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Structures and catalytic properties of magnesium molybdate
in the oxidative dehydrogenation of alkanes
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Magnesium molybdates have been prepared from an agueous solution of magnesium nitrate and ammonium paramolybdate under
various pH conditions and used for the selective oxidation of propane and isobutane with gaseous oxygen under atmospheric pressure
in the temperature range of 360-520 °C. The structure analyses by XRD and FT-IR showed the formation of three phases, a-MgM00Q,,
B-MgMo0O4 and MgzM03043, in the catalysts calcined below 550 °C. The catalyst prepared at pH = 5.7 showed the highest activity for
the oxidative dehydrogenation of the alkanes as well as the strongest acidity. By XPS measurements, an excess amount of Mo compared
to Mg was observed over the active catalysts. It is likely that the excess molybdenum species is present as molybdate and creates acidic

sites over the catalyst surface.
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1. Introduction

Selective conversion of alkanes to more valuable chem-
icals is an important process in the chemical industry,
in which the oxidative dehydrogenation of akanes to
alkenes is a promising reaction since it is thermody-
namically feasible and can be carried out without car-
bon deposition [1]. For instance, the relatively abundant
liquefied petroleum gas (LPG) contains mainly propane
and butanes, among which isobutane might be converted
to isobutene, since isobutene is a raw materia for pro-
ducing gasoline octane enhancers, i.e., methyl tert-butyl
ether (MTBE) [2,3]. Catalytic oxidative dehydrogenation
of low alkanes (C3—Cs) has been extensively studied over
molybdenum- [4—7] or vanadium-based [8-12] oxide. Ueda
et al. [5,6] reported that the catalytic activities of magne-
sium molybdate drastically changed with catalyst compo-
sition, where the catalytic activity for the oxidative de-
hydrogenation of propane seemed to depend on surface
acidic properties due to the existence of MoO, clusters
formed on the surface MgMoO,. Similar phenomena were
found by Oganowski et al. [13] in the oxidative dehydro-
genation of ethylbenzene to styrene. Volta et al. [8] at-
tributed the higher selectivity for propane dehydrogenation
to propene to pyrovanadate, a-Mg,V 207, while orthovana-
date, MgsV,0g, is the active phase for Kung et a. [9].
Furthermore, Delmon et a. [12] show that the selectiv-
ity of Mg3V20g can be improved by the presence of an
excess of MgO in intimate contact and that a-Mg,V,0;
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is the more selective phase compared with MgzV,0g and
(-Mg,V20e. Itislikely that the activity of the molybdate or
vanadate catalyst substantially depends on its surface struc-
ture, nonetheless the conclusions drawn on the activity and
selectivity of these catalytic materials are still controversial.

It was reported that the molybdenum- [14,15] or
vanadium-based [16,17] oxides change their structure de-
pending on the polyacid precursor, which is affected by
pH in the starting agueous solution during the prepara
tion of the catalysts. We reported that several chromium
vanadates, the metavanadate (Cr(V Os)3), the pyrovanadate
(Cr4(V207)3) and the polyvanadates of higher degree of
condensation, are formed depending on pH valuein the me-
dia of the catalyst preparation [16,17]. Also in the solution
chemistry of molybdenum oxide, it is well known that the
orthomolybdate (MoO3~), paramolybdate (Mo;0O5;) and
octamolybdate (M ogo‘z‘g ) ions are stable depending on pH
value[14]. In the present study, magnesium molybdate cat-
alysts containing excess amount of Mo were prepared by
changing pH of the starting agueous solution and the cal-
cination temperature of the catalysts. The structures and
the catalytic activities for the oxidative dehydrogenation of
propane and isobutane were studied in connection with the
preparation conditions. Moreover, the catalytic activities
were discussed in relation to the structure change and the
surface acidic properties.

2. Experimental
2.1. Preparation and characterization of the catalyst

Magnesium molybdate catalysts were prepared from
aqueous solutions of Mg(NQOgz),-6H,0 and (NH4)3M 07024
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Table 1
The preparation conditions, surface area and analytical results by XPS of
the Mgo.g2M00,, catalysts.?

pH of Amount Surface area M03g/Mgps
starting (ml) (m2g—1) pesk ratio
solution  63% ag. HNO3  26% ag. NHz by XPS
1.5 5 0 19 1.338
4.4 5 5 2.4 1.264
57 2 12 35 1.277
6.6 0 40 2.0 1.397

aMg(NO3)2-6H,0 (92.0 mmoal) and (NH4)3M07024-4H,0 (14.3 mmol)
were used as the raw materials. The catalysts were calcined at 550 °C.

