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From solutions of ammonium molybdate this salt was precipitated with
acetone, Decomposmon in air at 330 C yields MoOg with a specific surface
area of 17 m /g, by means of reduction with hydrogen 4.5, 4 and 3.5 valent
oxides may be formed with 30, 50 and 80 m?/ g, respectively. Molybdenum
(VI) oxide present as a monomolecular layer on suppoits is much less readily
reduced than unsupported MoOg. This difference reflects the interaction of
Mo ions with ions of the support. The reducibilities of the various catalysts
show that Mo(VI) oxides interact far less with SiOg than with AlgOg, CeOg
and ZrOg. This is also reflected in the rates of 2-propanol decomposition on
these catalysts, the activities on MoOx and on MoC, -SiO2 being much higher
than on the other catalysts.

Conb MonubiaTa aMMoHust GbIIa BEICAKIEHA M3 alteToHa. PaNioxceHre Ha BO3YXe
npu 330° C npuBoauT K 06pa3oBanvIo MoO, c ymensHo# noBepxHocTsio 17 M? [r;
NP BOCCTAHOBJIEHHH BOIOPOIOM oﬁpasylo'rcx OKMCITBE C BAJICHTHOCTEIO 4, 5,

4 % 3,5, yneleHas MOBEP3HOCTE KOTOPhIX paBHa 30, 50 u 80 M? /T, COOTBETCTBEHHO.
Oxucek MonuGrena (VI), IpUCYTCTBYIOLIas B BUTE MOHOMOJIEKYJIAPHOTO ClIOA Ha
HOCHTeNe, BOCCTAHABIIMBAETCA ropasno TpynHee, Y4eM MoO, 6es Hocutens. Ito
pasiiMuHe OTpaXKaeT B3auMofeHcTBHe HOHOB Mo ¢ HoHaMu HocHTens. CnocoGHOCTS
K BOCCTaHOBJIEHHIO Pa3/THYHBIX KATANH3aTOPOB YKA3BIBAET Ha TO, YTO OKUCHBI
Mo(VI) B3aumopeicTByIOT ropassio cnabee ¢ $i0, ,yem ¢ Al,O,, CeO, n ZrO,

JTO OTpaxaeTCA Ha CKOPOCTAX pas3iioKeHUA 2-HPONAHONA B PUCYTCTBHH 3THX
KaTanu3aropoB. AKTHBHOCTb Ha MoOy 1 na MoOx — Si0, HaMHOTO BbILE,

4eM B ClyYae APYTHX KaTaTM3aTOpOB.

*Present address: Rands Afrikaans University, P.O. Box 524, Johannesburg, South
Africa
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INTRODUCTION

Many investigations have been made concerning the reduction of pure (i. e,
unsupported) Moo3 with hydrogen under various conditions /1-8/. Recently, also
the reduction of Mo(VI) oxide on alumina and on silica has been studied. It was
concluded that the reduction of Mo(VI) oxide on Al 203 is more difficult because
the Mo oxide shows a strong interaction with the support ions /5,8,9,10/.

To achieve a better understanding of the influence of supports on the
reduction rates and catalytic activities, we have studied these properties and those

of unsupported Mo oxides with known Mo valences and with specific surface areas.

EXPERIMENTAL

1. Preparation of MoO,

15 g ammonium molybdate was dissolved in 1 1 demineralized water at
room temperature, Addition of 2 1 acetone yields a precipitate, which, after
drying at 1000C for 8 hrs, was found to be dehydrated ammonium molybdate.

The compound was pressed into tablets at 0.5 ton/cm2 and crushed to particles
with diameters between 0.3 and 0.6 mm. Finally, decomposition in air at 330o
for 24 hrs yielded MoO3 particles with a specific surface area of about 17 m2/ g.
The reason for pressing the molybdate instead of the final product is the difficulty

of pressing MoO3 into tablets.

2. Reduction and measurement of valences and surface areas

Reduced Mo oxides were prepared from MoO3 and also directly from
3 -1
ammonium molybdate by heating it in a stream of hydrogen (50 cm  NTP min ).
To avoid overheating of the particles the temperature was raised from 20 to

0
320-450 C in at least 4 hours.
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The reactor had an internal diameter of about 10 mm and contained about
50 mg M°O3' Reduction was continued for a period of 16 hrs after attainment of
the desired temperature. No change in product properties was observed when
starting with 1(0% hydrogen in nitrogen and raising the hydrogen content up to 100%
over 4 hrs at the desired temperature.

The average Mo valence was determined by means of the titration method
of Bourret et al. /11/. Basically, the reduced molybdenum oxides are dissolved

upon stirring with a solution of NalOg4, providing the following oxidation:

M (6-x) + 6+
o

+ - -
+xH + 210 —>Mo +2nO0+3%10
2 4 2

2 2 38
Stirring took place till the color due to reduced Mo ions vanished. The Ioz; ions
formed were determined by the thiosulfate titration method.

The titration vessel was already connected with the reactor during the
reduction, because the reduced samples are highly oxidizable, sometimes even
pyrophoric. The equiment could be handled in such a way that after reduction and’
evacuation the catalyst could be brought into the titration vessel quantitatively by
washing with the oxidizing reagent solution, which had been introduced via a
stopcock.

