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Abstract— Changes in the structural and surface properties of 12-molybdophosphoric (abbreviat-
ed as PMoy2) and 10-molybdo-2-vanadophosphoric (abbreviated as PMoy, V) acids as they are decom-
posed at high temperatures have been studied by IR, XRD, XPS, and TPD experiments. PMoy.
simply decomposes into MoQO. by heat-treatment at 580¢C, but PMo,,V. yields a mixed oxide whose
properties are different from those of either MoO, or V.O:. After the thermal decomposition, PMo,,
loses the initial acidic and redox properties almost completely but PMoy,V. retains some extent
of the redox capability that is larger than that of MoO. and V.O.. The redox capability of the
mixed oxide obtained by PMo,,V, decomposition is correlated with its catalytic activity in oxidation

processes.

INTRODUCTION

Heteropoly compounds are acids and at the same
time oxidizing agents [ 1-4]. Taking advantage of these
properties, heteropoly compounds have been used as
catalysts for various synthesis reactions [5-8]. How-
ever, a common weak point of the heteropoly com-
pounds is that they are easily decomposed at elevated
temperatures and therefore they experience severe
deactivation under the reaction conditions of high tem-
perature. In this study, 12-molybdophosphoric acid,
H.PMo,.0y, and 10-molybdo-2-vanadophosphoric acid,
H:PMo,,V.0O,, have been decomposed at different tem-
peratures, and changes in their structural and sur-
face properties have been investigated bv XRD, IR,
and XPS. In addition, the acidic and redox properties
of the thermally decomposed compounds have been
measured, and the results have been correlated with
their catalytic activity in oxidaton processes.

EXPERIMENTAL
1. Catalyst preparation

PMo,; and PMoy, V. have been prepared following
the procedures of Tsigdinos [9] and by the extraction
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method [10]. The Keggin structure characteristic to
the heteropoly acids has been confirmed by IR spec-
trum observation. For thermal decomposition, the cat-
alyst samples have been put in a reactor and the reac-
tor has been heated to and maintained at high tem-
peratures in flowing N..
2. IR and TPD spectrum

For IR spectrum observation, the catalyst and KBr
powder have been mixed and pressed into a thin self-
supporting sample wafer. The IR spectra have been
recorded with FT-IR spectrometer (Bomen DA 3.02)
using KBr as a reference wafer.

Temperature-programmed desorption (TPD) of pre-
adsorbed pyridine from the catalyst samples have been
measured using a vacuum-tight flow reactor. After
thermal treatments, the catalyst samples have been
cooled to 60C in the reactor, and pyridine has been
injected into the reactor as pulses in N, stream until
no further adsorption of pyridine is observed. The
reactor is then evacuated at 130C for 1 hour so that
physisorbed pyridine is removed from the sample. Af-
ter cooling to room temperature, the reactor is heated
again at 8C/min up to 700C as the amounts of desorb-
ing pyridine in the out-flowing stream is monitored
by flame ionization detector (FID).
3. Extents of reduction and reoxidation

The catalyst samples have been reduced in a simul-
taneous reactor/microbalance shown in Fig.1 by flow-
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Fig. 1. Apparatus used for active lattice-oxygen measure-
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ing H, mixed with He (H./He=3/2, total flow rate=
200 m//min) at 300C, and the extent of reduction
has been measured from the sample weight loss. The
extent of reoxidation of the sample has also been
measured in the same apparatus by flowing O in He
stream (O./He=3/8, total flow rate=110 mi/min) at
300C.
4. Reaction tests

Rates of CO oxidation on the catalysts have been
measured in a differential micro-reactor unit. The reac-
tor is a 1/4” stainless-stee] tube with a thermocouple
imbedded in the catalyst bed. The reactant stream
contains 4.5% CO in air, and the product stream is
analyzed by a gas chromatograph (GC) equipped with
a thermal conductivity detector (TCD). Similar unit
has been used for o-xylene oxidation on the catalysts.
Diiferences are that in the latter case an extra micro-
feeder is connected to the reactor for injection of the
liquidus o-xylene and that the product stream is analy-
zed by GC with a flame ionization detector (FID).
Details of the experimental procedure are given else-
where [11].