4H,0 as the raw materials. The ratio of Mg/Mo was
changed between 0.90 and 0.95, and finally fixed at 0.92
which showed the highest activity for the propane oxida
tion. Several Mgy 9,M00QO, catalysts were then prepared
by changing the pH of the starting agueous solution, i.e.,
by varying the amount of each agueous solution of 63%
HNOs; and 26% NH3; added into an aqueous solution of
the raw materials of Mg(NQOgs),-6H,O (92.0 mmol) and
(NHz)3M07024-4H,0 (14.3 mmoal), as shown in table 1.
After mixing the solution, the precipitate formed was so-
lidified by evaporating water at 80 °C. The resulting durry
was dried at 110°C for 20 h and was calcined stepwise at
200, 250 and 300°C for 0.5, 0.5 and 3 hiin air. The result-
ing solid was ground into a fine powder, calcined again for
5 h at 550°C and used for the alkane oxidations. A part of
the Mgp.o2M00O,, powder precalcined at 300°C for 3 h was
then calcined at 450, 500, 550, 600 and 650°C, respec-
tively, for 5 h, and the molybdate samples thus prepared
were analyzed to study the phase transition during the cal-
cination.

Metal compositions of the catalysts were calculated on
the basis of the amounts of the starting compounds in
the preparation. Structures of the catalysts were identi-
fied by XRD (MAC Science, MXP18, Cu Ka) and FT-
IR (JASCO, FT/IR-7000) measurements. Thermal analy-
ses of the catalysts were carried out by TG/DTA (Shi-
madzu, TGA-50/DTA-50) measurements in order to clarify
the phase transition during the calcination. Surface area
of the catalyst powder was measured by using the BET
method (Shimadzu, Flow Sorb Il 2300). X-ray photoelec-
tron spectra (XPS) were recorded on a Perkin—Elmer PHI
5500 ESCA system with Mg Ko as the X-ray source to
investigate the catalyst surface compositions.

2.2. Catalytic reactions

The oxidations of propane and isobutane with gaseous
oxygen were carried out at atmospheric pressure in a con-
ventional flow system equipped with a Pyrex tube reactor.
The volume of the reactor, excepting the catalyst zone, was
minimized to prevent gas-phase reactions. The standard
conditions for propane oxidation are as follows: the feed
composition was 18 vol% of propane and 7 vol% of oxygen
in helium. 4 g of the catalyst diluted with 2 g of quartz chips
were mounted in the middle of the reactor. The reaction
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temperature was varied in the range of 360-520 °C and the
space velocity was fixed at 810 cm® g-cat.“*h—1. Although
a propane conversion of 1.1% was observed without cata-
lyst at 500°C, this is considered negligible. The feed and
products were analyzed by an on-line gas chromatograph
operating with two sequential columns. A 2 m molecular
sieve 13X column was used at 80°C to separate O, and
CO, a5 m Gaschropak 54 column was used at 80°C by
TCD to separate the hydrocarbons and CO,, and a 2 m
PEG-6000 column was used at 80°C by FID to analyze
oxygenated products.

The reaction conditions for isobutane oxidation were as
follows. the feed composition was 7.5 vol% of isobutane
and 3.5 vol% of oxygen in helium. 1 g of the catalyst
diluted with 2 g of quartz chips was used. Isobutane was
more reactive than propane in the reactor and the space ve-
locity was increased to 5400 cm® g-cat. ~* h—! to prevent the
gas-phase reaction. In this instance, an isobutane conver-
sion of 0.2% was observed without catalyst at 470°C. The
feed and products were analyzed by an on-line gas chro-
matograph operating with two sequential columns. A 2 m
molecular sieve 13X column was used at 50°C, a 6 m
SM-pak column was used at 50°C by TCD to separate the
hydrocarbons and CO,, and a 2 m Gaschropak 54 column
was used at 160 °C by FID to analyze oxygenated products.

The reactions were carried out for 2 h at each tempera-
ture, during which no significant deactivation was observed.

To investigate acidity and basicity of the catalysts,
2-propanol dehydration/dehydrogenation (IPA reaction),
which is awell-known method of acidity/basicity measure-
ments, was carried out in a conventional pulse equipment
with the TCD cell of a gas chromatograph. A 3 m PEG
A20M column was used for analysisand 6.5 ymol of 2-pro-
panol was reacted over 10 mg of the catalyst at 300 °C.

