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Preparation of a MoQO;-AlO; catalyst with a monolayer of molybdenum oxide on the
alumina was possible by adsorbing MoO,(OH); at 600°C from the gas phase. From the
amounts of molybdenum adsorbed and the surface areas of the catalysts a characteristic
value of 17 A2 was calculated for the area occupied by one MoQO; molecule. Longer times
of preparation and high partial pressures of MoO,(OH). yielded an aluminum molybdate
(A1,05:3M0Q;) as evidenced by X-ray analysis. High coverage of the alumina with
molybdenum oxide was also possible by adsorbing polymolybdate ions from acid
solutions.

The dehydrogenation of cyclohexane on the prepared catalysts was studied using a
pulse reactor. For the different catalysts the rate of dehydrogenation, expressed per unit
weight of MoQOj3, was found to be constant.

Hydrogenolysis of pyridine at high hydrogen pressures on a monolayer MoQO;-A1,0;
catalyst and a cobalt promoted MoO;-AlyO; catalyst showed that both catalysts have

the same activity and selectivity pattern.

INTRODUCTION

In a series of papers we intend to present
the results of investigations into the mecha-
nism of pyridine hydrogenolysis on molyb-
denum-containing catalysts. This paper
deals with the preparation of a monolayer
Mo0O;3-ALO; catalyst. In following papers
the kinetics of pyridine hydrogenation and
piperidine hydrogenolysis at low and high
hydrogen pressures and the conversion of
amines will be reported. The results of
adsorption studies of hydrogen and nitrogen
bases on AlLO; and MoO;-Al,O; using
various techniques will also be presented.

Especially for the adsorption studies we
tried to prepare a catalyst with a monolayer
of molybdenum oxide and a small free
alumina surface. Two different methods
were examined, one in which the molyb-
denum oxide was adsorbed on the v-Al,O;

from the gas phase and one in which the
adsorption took place from the liquid phase.

Buiten (7) showed that a MoO;-8SnO,
catalyst with a monolayer of molybdenum
oxide on the tin oxide could be prepared by
adsorption of molybdenum hydroxide from
the gas phase. At high temperatures and
high partial pressures of water vapor molyb-
denum oxide is converted into the volatile
Mo0O:(OH)» (2). This compound was trans-
ported to the tin oxide surface by flowing a
mixture of air and water vapor successively
through a bed of MoO; and SnQ; particles.
The MoO,(OH) or MoO; was very strongly
adsorbed on the SnO; surface. From more or
less constant weight percentages of MoO,
and the agreement between the theoretical
monolayer MoO; percentage and the one
experimentally found, he concluded that a
monolayer was formed.

Besides this technique we tried to prepare
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a monolayer MoO;—ALO; catalyst by ad-
sorption of molybdate ions from acid solu-
tions on the alumina. The formation of
polymolybdate ions in acid solutions is well
known (8, 4) and can be formulated as:

nMoO2~ + (2n — 2)H* = [Mo,Osn2(OH syt~

The polymerization can be observed at
pH < 7 and with concentrations of molyb-
denum >0.001 M. An increase of the
molybdenum concentration increases the
polymerization factor n. A decrease of the
pH also increases n. Values of n > 7 were
found at a pH between 1 and 2 and a molyb-
denum concentration above 0.05 M. If these
large polymolybdate ions adsorb very
qh‘nn;ﬂv on an alumina surface the prepa-
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ration of a monolayer molybdena- alumma
catalyst may also be possible in the liquid
phase.

The formation of a MoO;—Al,O; cata-
lyst with the molybdenum oxide well spread
out over the alumina surface has been
mentioned by different authors. Russell and
Stokes (§) measured the dehydrogenation
activity of MoQO;—Al,0; catalysts. The activ-
ity waslinearly related with the molybdenum

content; however, the activity became con-
stant w hen the amount of molybdenum was
raised above 0.052 at. 9. Assuming 15 K2
as the surface area for one molybdenum
trioxide molecule, Russell and Stokes showed
that the maximum activity was due to the
attainment of complete coverage of the
alumina surface with a monolayer of molyb-
denum oxide. [The value of 15 A? was calcu-
lated from the density of molybdenum
trioxide; Buiten ({) experimentally found
a value of 20-25 A? for the adsorption of
MoO; on Sn0,.]

The spreading of molybdenum oxide over
alumina was also shown by Lipsch and
Schuit (6) from reflectance measurements on
a mixture of MoQj; and Al,O3 particles. Ac-
cepting a thickness of the MoO; monolayer
of 5 A (i.e., 10.8 A? for the ares of one MoO;
molecule) they caleulated that in the com-
mercial dehydrosulfurization catalyst CoO-
MoO;-AlLOs the molybdenum oxide covers
about 209, of the alumina surface.