RESULTS AND DISCUSSION
1. Structural changes with thermal decomposi-

tion
1-1. XRD study
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Fig. 2. XRD patterns of the heteropoly compounds after
various thermal treatments.
A. HyPMo,,0y calcined at 280C
B. H;PMo,,Q4 calcined at 430C
C. HsPMo12049 calcined at 700C
D. MoO, E. V.05
F. HsPMoy, V.04 calcined at 580°C

Fig. 2 shows changes in the XRD patterns of PMo,;
and PMo,V, as they are decomposed in an inert at-
mosphere at different temperatures. The characteris-
tic XRD pattern of PMo,, changes gradually as the
sample is treated at higher temperatures, and the pat-
tern eventually becomes the same as that of MoO,
after treatment at 580C. This agrees with the current
understanding [ 11] that PMoy; is readily decomposed
to MoQ; above 430T.

Contrary to this, PMo,V, does not decompose into
MoO; and V.,0; completely after treatment at 580C.
This is supported by that the XRD pattern of the 580
C-decomposed PMo,V: is not the same as any of the
patterns of MoQO, and V,0;. The thermally treated
PMoyV, seems to yield a new mixed oxide whose
structure is different from either of MoO; or V.,0Os.
1-2. IR study

The structural changes of PMo;» and PMo,V, with
thermal treatments have been monitored by their IR
spectrum change (Fig. 3). The 280C-treated PMoy,
shows four absorption bands in the range of 700-1200
cm™}, characteristic to the Keggin structure of hetero-
poly acids {12]. The spectrum, however, changes sig-
nificantly when the sample is treated at 430T, and
eventually becomes identical to that of MoO; after
treatment at 580C.

PMoyV. treated at 280C shows the characteristic
4-band structure of heteropoly acids. But, after treat-
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Fig. 3A. IR spectra of H;PMo,,04 after thermal treat-
ment at given a temperature.
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ment at 580C, the sample yields a new spectrum
which is similar to neither of the spectrum from MoQ,
or V,0..

1-3. XPS study

Table 1 shows that the binding energy of Mo (3d)
electron of the 580C-decomposed PMoy, is the same
as that of MoO,. But, the 580C-decomposed PMo,,V,
shows different binding energy of either Mo (3d) or
V (2p) electron from that of MoO; or V,0s. This sug-
gests that the mixed oxide obtained by thermal decom-
position of PMoyV, is a chemical compound within
which Mo, V, and O atoms interact intimately with one
another.

In conclusion, the above XRD, IR, and XPS results
indicate that PMo,,V, decomposed at 580C yields a
new mixed oxide whose property is different from
that of a physical mixture of MoO; and V.Os. On the
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Fig. 3B. IR spectra of MoQ;, V;Os and thermally decom-
posed HsPMo,4V,04 acid.
A. H;PMo,,V.0y, calcined at 280C
B. H:PMoyV,0y, calcined at 580C
C. V,05
D. MoO;

other hand, PMo,, decomposes at 580C simply into
MoQO,.
2. Acidic and redox properties of the thermally
decomposed oxides
2-1. Acidic property

Fig. 4 shows the spectra of pyridine desorption from
the thermally decomposed PMoy.. The sample treated
at 280C shows three TPD peaks at 180, 425 and 557C,
indicating that its surface has three major acidic sites.
The peaks gradually lose their initial intensity as the
sample is treated at higher temperatures. After treat-
ment at 580C, the sample shows no pyridine desorp-
tion peak, indicating that it becomes almost non-acidic.
Similar changes in the pyridine TPD spectra are observ-
ed on the thermally decomposed PMoyV,, although
in this case the PMo,V, sample shows only two TPD
peaks above 300C. Accordingly, the well-known trend

Korean J. Ch. E.(Vol. 8, No. 1)
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Fig. 4. TPD spectra of H;PMo,,0y, after various thermal
treatments.
A. H;PMo,,0y, treated at 280C
B. H;gPM01304(>, treated at 430>C
C. HgPMOuOM), treated at 480t
D. H;PMo1,Oy, treated at 580C or 700C Mo(Q,

Table 1A. Binding energy of Mo (3d) in H;PMo,,0 after
thermal treatment

T 1 treat t ..
hernal trea mce " Binding energy (eV)
temperature (C)

Original crystal 240.7 2375
280 2406 2375
430 240.5 2374
500 241.0 2380
580 2414 238.2

0.6 0.8
700 2408 2374

0.7 0.8
MoO; (no treatment) 2415 238.2

that heteropoly acids easily lose their Bronsted acidity
by thermal decomposition has been confirmed by the
TPD experiments.