3. Resaults

3.1. Characterization of the magnesium molybdate
catalysts

3.1.1. XRD measurements

XRD measurements of the Mgp.gsM00O,, samples were
carried out to study the transformation of bulk structure
during the catalyst preparation. The samples were pre-
cipitated under the pH range from 1.5 to 6.6 and cal-
cined at the temperature from 300 to 600°C. Figure 1
shows the XRD patterns of the samples calcined at 550
and 600 °C, where three phases, a-MgMoQ;, 5-MgM030,
and Mg,Mo0304;, were detected. The samples are mainly
composed of the a-MgMoO, and 3-MgMoQO, phases at
the low calcination temperature below 550°C and com-
posed of the 3-MgMoQO,; and Mg,Mos01; phases at the
high calcination temperature above 600°C. No MoO3
peaks were detected in the XRD measurements of all
the samples athough the ratio of Mo/Mg exceeded 1.0.
This observation indicates that excess molybdenum ox-
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Figure 1. X-ray diffraction patterns of the Mgy g2M0O,, catalysts prepared from various pH solutions and calcined at 550 and 600 °C. (a) pH = 1.5,
(b) 4.4, (c) 5.7, (d) 6.6. (o) a-MgM0Qy4, () 5-MgM0O4, (J) MgzM03013.
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Figure 2. The intensity ratio of (201) line (a-MgMo00,) to (021) line
(B-MgMo00Q,) from the XRD of the Mgg.g;M00,, catalysts.

ide spreaded quite well over the catalyst [18]. The inten-
sity ratios (I, /I3) of the peaks of a-MgMoO, (201) and
B-MgMo0O, (021) in the XRD of the samples are shown
infigure2. Thevalueof I, /I3 substantially decreased with
increasing the calcination temperature. When the sample
was calcined at 300°C, the ratio I, /I3 is drastically de-
creased from 8.8 to 1.0 with increasing the pH of the start-
ing solution from 1.5 to 5.7, and again increased to 2.8 at
pH = 6.6. Both a-MgMo00O, and 3-MgMo00O, phases were
present in the samples calcined at 450°C. The order of
I,/1s in the samples calcined at 450°C is almost similar
to that of 300°C. A different tendency of the order was ob-
served for the samples calcined at the high temperature of
550°C. The intensity ratio I, /Ig was high with the sam-
ples prepared at pH = 4.4 and 5.7, i.e., -MgMo0O, was

the main phase at pH = 4.4 and 5.7, while 3-MgMo0O4
a pH = 1.5 and 6.6. At the calcination temperature of
600 °C, the new phase, MgoM 03013, appeared in place of
a-MgMoO, in most of the samples except that of pH = 5.7,
which is the most active catalyst for the selective oxi-
dation of propane and isobutane. The main phase in all
the samples changed from a-MgMo0Q, to 5-MgMoO, with
increasing the calcination temperature. The structure of
a-MgMoO; is isotopic to a-ZnMoO,4 and has distorted
tetrahedral coordination around molybdenum [19,20], while
B-MgMoQ, is isotopic to a-MnMoO, and has tetrahe-
dral coordination around molybdenum [20,21]. Therefore,
it is likely that the structure of the Mgy 9,M00O, sample
was in the mixed state of distorted tetrahedral coordina-
tion around molybdenum at the low calcination temper-
ature, and then changed to tetrahedral coordination with
increasing the calcination temperature. The rate of phase
transfer from a- to 5-MgMoO, estimated from the change
in XRD patterns during the calcination of the Mgp g,M00,,
samples substantially varied depending on the pH of the
starting solution, and can be put in the following order:
pH=15>pH=6.6 >pH =4.4> pH =5.7. Itisnote-
worthy that the values of I, /1 in the samplesof pH = 4.4
and 5.7 did not substantially change with increasing the cal-
cination temperature compared to the others. In addition,
it is considered that the a-MgMoO, phase is stable below
550°C, but unstable above 600 °C. This instability was sig-
nificantly observed with the samples prepared at pH = 1.5
and 6.6.