The coordination of molybdenum in
molybdena—alumina catalysts has been in-
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vestigated by various authors (5-8). Some
of this research was done on the cobalt-
promoted catalyst; however, no evidence
was found for the formation of a cobalt
molybdate on the alumina. Thus, the in-
corporation of molybdenum into the pro-
moted and the nonpromoted catalyst is
cxpected to be identical (6). Lipsch and
Schuit (6) concluded from infrared trans-
mission measurements that there was an
octahedral coordination of the molybdenum

in the oxide lattice. However, for the same
catalyst Ashley and Mitchell (?) observed
by reflection measurements that the molyb-
denum was tetrahedrally coordinated. Only
a small part of the molybdenum was present
in an octahedral coordination. They ex-
plained the results of Lipsch and Schuit (6)
by assuming octahedral molybdenum more
inside the alumina structure. Asmolov and
Krylov (8) reported tetrahedral molyb-
denum at a low molybdenum content and
octahedral molybdenum at higher molybde-
num contents.

The formation of an aluminum molybdate
has been discussed by several authors. Doyle
and Forbes (9) reported a slow reaction of
AlO; and MoOj; at 700°C. The compound
Al03-3M00; was formed. Ishii and Mat-
suura (10} and Asmolov and Krylov (8)
mentioned the existence of a ‘“‘combined
form” of molybdenum oxide on alumina.
This combined form did not dissolve in
ammonia. It was suggested that this com-
bined form may be aluminum molybdate.

In this paper two methods for the prepara-
tion of a monolayer MoQO;-AlO; catalyst,
the formation of an aluminum molybdate
and a first activity test of the prepared
catalyst, are discussed. The activity of a
commercial CoO-Mo0;-AlLO; desulfuriza-
tion catalyst has also been measured.

METHODS

Catalyst Preparation from the Gas Phase

In the preparation from the gas phase a
flow of air of 15 liters/hr was saturated with
water vapor to a pressure of 0.5 X 105 N /m?
(the amount of water was determined after
condensation). The mixture first flowed
through a bed of MoO; particles (1.2-2.0
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mm, 15 ¢m high, d; = 6 mm, T = 595°C,
[’Mooz(oﬁ)2 =20 N/mz) and then through a
bed of alumina particles (0.3-0.6 mm, 10 cm
high, d; = 12 mm, T = 600°C). The pres-
sure drop over the two beds was about
0.1 X 10®* N/m? The somewhat lower tem-
perature of the MoO; bed was chosen to
prevent condensation of the MoO; between
the molybdena and the alumina bed. The
temperature of the alumina was constant
within 2°C. Under these circumstances about
5 days were needed before the molybdenum
oxide front broke through and formed MoQO;
particles at the reactor outlet. At the end
of the experiment the catalyst bed was
divided into 10 fractions. The molybdenum
contents of these fractions, and in some cases
also their surface area, were determined.

Catalyst Preparation from the Liquid Phase

In the preparation from the liquid phase
a fresh solution of 19, ammonium molybdate
(pH 1-9) flowed through a bed of alumina
particles (0.3-0.6 mm, 2-50 g, ¢ = 50-300
ml/hr). At the outlet of the reactor the pH
was measured and the molybdate concentra-
tion and the alumina concentration were
determined. During the preparation samples
were taken from the top of the alumina bed
and analyzed for their molybdenum content.
The time of preparation was mostly 4 hr
(sometimes about 1 wk). After the prepara-
tion alumina samples were taken at different
heights of the bed, dried and caleined for at
least 1 hr at 500°C.

Some of the catalysts were extracted in an
ammonia—ammonium nitrate buffer. After
four extractions with this buffer (24 hr cach
time) the molybdenum content of the
catalyst was constant.

Materials

Al-K:y-Al0; (kindly supplied by Ketjen,
Amsterdam, BET surface area 213 m?/g,
Fpore = 30 A);

Al-D:(y + 8)-Al,O; (acrogel, Degussa,
78 m?/g, Fpore = 125 A); and 49, Co0-129,
MoO;-AlLO; (Ketjenfine, 235 m?/g).

Analysis

The molybdenum content of the MoO;—
ALO; catalysts was analyzed by X-ray
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fluorescence (11). The molybdenum concen-
tration in solutions was determined com-
plexometrically with EDTA and eriochro-
mium-black-T at pH 10 after precipitation
of the molybdate (as calecium molybdate) in
a boiling CaCl; solution (12).

