediately after propylene was
introduced on Mo/HNa-Y, propylene was converted into ethylene and
butenes. After 1 hour of the reaction, ethylene, trans- and cis-
2-butenes and a trace amount of 1-butene were detected as reac-
tion products. The amount of ethylene formed was larger than the
total amount of butenes in every case. I expressed the catalytic
activity of Mo/HNa-Y for the propylene metathesis in terms of the
apparent turnover frequency calculated from the amount of ethyl-

ene formed in 1 hour of the reaction and the total amount of
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Fig., 25 Activity per surface Mo atom for
ethylene hydrogenation

Mo content: 2 Mo-atoms/supercage
Decomposition temperature of Mo(CO)g: 300°C
Reaction temperature: 1°C
Initial pressre of ethylene and H,: 135 torr
Degree of proton exchange (%):

W-0 O-14 @-36; O-65 A-74
0/Mo was measured at -196°C
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molybdenum in the catalyst.

Figure 26 shows the relation between the catalytic activi-
ty of Mo/HNa-Y and the AON of Mo. The Mo/HNa—Y catalysts with
various oxidation states (AON = +0.3 - +6) were prepared by
changing the proton concentration of the HNa-Y supports as shown
in Fig. 11 (see 3-3-1). In aadition, Mo/H(82)Na-Y (Mo content =
0.68 Mo-atoms/supercage; AON = +3.75) and several Mo/HNa-Y cata-
lysts oxidized with oxygen at room temperature or 300°C were used
as catalysts.

In the cases of Mo/H(74)Na-Y, Mo/H(65)Na-Y and Mo/H(36)Na-
Y, the catalytic activity increased with decreasing the AON of
molybdenum. After the oxidation of three Mo/HNa-Y catalysts with
oxygen at room temperature, the AON became +2.23, +2.99 and
+4.94, while Mo/HNa-Y oxidized at 300°C had the AON of +6. These
oxidized catalysts exhibited very low activities compared with
the parent Mo/HNa-Y.

The Mo species whose oxidation numbers are +2 - +5 have
been reported to be the active sites for the propylene metathe-
sis. In the case of MoO3/A1203 catalysts, from Ehe relation
between the ESR signal intensity of Mo(V) and the catalytic
activity, Giordano et al. [11] have suggested that Mo(V) pair is
the active site. Nakamura et al. [12] have reported that the Mo
species whose oxidation number is less than +5, probably +4, is
the active site from their ESR studies. 1In the case of the
catalysts prepared from Mo(ﬂ-C3H5)4, the most active species
among Mo(II) - Mo(VI) was Mo(IV) formed from Mo(II) by oxidation
at OéC [13,14]. From the studies with Mo(CO)6/8102 catalyst

systems, Brenner et al. [15] have suggested that Mo(II) species
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Fig. 26 Change in activity for propylene metathesis
with average oxidation number of Mo

Mo content: 2 Mo-atoms/supercage
Decomposition temperature of Mo(CO)g: 300°C
Reaction temperature: 1°C

Initial pressure of propylene: 130 torr
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or Mo(IV) species formed from the Mo(II) by oxidation at room
temperature are active for the propylene metathesis. Howe and
Kemball [2] have also studied on the active site present in the
catalysts prepared from Mo(CO)6 and silica by infrared spectro-
scopy with NO as probe molecules. They have concluded that the
Mo(III) species which can adsorb the NO molecule is the active
site.

My results with the Mo/HNa-Y catalysts indicate that the
activity of the Mo species whose AONs are +2 - +6 are much lower
than that of Mo species in the lower oxidation state. The ini-
tial activity of the most active Mo/HNa-Y with Mo species in the
low oxidation state is nearly comparable to that of the oxomol-
yvbdenum species with an oxidation number of +4 in MO(ﬂ—C3H5)4/
Al,03 catalyst system [14], which is the most active Mo catalyst
for the propylene metathesis. The former activity corresponds
to about 60 % of the latter. When the activity per surface Mo is
compared, the former activity corresponds to about 110 %-of the
latter. These facts mean that such a highractivity of the
Mo/HNa-Y ctalyst cannot resﬁlt from a small amount of Mo(IV)
species probably contained in the Mo/HNa-Y. Besides, the oxygen
treatment on the Mo species in the low o#idation states caused
the decrease in activity to a considerable extent. Therefore, it
is concluded that the oxidation number of the most active Mo
species for the propylene metathesis is not +4 but less than +2,
probably 0.