3.1.2. FT-IR and TG/DTA analyses

The change of crystal structure was aso investigated
by FT-IR measurement. (NH4)3M07024-4H,0O shows an
absorption band at about 890 cm~* with two weak shoul-
ders at 840 and 920 cm~* for the Mo=O vibration, and
NH; and HOH bands at 1405 and 1640 cm~! [22], re-
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Table 2
Absorption band of FT-IR spectra with changing the calcination temperature and the pH of the
starting solution in the preparation of the Mgg.g,M00,, cataysts.

Calcination temp.  Assignment pH of starting solution®
(°C) 15 4.4 5.7 6.6
110 6(HOH) 1638s 1635s 1635s 1635s
v(NO3') 1382vs 1382vs 1382vs 1382vs
500-970vw
300 §(HOH) 1640s 1635m 1635s 1635m
v(NO3) 1382vs 1382m 1382m 1382m
vas(Mo=0) 990sh 990sh 990sh 990sh
vas(MoOMOo) 965w 965w 965m 960s
920w 940w 936m 932w
900w 930w - 902w
885w 890m 890m 890m
830w 830-800b 820m 820-800b
780s 780m 780w 780s
612m
450 vas(Mo=0) 990sh 990sh 990sh -
vas(MoOMOo) 960s 960m 960m 960m
922s 945w 940sh 940sh
902s - - 902sh
885s 890m 890m 890m
825w 830-810w 810m 820w
775s 780m 775m 775s
730w 730sh
550 vas(Mo=0) - 990sh 990sh -
vas(MoOMOo) 970s 960s 960s 965s
950s 940sh 940sh 940s
902sh 902sh - -
890s 890s 890s 890s
830s 820w 825m 828s
780s 775s 770s 775s
740sh 740sh 730w 740sh
600 vas(MoOMo) 970s 970s 970s 970s
942s 947s 948s 942s
885s 880s 880s 880s
840s 835s 835s 835s
820s 815s 815s 815s
- 775sh 780w -
725s 720s 720s 725s
650 vas(MoOMOo) 968s
945s
890s
830s
740s

ays = very strong, s = strong, m = medium, w = weak, vw = very weak, sh = shoulder,

b = broad.

spectively. The pure MoOs gives characteristic bands at
985(s), 845(m), 825(vs) and 500 cm~(s) attributed to crys-
talline MoO3 vibrational modes [23,24]. Mg(NOg3)2-6H,0
showed NO; and HOH bands at 1385 and 1640 cm~,
respectively. The pure MgO exhibits only broad bands at
around 490 cm~1,

The FT-IR spectra of the Mgy g,M00O,, samples prepared
by changing the pH of the starting solution and the calci-
nation temperature are shown in table 2. Strong absorp-
tion bands of NO; and HOH at 1382 and 1635 cm~, re-
spectively, were observed in all the samples after drying at
110°C for 20 h. At the calcination temperature of 300°C,
the strong bands of NO;™ and HOH still remained, and sev-
eral bands assigned to Mo—O bonds appeared at 990, 965,

940-900, 890, 830-820, and 770 cm~—. Meullemeestre et
al. [20] studied the dehydration of MgM0QO,-2H,0 (2 = 1,
2, 5 or 7) during the calcination by TG/DTA and IR mea-
surements, and showed that a band at 612 cm~! can be
assigned to MgMo0QO4-H,0O. Thiswell coincided with an in-
crease in the temperature of dehydration from 70 to 110°C
observed as an endothermic peak in TG/DTA analyses.
With the sample prepared at pH = 5.7 and calcined at
300°C, the band at 612 cm~* was clearly observed, sug-
gesting that the monohydrate still remained. At the cal-
cination temperature above 600°C, the Mo—O absorption
bands strongly appeared at 970, 945, 890, 835, 815, and
770 cm~1. A band for the terminal Mo=0 bond of M0oO3
was observed as a weak shoulder band at 990 cm~1 in the
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samples calcined at 450 °C, and disappeared in the samples
calcined above 500 °C. This suggests that the molybdenum
species exists as well dispersed molybdate on the catalysts
used in the alkane oxidation. The Mo—O absorption bands
from 920 to 970 cm~* and around 890 cm~* were strength-
ened with increasing the pH of the starting solution and the
calcination temperature. On the other hand, at the calcina-
tion temperature below 450 °C, the bands between 770 and
780 cm~! were strong for the samples prepared at pH = 1.5
and 6.6, and oppositely were weak or medium for those pre-
pared at pH = 4.4 and 5.7. The bands between 770 and
780 cm~ were the strongest at the calcination temperature
of 550°C, and almost disappeared above 600 °C for all the
samples.