2-2. Redox property

Changes in the redox capability of the PMo,, and
PMo, V, samples as they are decomposed at various
temperatures have been measured by H. reduction
and reoxidation, and Fig. 5 shows the typical trend
observed for Mo,V

The reason why the extent of reoxidation is smaller
than that of H,-reduction is because the sample partial-
ly loses the initial Keggin structure during the reduc-
tion process. As expected, PMoy,V, loses significantly
its initial redox capability by the thermal treatments.
But, the sample still retains some extent of the initial
redox capability even after treatment at 580C, and
the capability is significantly higher than that of MoO,
and V,0;. Accordingly, we have produced a new mixed
oxide by thermal decomposition of PMo,V, at 580C,
which is stabler than the initial PMo,V. and has the
redox capability larger than that of V,0; or MoO,.
2-3. Catalytic activity of the thermally decomposed
oxides

Difference in the redox capability of PMo,,V, and
its thermally-decomposed sample is also observed in
their catalytic activity for oxidation processes. Fig. 6
compares the rates of o-xylene oxidation on the PMoy,-
V. catalysts obtained before or after the thermal decom-
position. Since the oxidation process is highly exo-
thermic, the rates are thermally accelerated when the
heat of reaction accumulates in the reactor due to in-
sufficient heat removal. Fig. 6 shows that the rate ac-
celeration occurs at higher temperatures on the 580C-
decomposed PMoy,V, than on the fresh PMo,,V., thus
indicating that the former catalyst is less active than
the latter. This agrees with the above result that PMo,-
V., has lost its initial redox capability by the thermal
treatments.

We also have compared the activity in CO oxidation
of the 580C-decomposed PMo,,V, with that of MoO;
and V,0;. Fig. 7 shows that the activity of the mixed
oxide obtained by decomposition of PMo,,V, at 580C

Table 1B. Binding energy(eV) of Mo(3d) and V(2p) in M0oO;, V,0s and thermally decomposed HsPMoyV,04

Thermal treatment

Catalyst temperature (C) Mo (3d) V 2p)
MoO; no treatment 2415 238.2
6.4 6.1
H;PMo,V,040 580T 235.1 232.1 531.9 523.2 516.5
32
V.05 no treatment 528.7 523.2 518.5
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Fig. 5. Degree of reduction and reoxidation of HsPMo,-
V104 at 300C after thermal treatment at a given
temperature.
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Fig. 6. Catalytic activity of H:PMoV,04 before/after
thermal decomposition in o-xylene oxidation.
Before thermal decomposition, . After thermal
decomposition at 580C

is higher than that of MoO, or V,Os, again in agree-
ment with the results of the redox capability observa-
tion.
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Fig. 7. Catalytic activity of 580C-decomposed HsPMo,.
V.04 and its constituent metal oxides in CO oxi-
dation.
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CONCLUSIONS

The XRD, IR, and XPS results consistently show
that, after thermal treatment at 580C, PMo,, decom-
poses into MoO; but PMoy V. vields a new mixed
oxide whose chemical properties are different from
those of MoQO;, or V.0s. After the thermal decomposi-
tion, PMo,,V. loses the initial acidity almost complete-
ly as evidenced by the pyridine TPD experiments,
but retains the redox capability to some extent, the
extent being larger than that of MoO, and V.,0s. Accord-
ingly, the mixed oxide obtained by decomposition
of PMou V., is stabler than the original PMo,,V. and
has larger redox capability than MoO, or V.0, The
580 C-decomposed PMo,, Vs has a lower oxidation activ-
ity than the undecomposed PMoV. but has a higher
activity than MoO. or V.0, which is in agreement
with the redox capability observation.
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