The aluminum concentrations were deter-
mined with EDTA and eriochromium-
black-T. The normal complexometric analy-
ses at pH 7 and xylenol orange was
impossible due to an interfering effect of
the molybdate ions.

The surface areas of the catalysts were
determined by argon adsorption at —196°C
(13.8 A2, Py = 230 mm Hg).

X-Ray analyses were made with Cu-Ka
radiation. The Guinier-de Wolff and the
Guinier-Lenné techniques and a diffractom-
eter werc used.

Catalytic Activity

The catalysts were reduced for at least
16 hr at 450°C at the hydrogen pressure of
the following experiment.

The conversion of eyclohexane was meas-
ured in a pulse reactor (0.5ul pulse, 1g cata-
lyst, Py, = 1.6 X 10° N/m?, T = 350°C).
The height of the catalyst bed was
about 2 em. The gas flow rate was 3.6 liter
(NTP)/hr. A 3 m didecyl phthalate column
at 80°C was used for the gas chromatographic
analyses.

The conversion of pyridine was carried
out in high pressure equipment. A stainless
steel U-type reactor with an internal diam-
eter of 6 mm was used. The amount of
catalyst was 3.5 g. The gas flow rate was
28 liter (NPT)/hr. The total pressure was
60 X 10° N/m? The linear gas speed in the
reactor (empty tube) 1.0 em/see. The partial
pressure of pyridine was 0.78 X 10° N/m?2.

The reaction time was defined as: { =
mP /¢, in which

m = mass of catalyst (kg);

P = total pressure (N/m?);

¢: = total moles fed to the reactor (moles/
sec).

This definition of the reaction time was used
to take into account the influence of the
total pressure on the reaction time. The
reaction time was 6.1 X 107 kg N sec/m?
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moles. The produets were analyzed by gas
chromatography (13). More information
about the equipment is given elsewhere (14).

At the end of an experiment (after 50 hr)
the reproducibility of the pyridine hydro-
genolysis was tested at several temperatures.
The CoO-MoO-AlLO; catalyst gave repro-
ducible results. An activity decline of about
25% was found for the MoO;—AlO; catalyst
at 250 and 300°C.

REsuLTs

Catalyst Preparation in the Gas Phase

The effect of water vapor partial pressure,
MoO2(OH), partial pressure, temperature
and surface area of the alumina on the
preparation was investigated. A characteris-
tie plot of the weight amount of molybdenum
oxide in the catalyst as a function of the bed
length is given in Fig. 1. High amounts of
molybdenum in the first samples followed
by a rather sharp decrease to a constant
level was found in all experiments. When
the experiment was stopped before the
molybdenum oxide reached the last alumina
particles, a sharp front of MoO; could be
observed. This indicates that the adsorption
of the oxide or hydroxide on the alumina is
very strong. The results of a number of
experiments are given in Table 1. For each
experiment the level of the constant MoO,
content and the total weight of molybdenum
oxide adsorbed above this level (“excess
MoO;”) are given. Accepting a monomolecu-
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lar layer of the molybdenum oxide, the
surface area occupied by one molecule of
MoO; can be calculated from the surface
area and the weight of molybdenum oxide
at the constant level. For experiments at
different conditions a value of about 17 A2
was found.

X-Ray diffraction of all our samples
showed no molybdenum oxide. The samples
with a MoO; content above 309, showed a
characteristic diffraction pattern, which did
not belong to the alumina or to one of the
molybdenum oxides. Very good correlation
was found between the diffraction pattern
of our samples and that of Al,033Mo0O;
(15). The spectrum was very distinct when
the temperature of a mixture of alumina
and molybdenum oxide particles was slowly
raised from 500 to 600°C (2°C/min). We
observed the appearance of the Al;03-3MoO;
spectrum at 535°C and the disappearance
of the MoO; spectrum at 585°C. Remarkable
was the disappearance of the Al,O3:3MoQO;
spectrum on prolonged heating (50 hr) at
600°C.

A decrease of the surface area during the
preparation process was found for the Al-K
material. This was not the case for the
Al-D material. The areas for alumina and
those obtained several times for the MoOs
Al,O; catalysts are given in Table 2. The
areas are expressed per gram of Al,Os.