Meullemeestre et al. [20] again reported that a-MgM 0O,
has the absorption bands at 994(sh), 958(s), 922(s), 890(s)
and 780(vs) cm~1, while 3-MgMo00O, has the bands at
995(sh), 965(s), 922(m), 821(s) and 720(s) cm~1. There-
fore, it is most likely that the absorption bands around 890
and 780 cm~?! are typically characteristic of a-MgMoOy,
having distorted tetrahedral coordination around Mo, while
those around 821 and 720 cm~* are of 3-MgMoO;, having
tetrahedral coordination around Mo in the Mgp oM 00, cat-
alysts. XRD measurements showed the clear phase transfer
from a-MgMo0O, to 5-MgMoO, in the samples prepared at
pH = 1.5 and 6.6 with increasing the calcination tempera-
ture (figures 1 and 2). When both samples were calcined at
increasing temperature, their FT-IR spectra also showed the
plain shift of absorption bands toward the lower wave num-
ber in the region between 700 and 900 cm~? as follows:
890(m), 820-830(m-w) and 780(s) cm~! at 300°C; 885
890(m-s), 820(m-w) and 775(s-m) cm~1! at 450°C; 890(s),
830(s), 780(s) and 740(sh) cm~! at 550°C; and 880(s),
840(s), 820(sh) and 720(s) cm—! at 600°C. A sharp and
strong absorption band at 880 cm~! observed at 600°C
calcination may be attributed to Mg,M0301;. These shifts
clearly suggest the phase transfer from a-MgMoO, to
B-MgMoQ,, and finally to MgoMo30;1 during the calci-
nation.
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3.2. Catalytic activity for the alkane oxidation

Typical catalytic performance data for the selective ox-
idation of propane over the Mgo.goM0O,, catalyst prepared
a pH = 5.7 and calcined at 550°C for 5 h as a func-
tion of the reaction temperature are shown in figure 3.
The oxidation of propane took place at 380°C and the
conversion of propane increased with increasing the re-
action temperature. The selectivity to propene decreased
with increasing the reaction temperature, followed by the
increases in the formations of other products such as CO,,
CO, CyH4 and oxygenates. In the literature, it is reported
that the catalytic activity of magnesium molybdate strongly
depended on the chemical composition over the catalyst
surface in the oxidative dehydrogenation of propane [5,6]
and of ethylbenzene [13], i.e., the catalyst having a small
excess amount of molybdenum showed the maximum cat-
alytic activity. In the present work, the magnesium molyb-
date catalysts having the ratio of Mg/Mo = 0.9, 0.92, 0.95
were prepared at the pH = 5.7 conditions and tested for the
oxidation of propane (table 3). The Mgp.sM00O,, catalyst
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Figure 3. Propane oxidation over the Mgg.g,M00O,, catalysts. C3Hg : Oy :

He = 10 : 4 : 40 (cm3/min); SV = 810 cm®g~1h~1; the Mg gsM0O,,
catalyst was prepared at pH = 5.7 and calcined at 550 °C.

Table 3
The oxidation of propane over the Mdp.goM0O,, catalysts.2

Catalyst Phase from Conversion® (%) Selectivity® (%)

XRDP (o} Cs C; CO CO, Ac Ac Acn
Empty - 15 11 75.0 14 1.2 14 0.9 0.1
pH =15 B>« 4.0 1.6 76.0 9.0 10.0 0.4 0.4 1.2
pH =44 a>f3 36.0 10.6 72.0 13.6 9.8 0.2 0.1 3.7
pH =57 a>pf 84.0 17.4 58.0 22.0 13.0 0.1 0.1 34
pH = 6.6 B>« 4.4 1.8 77.0 10.5 75 0.3 0.3 15
Mgo.o¢ a>p 47.7 12.7 680 151 115 01 01 41
Mgo.gsd B8>a 25.0 95 740 140 85 02 01 30

aC3Hg : O, : He = 10: 4 : 40 (cm3/min); catalyst, 4 g; reaction temperature, 500°C.

b o = a-MgM00y, 8 = -MgMoO,.