Blank runs as well as determinations of the Mo valence in Moozwith a surface
area lower than 1 mz/ g were carried out. The valence measured in the latter case
was between 3. 99 and 4. 08.

Argon adsorption measurements were performed at -1960C in the reduction
vessel itself, Prior to this, evacuation was carried out at about 300°C for 3 hrs to
remove adsorbed gases. The surface areas were calculated applying the BET
equation.

Bulk MoO2 was supplied by K., & K. Laboratories Inc.; the ammonium

molybdate was a Merck product.
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Fig. 1. Molybdenum valence and specific surface area after reduction with hydrogen
for 16 hrs at different temperatures. oand e: starting from Moos; x and
v : starting from ammonium molybdate; A : starting from MoQg with
water (10 Torr) in the hydrogen feed

RESULTS AND DISCUSSION

Reduction of unsupported Mo oxide

Figure 1 shows the surface area and the valence of Mo after reduction of MoOg
at various temperatures, Results obtained from direct reduction of ammonium
molybdate are also included. An increase of reduction in the low temperature
region is accompanied by an increase of surface area due to pore creation by
removal of oxygen. Reduction to a valence lower that 3. 5 diminishes the surface
area strongly. This is in contrast with the findings by Hillis, Kemball and Roberts
/12/ for the reduction of MoO2 ~1 mz/g).

The combined decomposition and reduction of ammonium molybdate at
3300C lead to a lower valence and a somewhat larger surface area than reduction
of pure MoC3 at the same temperature. This must be due to stronger reduction by
ammonia and not to extra pore creation by the ammonia molecules themselves:

)
pure MoOSyields about the same surface area and valence upon reduction at 390 C.
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Cther investigators reported somewhat higher /1/ or lower /2/ valences
after reduction than we observed. This fact may be due to the use of non-porous,
i.e. "bulk" M‘oO3 and to the influence of diffusion and heat transfer limitations.
Cimino, using the ESCA technique, has found that the Mo valence at the surface
is consi_derably lower than in the bulk /5/. If this difference is bresent in our case,
it will be much smaller because of the high specific surface aréas (small crystallite

sizes) of our materials and because of the long reduction time used (16 hrs).

Reduction of supported catalysts

As already described elsewhere /8-10/, the reducibility of Mo(VI) oxide on
Al 2O3 is far less pronounced than that of pure MoO3 (Table 1). This applies also
when CeO2 and ZrO o 8re used as support. These catalysts have been prepared by
means of adsorption of Moo2 (OH).2 from the gas phase or of molybdate ions from
solution (pH = 1) /13/. The Mo(VI) oxide on these supports consists of a complete
monomolecular layer of Mo oxide units, forming a two-dimensional salt /14/.
The results show that the higher valences are stabilized.

Some authors /9,15/ suggest that in case of Mo(V]) ox-Al2O3 water (€. g. -
produced during reduction and being desorbed slowly from the alumina) may poison
the reduction reaction. Treatment with dry hydrogen at 4500C for two weeks,
causing water removal, still yields Mo with a valence not lower than four /10/.

Moreover, we found that the presence of water vapor (szo =10 Torr)
during reduction does not influence the final result drastically, neither for the
Mo(VI)ox-A1203 catalyst at 4500C, nor for pure MoO3 at 350°C (see Fig. 1). We
may therefore conclude that it is the strong interaction of Mo ions with the support

that causes stabilization of the higher valences.

The behavior of silica is quite different from that of the other supports. In

this case adsorption of molybdate ions from acid solutions is not effective for the
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Table 1
Temperatures needed for reaching a Mo valence of 4 in 16 hrs,
rate constants per surtace area for 2~propanol dehydration at 2500C

2
-
Catalyst Reduction . Surface area (m /g) ™
temperature( C)| support | catalyst
4+
Mo ox-A1203 450 72 72 0.8
4
Mo +ox-Zr02 450 130 120 0.7
4
Mo +ox-C602 400 70 58 0.05
MoO, 330 - 50 7.0%*
4+ . # %
Mo ox-Slo2 330 300 24-31 2.2
(gas phase prepared)

. *Half-order reaction constant in arbitrary units
**The activity is ot constant

formation of a complete Mo(VI) oxide monolayer. The silica surface is also
incompletely covered with Mo(VI) oxide via adsorption from the gas phase. During
sintering, caused by the preparation conditions, the covered part retains its

surface area and a complete monolayer is formed. Valence measurements reveal
that this complete monolayer is reduced as easily as if it were pure MoO 3 (Table
1). This points to a weaker interaction of the Mo( VI) oxide with SiO2 than with
other supports. This anomalous behavior of MoCB-SiO2 has also been established

by other authors on the basis of rather qualitative investigations /5/. An explanation
for the differences in the degree of interaction between monolayer and carrier

has been given in terms of electrostatics /14/.

Catalytic activities

The catalytic activities of the various catalysts for 2-propanol dehydration

(Table 1) reflect the differences in interaction between Mo oxide and the supports.
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The activities of MoO2 and of 1\/[002-8102 are comparable but much larger than
those of the other catalysts. Moreover, they are not stable, possibly owing to
poisoning of strongly acidic sites. Obviously the Mo( V1) oxide on silica is reduced

to MoO2 crystallites. This again shows the relatively weak interaction of Mo

oxide with silica.
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