When H(14)Na-Y and Na-Y were used as supports, however,

the catalytic activities were relatively low, though the AONs of
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Mo in these catalysts were as low as those in more active cata-
lysts with H(36)Na-Y or H(65)Na-Y support. On the H(14)Na-Y or
Na-Y support, the aggregation of Mo species occurs to lower the
dispersion of Mo (see Fig. 18, in section 4-3-1). Therefore, it
seems that the lew -dispersion of Mo species results in the low
activity. However, the aggregation also occurs in the case of
Mo/H(36)Na-Y whose activity was as high as that of Mo/H(65)Na-Y
or Mo/H(74)Na-Y with the higher dispersion of Mo.

Figure 27 shows the relation between the metathesis activi-

ty per surface Mo atom and the AON of Mo. The number of the -

surface Mo atoms was determined by the oxygen chemisorption
at -196°C as described previously (4-3-1). 1In the region of low
AON, Mo/H(36)Na-Y exhibited the highest activity. The Mo species
in Mo/H(36)Na-Y have medium dispersion (O/Mo = 0.6 - 0.7) com-
- pared with those in Mo/H(74)Ne-Y (0/Mo & 1) and Mo/Na-Y (0/Mo =
; 0.2 - 0.3).

Consequently, I suggest that the activity for the propylene
metathesis increases with the formation of small Mo(0) clusters
but that the activity decreaees with the’formation of large Mo(0)
clusters by the further aggregation of Mo(0). The propylene
metathesis is believed to proceed through a metallocyclobutane
intermediate. Therefore, the effect of the dispersion on the
metathesis activity probably results from the steric hindrance
caused by the large Mo(0) clustet located in the supercage of
zZzeolites. However, the effect of the dispersion may result also
from the structure sensitivity sometimes reported in supported
metal particles or slight differences in the oxidation state of

Mo caused by the metal-support interaction.
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Fig, 27 Activity per surface Mo atom for
propylene metathesis

Mo content: 2 Mo-atoms/supercage
Decomposition temperature of Mo(C0)g: 300°C
Reaction temperature: 1°C
Initial pressure of propylene: 190 torr
Degree of proton exchange (%):

B-0 0O-14; @-36; O-65.-4A-74
0/Mo was measured at -196°C

Apparent turnover frequency
Turnover frequency = 0/Mo
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5-4 Conclusion

The catalytic activity of molybdenum was studied by using
the Mo/HNa-Y catalysts with various oxidation stateé of molybde-
num. For the polymerization of ethylene, the slightly oxidized
Mo species, probably Mo(I) or Mo(II), is suggested to be the
active site. For the hydrogenation of ethylene and the metathe-
sis of propylene, Mo(0) species is the most active species com-
pared with that with the higher oxidation states. The aggrega-
tion of Mo(0) to form a small metallic cluster results in the
higher activity per surface Mo atom for these two reactions. In
the case of the propylene metathesis, excess aggregation lowers
the activity.

For any reaction studied, the Mo species in extremely low
oxidation states which can hardly be prepared in MoO; supported
catalysts exhibit the high activities. These activities are much
higher than those reported for the MoOj; supported catalysts. It
seems that the extent of coordinative unsaturation as well as the
electronic effect affects the activities. This is obvious
because the subcarbonyl species which consist of Mo(0) are less
active than the Mo(0) clusters without any CO‘ligand formed after

the complete decomposition of the subcarbonyls.
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Chapter 6 Conclusion

In order to clarify the catalytic properties of molybde-
num, I prepared Mo/HNa-Y catalysts with various oxidation states
of molybdenum and carried out the characterization of the sup-
ported molybdenum species. Three kinds of reactions were per-
formed with the various Mo/HNa-Y catalysts and the active sites
for these reactions were discussed based on the results of the
characterization.

In the first stage of the preparation of Mo/HNa-Y,
Mo(CO)6 is adsorbed iﬁ the supercage of the dehydrated HNa-Y
zeolite. The adsorption is saturated when every supercage ad-
sorbs two Mo(CO)g molecules irrespective of the proton concentra-
tion of HNa-Y. The second stage involves the heating of the
adsorbed Mo(CO)g in vacuo to decompose the Mo(CO)g. Above 300°c,
the Mo(CO)g is completely decomposed to form Mo/HNa-Y. When the
amount of added Mo(CO)6 does not“exceed the amount of its satﬁ;
rated adsorption, all of the added molybdenum is supported on the
HNa-Y zeolite through the thermal decomposition. From the Mo/Si
ratio estimated from"XPS spectra, it is found that the molybdenum
species in Mo/HNa-Y are distributed within the zeolite crystal-
lites.