Several catalyst samples were extracted
with an ammonia/ammonium nitrate solu-
tion. A part of the molybdenum oxide

AlLO5 (@)

Fi6. 1. Molybdenum oxide content as a function of the bed length or the weight of alumina downstream
for the preparation from the gas phase at 600°C; (@) Al-D, (O) Al-K.
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TABLE 1
Resvurs oF THE CATALYST PREPARATION FROM THE GAS Puask

Amount Surface area,
of at constant Area
Time water MoO; level of for one
Type Pu,o of trans-  Excess (wt%) at molybdenum  MoO;
of T 108 Bair Expt ported MoQ; constant content molecule
Expt alumina (°C) N/m? (l/hr) (hr) (liters) (&) level (m?/g cat.) ( Az)
1 Al-D 615 0.7 8 94 0.69 0.56 10.3 72 16.5
2 AI-K 600 0.2 27 300 1.52 1.5 17.5 117 16.1
3 AFK 600 0.4 15 200 1.55 1.8 17.4 121 16.7
4 Al-K 600 0.6 26 195 4 .48 5.6
Ho Al-K 600 0.5 15 150 1.36 1.5
6¢ A-K 600 0.5 16 165 1.31¢ 0.8 15.2 108 17.1
7 Al-K 520 0.7 18 620 12.2 1.4 18.0 130 17.3

¢ In Expt 4, 26 g alumina were used instead of 10 g.

® In Expt 5, the alumina was a presintered Al-K with a surface area of 155 m?/g.

¢ In Expt 6, the gas stream from the MoO; bed was diluted with a stream of water vapor and air. (¢air =
16 liters/br, Puso = 0.5 X 10° N/m?.) The partial pressure of MoO,(OH), was lowered by a factor of two
in this case. The ¢.i- and the amount of water given in the table are based only on the stream through the

MoO; bed.

remains on the catalyst, namely 7 wt 9%
for a catalyst prepared in the liquid phase
and 3-5 wt 9, for those prepared in the gas
phase. This amount was independent of the
original amount of molybdenum oxide in
the sample. The X-ray pattern of aluminum
molybdate disappeared after extraction.

Catalyst Preparation in the Liquid Phase
The effect of the ammonium molybdate

concentration, liquid feed rate, pH and

adsorption time on the weight of molyb-

denum oxide adsorbed on the alumina were
studied. In Fig. 2 a typical plot is given of
the concentration of ammonium molybdate
inthe effluent and the weight of molybdenum
oxide adsorbed as a function of the time. The
pH of the effluent was about 8 in the first
2 hr, then decreased rather fast to a value
of 5, followed by a slow decrcase to the pH
value of the feed. This change in pH is caused
by the formation of poly-ions. These ions
adsorbed on the alumina or are formed on
the alumina surface.

TABLE 2
SurrFacr Arsas oF ALO; anp MoQ;/ALO; PrREPARED FROM THE (Gas PHASE
AND FROM THE L1QUID PHAsE

Surface area

Sample Treatment (m?/g AlO;) Remarks
AL, O, — 213
190 After 11 hr
; °C 0 = 5 2
ALOs 600°C, Pro = 0.5 X 10° N/ 3155 Constant, after 80 hr
140 Constant level
MoO;/ALO; 600°C, Pa,o = 0.5 X 105 N/m? of wt9, MoQ,
90 45 wt%, MoO,
Al,O; 20°C, [AM] = 0, pH 1 230
MoO;/ALO; 20°C, 1%, AM solution, pH 1 240
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F1a. 2. The ammonium molybdate [AM] concentration in the effluent and the molybdenum oxide content
of the catalyst at reactor outlet as a function of the time of preparation (pH 2; 45 g AlO;; ¢ = 300 ml/hr).

The liquid feed rate has little effect on
the amount of molybdenum adsorbed. The
profile for ammonium molybdate, expressed
as the ammonium molybdate concentration
[AM] in the effluent as a function of total
volume of solution fed to the reactor, was
somewhat sharper in the case of the low
liquid feed rate.

The weight of molybdenum adsorbed was
determined as a function of the time at
different pH values (10 g Al,O;; ¢ = 100
ml/hr). At low pH (<3) a “‘constant”’
molybdenum content was obtained within
20 hr; at higher pH (>5) it took about
70 hr to reach a constant wt 9, MoQ;. At
pH < 2 and high [AM] a small linear in-
crease of the molybdenum econtent as a
function of the time was observed. For the
experiment at pH 1 this increase was about
1 wt 95 Mo0O;/24 hr for alumina at the end
of the bed and about twice as much for
alumina in the first part of the bed. This
increase is due to the formation of molyb-
denum oxide particles already in the solu-
tion. To determine the effect of the pH on
the weight of molybdenum oxide adsorbed
on the alumina a correction for this effect
has to be made. The ‘“‘constant level” of
wt 9 MoO; at longer times of adsorption
were extrapolated to ¢ = 0. The influence
of the pH on the weight of molybdenum
oxide in the samples is given in Fig. 3.