€ C3 = propane, C} = propene, Ac. = acetaldehyde, Act. = acetone, Acr. = acrolein.
4Mgo.9, Mgo.oM0O;, (surface area, 3.8 m?g~1); Mgo.os, Mgo.9sM0O,, (surface area, 33 m?g~?);
both the catalysts were prepared under the conditions of pH = 5.7.
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Table 4
The oxidation of isobutane over the Mgp.goM0O,, catalysts.2

Catalyst Phase from  Conversion® (%) Selectivity® (%)

XRDP O,  iCy C, iC, CO CO, Ac Ac Ac. MA
Emptyd — 10.7 38 191 69 65 06 02 27 O 20
Empty - 0.5 0.2 214 74 - 09 O 12 O 20
pH =15 B> 15 0.6 33 89 20 12 04 O 0 0
pH =44 a>p 11.3 24 31 63 120 154 03 21 O 0
pH =57 a>f 310 4.2 10 38 285 260 01 04 01 30
pH = 6.6 B>a 0.7 0.3 37 93 13 O 0 0 0 0
pH = 5.7¢ a>f 65.0 7.5 08 28 30 305 01 04 01 25

84-C4H1g : Oy : He=7: 3: 80 (cm3/min); catalyst, 1 g; reaction temperature, 470°C.

b = a-MgMo0Q;, 8 = 8-MgMoOs;.

€4-C4 = isobutane, C; = propene, i-C, = isobutene, Ac. = acetaldehyde, Act. = acetone, Acr.

acrolein, MA = methacrolein.

d4-C4H1g : Oy : He=10: 4 : 40 (cm®/min); 2 g of SiO, was packed in the reactor.

€2 g of the catalyst was used.
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Figure 4. Isobutane oxidation over the Mgg.goM0O,; catalysts. i-C4H1g :
O, : He = 7 : 3 : 80 (cm3min); SV = 5400 cmig~—1h—1; the
Mgo.02M00O;, catalyst was prepared at pH = 5.7 and calcined at 550 °C.

showed the highest activity, resulting in the production of
propene with the selectivity of 59% at the conversion of
17.4%.

Isobutane was more reactive than propane and was
partly decomposed to propene (conversion 3.8%, selectivity
19.1%) even in the absence of catalyst when the reaction
was carried out at the same space velocity and the same re-
action temperature as the propane oxidation. Therefore, the
oxidation of isobutane was carried out under the reaction
conditions of a shorter contact time and alower temperature
than the propane oxidation (table 4). In the presence of the
Mgo.o2M00O,, catalysts, the decomposition to propene was
substantially suppressed, resulting in the high selectivity
to isobutene production. In the isobutane oxidation, how-
ever, both the conversion and the selectivity to isobutene
were lower than those obtained in the propane oxidation
(figure 4).

3.3. Effect of pH in the catalyst preparation

The catalysts prepared under the various pH conditions
and calcined at 550°C were tested for the propane and

isobutane oxidations. The results of propane oxidation at
500°C and of isobutane oxidation at 470°C are shown in
tables 3 and 4. The activities for both the propane and the
isobutane oxidations drastically changed depending on the
pH of catalyst preparation; the highest conversions of alka-
nes were observed over the catalyst prepared at pH = 5.7.
In the propane oxidation, small amounts of ethene, acetalde-
hyde, acetone and acrylaldehyde besides CO, and CO were
observed as the by-products. The surface area of the cat-
alysts varied between 1.9 and 3.5 depending on the pH
(table 1), and the highest activity was obtained over the cat-
alyst having the largest surface area. However, the increase
in the activity is not only due to the increasing surface area,
but also due to the other effect, as observed in the follow-
ing results. The catalytic activity for the propane oxidation
increased drastically with increasing the pH of the cata
lyst solution from 1.5 to 5.7, and suddenly decreased with
further increasing pH to 6.6. The activity of the catalyst
prepared at pH = 5.7 was the highest and about ten times
higher than that of the catalyst prepared at pH = 1.5 or 6.6.
There was not observed a significant change in the selec-
tivity to propene among the catalysts used. The oxidation
of isobutane showed lower conversions of both oxygen and
isobutane and lower selectivity to methacrylaldehyde, even
at a shorter contact time and a lower reaction temperature,
than that of propane. The main phase detected by the XRD
measurements was a-MgMoQ, in the catalysts prepared at
pH = 4.4 and 5.7, and 5-MgMo0O, in those a pH = 1.5
and 6.6. Higher magnesium content resulted in a preferable
formation of 3-MgM0O;,.