Molybdenum is oxidized by the surface hydroxyl groups of
HNa-Y during the thermal decomposition of the adsorbed Mo(CO)g.
This oxidation causes the fomation of certain amounts of hydrogen
and methane. The average oxidation number (AON) of the supported
molybdenum is determined by an O, titration method and by mea-

suring the amount of H, and CH, evolved during the decomposition

(125)



of Mo(CO)6/HNa—Y. The Mo/HNa-Y catalysts with various AON of
molybdenum are prepared by changing the preparation conditions.
The léwer AON of molybdenum is obtained by using the HNa-Y sup-
pdrts with the lower concentrations of the surface hydroxyl
groups and by deco;posing the Mo(CO)6 at the lower temperatures.
Thus I can prepare the Mo/HNa-Y in which the AONs of molybdenum
are in the range from +0.3 to +3.8.

The existence of MQ(O) species is confirmed from in situ
XPS spectra of the supported molybdenum and from IR spectra of CO
adsorbed on the Mo/HNa-Y. The XPS spectra also indicate the
existence of Mo(II) species when HNa-Y with the high proton
concentrétion is used as a support. 1In .the similar Mo/HNa-Y, the
existence of Mo(I) and Mo®* (n » 2) is indicated from the IR
spectra of the adsorbed CO. 1In the case of the impregnation
MoO3/A1203 catalyst, the Mo species with the low oxidation stateé
as Mo(0), Mo(I) and Mo(II) have only be prepared by the reduction
with H2 atvhigh temperatures above 800 °. Treatments at such
high temperatures may cause the aggregation of Mo species. It is
concluded that the Mo/HNa-Y preprared from Mo(CO)g is the useful
syétem to obtain the molybdenum with the low oxidation states.

The dispersion of the supported Mo species is estimated by
the amount of chemisorbed oxygen (0/Mo) at -196°C. When HNa-Y
with a high degree of proton exchange is used as a support, about
one oxygen atom is chemisorbed on one Mo atom (O/Mo =~ 1). After
oxidation of this sample to Mo(VI), its UV spectrum shows that
most of the Mo species have the tetrahedral coordination with the

oxygens, which indicates that few Mo atoms form the bulk MoOj3.
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Therefore, the dispersion of molybdenum in this Mo/HNa-Y is about
100 3. On the other hand, when HNa-Y with the lower degree of
proton exchange is used as a support, the O/Mo ratio becomes
lower than 1. The UV‘spectrum.after the oxidation shows that the
Mo species with thé octahedral coordination are contained in the
sample. Therefore, the bulk MoO3 is formed and lowers the dis-
persion of molybdenum.

Thé Mo/HNa-Y catalysts with various oxidation states of
molybdenum are used as catalysts to clarify the catalytic proper-
ties of molybdenum in the low oxidation states. Three reactions
are performed, that is, the polymerization of ethylene, the
hydrogenation of ethylene and the metathesis of propylene. 1In
the case of the polymerization of ethylene, slightly oxidized
species, probably Mo(I) or Mo(II), are considered to be the
active éite. On the other hand, Mo(0) species is found to be the
active site for the ethylene hydrogenation and the propylene
metathesis. The formation of Mo(0) clusters leads to the in-
crease in the activity per surface molybdenum for these two
reactions. However, the extensive'aggregation (O/Mo < 0.4)
lowers the activity for the propylene metathesis. The activities
of the Mo/HNa;Y'catalysts observed in this‘sfudy are higher than
those reported with MoOj3 supported catalysts which consist mainly
of Mo(IV), Mo(V) and Mo(VI) species.

It is concluded that I can prepare the various molybdenum
species by using Mo(CO)gz and HNa-Y zeolites. The oxidation state
and the dispersion of the molybdenum species can be altered over
the wide range by changing the preparation conditions. The Mo

species with the low okidation states such as Mo(0), Mo(I) and

(127)



Mo(II) are found to be very active species for certain reactions.
The Mo/HNa-Y catalyst system is advantageous for clarifing the
catalytic properties of molybdenum especially in the low oxida-

tion states.
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