The [AM] has little effect on the amount
of molybdenum oxide adsorbed (Table 3).
The difference will be even less if a correc-

254

MoO,
(Wt %)
154

L A —
z 4 © e
- pH
Fia. 3. Effect of the pH of the ammonium
molybdate solution on the molybdenum content of
the catalysts.

tion is made for the slow inerease of the
MoO; content as a function of the time.

The surface areas of catalysts prepared
from the liquid phase are given in Table 2.
Remarkable is the increase of the surface
area of alumina by treatment with a nitric
acid solution.

TABLE 3
ErFEcT OF THE AMMoNIuM MovryBpate [AM]
CONCENTRATION ON THE WEIGHT OF
MoO; ADSORBED®

[AM] MoO,
(%) (wt%)
1.0 17.8
0.5 17.4
0.2 16.8

apH 2; 10 g Al:Os; ¢ = 100 ml/hr; ¢ = 50 hr.
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Measurements of Catalytic Activity

The catalytic activity of the CoO-MoO;-
Al,O; catalyst and the homemade MoOs-
Al O3 catalysts were investigated by study-
ing the conversion of cyclohexane at low
hydrogen pressure and the conversion of
pyridine at high hydrogen pressure.

The conversion of eyclohexane was investi-
gated by the pulse technique. Benzene was
always the most important product. Methyl-
cyclopentane and ecracking produets were
also formed, especially on the MoO;-AlO;
catalysts.

On CoO-Mo0O;-Al, 03 the conversion of
cyclohexane into benzence appeared to be
insensitive to the amounts of eyclohexane
injected. This indicates that the reaction
is of the first order in eyelohexane. Hence, it
is possible to eompare reaction rate con-
stants studying the conversion of cyclo-
hexane on the different catalysts. When
other products than benzene were found it
was assumed that they were formed by a
first order parallel reaction. The results are
given in Table 4.

Alumina appears to be inactive. The co-
balt-promoted MoO;-Al,O; catalyst showed
a sclective formation of benzene. Methyl-
cyelo—pentane and cracking produets were
formed on the MoO,;-ALO; catalyst. In the
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case of alumina and the extracted catalyst,
the conversion of eyclohexane into cracking
products was small; next to benzene methyvl-
cyclopentane was the most important pro-
duct. The low conversion into methyleyelo-
pentane on the molybdena—alumina is due
to the high cracking rate of methyleyclo-
pentane on these catalysts, as was cxperi-
mentally found in a separate experiment.

The conversion of pyridine was studied as
a funetion of the temperature at a hydrogen
partial pressure of 60 X 10° N/m2 The re-
sults obtained on the CoO-MoO;-ALO; and
the 229, MoO;-AlO; catalyst are given in
Iig. 4a and b. The reaction time in both
cases wasg 6.1 X 107 kg N sec/m? moles.

The organic reaction path is discussed
clsewhere (14). It was shown that the
compound N-pentylpiperidine was formed
from pentylamine and piperidine or directly
from two piperidine molecules.

Drscussion
Catalyst Preparation from the (Gas Phase

The constant level of the MoO; content
(Fig. 1) and the same value (17 A?) obtained
for the area of one MoQO; molecule under
different experimental conditions (Table 1)
strongly suggest the presence of a monolayer
of molybdenum trioxide on the alumina.

TABLE 4
Activity or DIFFERENT CATALYSTs For THE CONVERsSION oF Cycronkxaxk (CH)

Surface Arbitrary units ky/wt MoO;
(wt%) area Conversion - (arbitrary
Catalyst MoQ; (m2/g cat.) of CH feye ko units)
AlLO; 0 213 0.006 0.002 0.0005
Co0O-Mo0O;-Al04 12.0 235 0.58 0.42 <0.001 3.5
Mo0;-AlO® 15.2 128 0.86 0.63 0.23 4.1
MoO;-ALOy 22.0 195 0.91 0.95 0.13 4.3
MoO;-ALO,¢ 6.7 225 0.29 0.11 0.05 1.7
» The reaction scheme was taken to be:
I3
eyclohexane — benzene
ke»

— methyleyclopentane + cracking products

Assumption of zero order of the second reaction does not change the values of k; more than 1097,

b Catalyst prepared from the gas phase.
¢ Catalyst prepared from the liquid phase.

4 22% MoOs—ALO; catalyst extracted in a buffer of ammonia and ammonium nitrate.



216

SONNEMANS AND MARS

(1) PRODUCT
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T L4

300

—— T (°C)

Fic. 4. Conversion of pyridine as a function of reaction temperature on the 49, Co0-129, MoQ;-Al,O;
catalyst (a) and the 229 MoQ;-ALO; catalyst (b) under the same experimental conditions; (@) pyridine,
(O) piperidine, (@) N-n-pentylpiperidine, (V) n-pentylamine, (A) ammonia.