3.4. Relationship between the activity and the surface
acidity of the catalyst

Ueda et a. [5,6] reported the strong dependence of cat-
alytic activity on surface acidic properties of the magnesium
molybdate catalysts. We have studied the relationship be-
tween the catalytic activity for the selective oxidation of
propane and isobutane and the surface acidic property ob-
tained by the IPA reaction.
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Figure 5. The cataytic activity and the acid-base property of the

Mgp.92M0O,, catalysts in the oxidations of propane and isobutane. The
numbers in the figure show the pH values where the catalysts were pre-
pared. The akanes oxidations were carried out as follows: (a) C3Hg :
O, : He = 10 : 4 : 40 (cm3/min); catalyst, 4 g; reaction temperature,
500°C; (b) i-C4H1g : O, : He = 7 : 3: 80 (cm®/min); catalyst, 1 g; re-
action temperature, 470 °C. IPA reaction was carried out as follows: [PA
(2-propanol), 6.5 umol; catalyst, 10 mg; reaction temperature, 300 °C.

In the IPA reaction, the main product was propene
and a negligible amount of acetone was observed over
al the catalysts, indicating that the catalyst surface has
mainly an acidic property. In figure 5, the formation
rates of propene and isobutene per catalyst weight in the
propane and isobutane oxidations, respectively, were plot-
ted against the amount of propene formed per catalyst
weight in the IPA reaction. The numbersin the figure show
the pH values at which the catalysts were prepared. The
Mgo.o2M00O,, catalyst prepared at pH = 5.7 showed the
strongest acidity, i.e., the highest amount of propene forma-
tion (36.9 umol g—1) from IPA at 300°C. This catalyst also
showed the highest rates of propene (11.3 zmol min—tg—1)
and isobutene (4.9 pmol min—tg~—1) formations in the ox-
idations of propane at 500°C and isobutane at 470°C,
respectively. On the other hand, the catalyst prepared at
pH = 1.5 gave the weakest acidity of the lowest amount
of propene (7.5 pmol g—t) from IPA reaction. The low-
est rates of propene (1.2 pmol min—tg~—!) and isobutene
(1.7 pmol min—tg~1) formations were observed over the
same catalyst. The catalysts prepared at pH = 6.6 and
4.4 showed the medium values of both the acidity and the
activity. It is thus likely that the acidic properties of the
catalyst surface are important for the activities of the mag-
nesium molybdate catalysts for the selective oxidations of
propane and isobutane.

The surface compositions of the catalysts were investi-
gated by XPS measurements. The Mosg/Mgys peak ratios
observed over the surface of the catalysts prepared at vari-
ous pH conditions and calcined at 550°C are shown in ta-
ble 1. Theratios in all the samples gave higher values than
the stoichiometric chemical composition (Mo/Mg = 1.087).
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The value of Mogy/Mgys obtained by XPS measurements
was higher over the catalyst containing more amount of
B-MgMoO, compared to a-MgMoO, phase (figure 2), i.e.,
surface segregation of molybdenum species takes place over
the catalyst containing much 5-MgMoO, phase. However,
both the catalytic activity and the acidity were higher over
the catalyst containing more amount of a-MgMo0O, phase.
The excess molybdenum species on a-MgM o0, phase over
the catalyst surface produces some acidic sites and works
for activating adsorbed lower alkanes.

4, Discussion

Since the catalysts used in the present study are prepared
from agueous solutions of molybdenum, it is instructive to
review the solution chemistry of molybdenum oxide prior
to the discussion. It iswell known that the molecular struc-
tures of molybdenum oxides are very sensitive to pH value
of the solution [14]. Orthomolybdate ion (Mooff) is sta
ble a pH > 6.5. Acidification leads to the first polymeric
species, paramolybdateion (M 0702;), by the following re-
action:

7M002~ + 8HT = Mo,05; + 4H,0 [

This reaction is practically complete at pH = 4.5 and oc-
tamolybdate ion (MogOj; ) forms at higher acidification
(between pH = 2.9 and 1.5). At pH = 0.9, the isoelec-
tric point of molybdic acid, molybdic acid (M0O3-2H,0)
precipitates. Haight et al. [15] also reported that at basic
pH regions (pH > 6), tetrahedrally coordinated molybdate
anions, Mooff, are generaly present in solution, but at
acidic pH regions (1 < pH < 6) Mooff gives polymeric
and octahedrally coordinated molybdate anions, Mo;OS;
and MogO5, . Therefore, we can expect phase transition
from the octahedral molybdates to the tetrahedral molyb-
dates with changing the pH from 1.5 to 6.6 in the catalyst
preparation.