Evidence for the high coverage of the
original alumina surface with MoO; was
also found by infrared spectroscopic meas-
urements (16). The spectrum of the OH
groups of alumina was far less intense on the
Mo0Q;-Al,O; catalyst. The band positions
were also changed. In a separate paper more
detailed information about the MoO3;-Al:0;
catalyst (before and after the reduction of
the catalyst) will be presented.

From models of the different planes of
alumina we tried to calculate a theoretical
value of the area for one MoO; molecule.
However, models of the alumina surface are
not well known. Peri (17) reported a model
for the 100 plane of alumina; his model was
idealized and did not take into account the
presence of tetrahedral aluminum between
two 100 planes. We designed models of the
different planes by cleaving an alumina
crystal in different directions. The following
assumptions were made in our model of the
monolayer catalyst.

1. The Al ions in between the split layers
were counted as 507%,.

2. The vacancies in the Al,O; structure
were taken into account by diminishing, if
present, the Al ions above the first oxygen
layer; the Al ions left above this first layer
were transformed into H ions (3H+/Al%).

3. The molybdenum ions are incorporated
in such a way that the new structure forms
a continuation of the alumina erystal.
Figure 5 demonstrates incorporation of
tetrahedral and octahedral molybdenum.

The results of the calculations of the
theoretical area occupied by one MoOs

oH OH
Ho_ ! _oH O 20 O ' 20
Mo Mo Mo
HO" | SoH HO”"  SOH |
OH OH
CH
HO OH

HO OH oH
e e

Fia. 5. Models of the incorporation on alumina of
octahedral Mo (a), tetrabedral Mo on the 100 plane
(b) and tetrahedral Mo on the 111 plane (¢); in
cases (a) and (c) three oxygen ions are needed per
molybdenum ion, in ecase (b) only two oxygen ions.
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molecule are given in Table 5. These data
show that our experimental value of 17 Az
is well within the range. It also indicates
that there is a preference for tetrahedral
coordination, if the 100 plane is predomi-
nantly exposed. The model of the MoOs-
Al,O; catalyst, based on Peri’s model of the
alumina surface, was less satisfying. The
Mo-Mo distance for molybdenum on the
100 plane of Al,O; was 3.95 A in the struc-
ture based on Peri’s model and 4.6 and
5.6 A in those based on our model.

An cstimate of the molybdena surface of
the CoO-MoO3-Al,O; catalyst may be
given. Using 17 A? as the surface area for
one MoO; molecule we calculated a coverage
of 35409, of the alumina surface with the
molybdenum oxide. Lipsch and Schuit (6)
reported a value of 209, based on the as-
sumption that the thickness of a monolayer
is 5 A. However, if a monolayer of MoO;
1s considered to have the thickness of one
layer of oxygen ions a value of 3 A is more
acceptable.

Thelower surface areas of the MoO4-Aly O3
catalysts compared to the value of the
sintered alumina (Table 2) will certainly be
due to the decrease of the mean pore diam-
eter from 60 to 54 A. A decrease in surfacc
area of about 15 m?/g may be expected.

The adsorption of excess molybdenum
oxide in the first part of the alumina bed
is due to the formation of an aluminum
molybdate as could be shown by X-ray
analysis. The position of the lines of the

TABLE 5
SURFACE ARrEAS FOR ONk MoO; MoLECULE ON
THE DIFFERENT PLANES OF ALUMINA (ji?)
CALCULATED FROM OUR MODEL
AND TrHaT Usep BY Prrr (17)

No. of

oxygen Mo

atoms/

100 A2 Octahedral Tetrahedral
100 plane 12.8  Not possible 15.6

(Peri)

100 plane 12.8 Not possible 15.6
110 plane («) 9.1 22.0 Not possible
110 plane (8) 9.1 22.0 22.0
111 plane («) 14.8 26.6 Not possible
111 plane (B) 14.8 26.6 26.6
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spectrum were identical with those reported
fOI‘ A1203'3M003 (15)

The total weight of excess MoO; given
in Table 1 was found to be related with the
reaction conditions:

excess MoO; = const. X Pyo0.01:
X MoO; monolayer present X t,

where t = time of preparation. This correla-
tion could be derived because dividing
the weight of excess MoO; by the time,
Pyoo,0my, and the weight of water trans-
ported, yielded constant values (within
159%) for Expts 2, 3, 5 and 6. The amount of
water transported 1s proportional to the
total area of MoO; monolayer formed as far
as experiments at the same temperature are
concerned. The value for Expt 4 was 259,
lower, possible due to insufficient saturation
of air with molybdenum oxide. No informa-
tion can be given yet about the influence
of the rate of diffusion of aluminum ilons
into the MoO; monolayer on the rate of
formation of the aluminum molybdate,