Segawa et al. [25] reported that, in the Raman study of
titania-supported molybdena catalysts, the surface molyb-
denum oxide species up to monolayer coverage possess a
highly distorted MoOg octahedral structure with one short
Mo=0 bond. Gulari et al. [26] aso reported that, in the
IR bands of the model compounds, the tetrahedral species
(M ooﬁ‘) have a strong IR band at 833 cm~! and the oc-
tahedral molybdates (Mo,05, or MogO5; ) have strong IR
bands at 883 and 940 cm~1. The IR bands of the octa-
hedral species have been assigned to continuous Mo-O
and independent or terminal Mo-O bonds, respectively.
Moreover, Chang et a. [14] reported that, at the molyb-
denum loading of 10% Mao/MgO, the structure of the sur-
face molybdate species over the MgO support depends
on the calcination temperature; the tetrahedrally coordi-
nated molybdate species is observed below 400°C (where
MgO is hydrate) and the octahedrally coordinated molyb-
date forms above this temperature and is stable up to
700°C.
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We assume that excess molybdenum of the Mgg g,M00O,,
catalysts is supported by MgMoO, as the carrier. A larger
amount of molybdenum was observed on 5-MgMoO, than
on a-MgMoO, phase, as previousy mentioned in the
results of XPS measurements. However, distribution of
molybdenum oxide seems not so good over the catalyst
prepared at pH = 1.5 and 6.6 because too much excess
molybdenum on the catalyst surface aggregates to form
MoO;3. Thus, it is likely that suitable excess molybdenum
species over a-MgMoQ, phase is effective for creating the
active site composed of the molybdate.

Stepanov et al. [4] have tested the catalytic activity of bi-
nary oxide systems including the MgMoO,~Mo0O3 system
in the oxidative dehydrogenation of n-butane. They ob-
served that the catalysts with the atomic ratio Mg/Mo < 1
were the most active and selective for butadiene forma
tion [1]. The catalytic properties of the MgMoO,—Mo0O3
system containing various amounts of MoOs; have been
also studied in the oxidative dehydrogenation of ethylben-
zene into styrene by Oganowski et a. [13]. They showed
that the most active catalysts for this reaction were those
containing 1-3% of excess molybdenum trioxide. In ad-
dition, they reported that the active catalysts form a two-
component solid solution MgM 004,—M 003, where the main
MgMoO, phase having atetrahedral structure actsasa“car-
rier” of the active octahedral molybdate phase. Hasegawa
et al. [27] also suggested that a distorted MoO?~ polyhe-
dron formed on the surface when the magnesium molyb-
dates have excess molybdenum. These results aso well
correlate to the high activity of the present Mgo.goM0O,
catalyst prepared at pH = 4.4 and 5.7 of the starting so-
lution and calcined at 500-550°C, where suitable excess
molybdenum species over a-MgMoO, phase is consid-
ered to create the active site composed of molybdate. 1t
is thus likely that the surface acidic property of the cata-
lyst due excess molybdenum species played an important
role in the oxidative dehydrogenation of propane and isobu-
tane.

5. Conclusions

Magnesium molybdate catalysts have been prepared
from an agueous solution of magnesium nitrate and am-
monium paramolybdate under different pH conditions and
were calcined at different temperatures. The catalytic activ-
ities of the magnesium molybdates have been tested for the
selective oxidation of propane and isobutane to propene
and isobutene, respectively, with gaseous oxygen under
an atmospheric pressure in the temperature range of 360—
520°C. The structure analyses by XRD and FT-IR showed
the formations of three phases, a-MgMo00Q,, 3-MgMoO,
and Mg;Mo030;3, in the catalysts. By XPS measurements,
an excess amount of Mo compared to Mg was observed
over the active catalysts. It is likely that the molybdenum
species exists as the molybdate. Moreover, a good correla-
tion was observed between the catalytic activities and the
acidities measured by isopropanol dehydration.
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It has been concluded that the activities of the Mgg.o2
MoO,, catalysts strongly depended on the pH of the starting
solution and the chemical composition. The surface acidic
properties created by surface excess molybdenum species
over the catalysts showed a definitive role in the selective
oxidation of propane and isobutane. It is likely that suit-
able excess molybdenum species over a-MgMoO, phase is
effective for creating the active site composed of molyb-
date. The catalyst prepared at pH = 5.7 condition showed
the highest activity for the oxidative dehydrogenation of
alkanes as well as the strongest acidity.
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