Catalyst Preparaticn from the Liquid Phase

The ammonium molybdate concentration
was found to have little effect on the amount
of molybdenum adsorbed on the alumina
(Table 3). Kigure 2 still shows an increase
of the weight of molybdenum oxide ad-
sorbed, when ammonium molybdate was
alrcady found in rather high concentration
in the effluent. This indicates that the
adsorption process is slow. We cannot dis-
criminate whether this is due to the slow
transport of poly-ions to the alumina surface
or the slow formation or rearrangement of
the poly-ions on the alumina surface.

The only variable which had an important
effect on the molybdenum content was the
pH, as shown in Fig. 3. This may be expected
because the mean size of polyvmolybdate
ions 1s a function of the pH.

Calculations of the surface arca occupied
by one MoO; molecule yielded values higher
than 20 A?, compared with 17 A2 obtained
with the preparation from the gas phase.
This indicates that the molybdenum content
per square meter of AlO; is less for the
preparation in the liquid phase. The same
conclusion applies to both ALOs;K. and
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Al;Os-D. This difference may be due to the
higher amount of oxygen ions or hydroxyl
ions per molybdenum ion for the molyb-
denum adsorbed from the liquid phase. (The
same reason was suggested for the effect
of the pH shown in Fig. 3.)

Catalytic Activity of the Catalysts

From the reaction rate constants of the
cyclohexane dehydrogenation (Table 4) it
can be concluded that the catalyst with the
highest amount of molybdenum oxide was
most active. The dehydrogenation activity
per gram molybdenum oxide is practically
constant. The somewhat lower value for the
commercial desulfurization catalyst can be
due to the better spreading ocut of the
molybdenum oxide in the MoO;-AlLO; cat-
alysts. We have no explanation of the high
isomerization and cracking activity of the
cobalt-free catalysts. It is important that
the monolayer catalysts prepared according
to the two different methods showed the same
catalytic behavior. The catalyst prepared
from the gas phase showed a higher cracking
activity but the same dehydrogenation
activity. An indication of equal properties
of the MoO;-Al,O; catalyst prepared from
the gas phase and from the liquid phase was
also found in the adsorption of benzene at
200°C. [The method used is described in
paper II of this series (18).] The number of
moles per square meter of catalyst was about
the same for both catalysts and more than
10 times the value obtained for the alumina.

Aun interesting point is the low dehydro-
genation activity and rather high isomeriza-
tion activity of the molybdenum in the
6.7% Mo003-Al O3 catalyst. This indicates
that the molybdenum left after extraction
will have other catalytic properties.

The conversion of pyridine was studied
on the molybdena-alumina catalyst to find
out whether the catalyst has the same activ-
ity as the cobalt promoted molybdena~
alumina catalyst. Figure 43 and b show that
the activity and selectivity pattern for both
catalysts are the same. In fact the catalytic
activity per unit weight of molybdenum
oxide is lower for the catalyst without cobalt
(nearly a factor of 2). This is in contrast
to the results of the cyclohexane experi-
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ments. The difference may be due to a higher
activity decline of the molybdena-alumina
catalyst especially during the first hours of
the high pressure experiments. It is impor-
tant that both catalysts have the same
general behavior and that the results ob-
tained for both catalysts can be compared.

Structure of the Mc0s—A1,0; Catalyst

The fact that the molybdenum only partly
dissolves during the extraction of the cata-
lyst indicates that the monolayer MoOs is
present in two forms; one of the two is
strongly bonded to the alumina.

If the catalyst contains a high amount of
molybdenum oxide, the molybdenum may
also he present as molybdenum trioxide and
as an aluminum molybdate. This could be
concluded from the X-ray spectra of the
catalysts of Ishii and Matsuura (10) and
from spectra we obtained of eatalysts pre-
pared according to the normal impregnation
method. In contrast with these authors we
observed that both types of molybdenum
dissolved in ammonia (Ishii and Matsuura
prepared their catalysts by coprecipitation);
hence, the “‘combined” form of molybdenum
(8, 10) may not be the aluminum molybdate.

From these results, our activity tests
(Table 4) and the linear relation between
catalytic activity and molybdenum content
of the MoOs-Al,O; (5) a model of the
catalysts prepared according to the normal
impregnation method may be suggested.
This ecatalyst may contain molybdenum
present as MoO;, an aluminum molybdate
and molybdenum well spread out over the
surface. The amount of MoO; and aluminum
molybdate may be low; it depends on the
method of impregnation and the amount
impregnated. The molybdenum, well spread
out over the surface, will have a hetero-
geneous character in respect to chemisorp-
tion and catalytic properties.

CONCLUSIONS

1. A MoQOs-Al;O; catalyst with a mono-
layer of molybdenum oxide on the alumina
was prepared by adsorption of molybdenum
oxide from the gas phase on the alumina. The
surface occupied by one molecule of molyb-
denum trioxide for this catalyst was 17 Az
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pressures of 1\/[00 (OH) an aluminum
molybdate (Al;03-3Mo00;) was formed.

2. Preparation of a monolayer catalyst
was also possible by adsorption of molybdate
The nH

Al il

Al iona f anlanlie «
PO1y y-ions from aqueous n()}‘d'\"u’)ﬂh

has an important effect on the adsorption
equilibrium. The surface occupied by one
molybdenum trioxide molecule was 20-25 A2
in this case.

3. Pulse experiments with cyclohexane
showed a correlation between dehydrogena-
tion activity of the moh bdenum-containing

wmolohdaniims

(fatalyst and their uuu‘) bdenum content.
The cobalt-free catalysts showed a relatively
high cracking activity.

4. The conversion of pyridine at high
pressures of hydrogen showed that the
CoO-Mo0O;—~Al,0O; and the MoO;-ALO,
catalyst have the same activity and selec-
tivity pattern.

3. The MoO3~ALO; catalyst prepared ac-
cording to the normal impregnation method
may contain molybdenum present for a
small part as MoO; and an aluminum molyb-
date, besides molybdenum present as a
monolaver on the surface. The molybdenum
present as a monolaver will have a hetero-

geneous character.
ACKNOWLEDGMENT

We thank students and F. Qosterhuis for their
contribution in the experimental work, H, Kruidhof
and H. T. Weber for the molybdenum analysis, J.
Boeijsma for the X-ray analysis and T. Fransen
for his comments on the manuscript.

REFERENCES

1. Buiten, J., J. Catal. 10, 188 (1968).
2. GLeMmser, O., anp v. Haeserer, R., Z. Anorg.
Allg. Chem. 316, 168 (1962).

o

O

10.

11.

13.

16.
17.
18.

219

. Bako, A. K, anp GRmeniNg, G. I, Zh.
Neorg. Khim. 13, 123 (1968), Engl. transl.
b. 61.

. SHaprrro, K. Y., Kurakova, V. V. EvSTIGNEEVA,
E. D., Zurv, V. N., axp NENasHEvVA, L. A,
Zh. Neorg. Khim. 13, 2238 (1970), Engl
transl. p. 1155.

. RusseLL, A. S, anp Stoxss, J. J., Jr., Ind.
Eng. Chem. 38, 1071 (1946).

. Laescn, J. M. J. G., anp Scuurr, G, C. A,
J. Culel. 15, 174 (1969).

. Asmiey, J. H., anp Mircuewr, P. C. H., J.
Chem. Soc. A 2730 (1969).

. Asmonov, G. N, axp Krywov, O. V., Kinei.
Katal. 11, 1028 (1970), Engl. transl. p. 847.

. Dovre, W. P., anp Forses, T, J. Inorg. Nucl.
Chem. 27, 1271 (1965).

Ismi, Y., anp Marsuurs, 1., Technol. Rep.
Kansar 61, 41 (1966).

Vaxn WrwceN, J. H. H. G., Krupnor, H,,
anp Dawmex, E. A, M. F., Tdanta 18,
450 (1971).

2. PrisiL, R., “Komplexometrie”, 2nd od. Vol.

1, Deutscher Verlag fiir Grundstoff Industrie,
Leipzig, 1963.

BeugeLing, T.. BopuszyNski, M., GOUDRIAAN,
I, anp SoNNEMANS, J., Anal. Lett. 4, 727
(1971).

. Son~gMmaxs, J., Goupriaan, F., anp Mars, P.,
Int. Conm. Catal. 5th, Palm Beach, FL,
1972, pap. 78.

. Pryasova, I.. M. ano Kereu, L. M. Izv.
Akad. Nauk. SSSR, Neorg. Mater. 3, 906
(1967), Engl. transl. p. 812 (ASTM index
20-34).

Frawsen, T., unpublished data.

Per1, J. B., J. Phys. Chem. 69, 220 (1965).

Sox~NeMaNs, J., van bpER Brre, G. H., anp
Muars, P., J. Catal. 31, 220 (1973).



