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A high-temperature, controlled-atmosphere X-ray diffractometer was used to measure rates of 
crystallization of a mixed metal molybdate catalyst. The catalyst, initially amorphous, becomes 
crystalline at temperatures of 400-500°C. This occurs slowly in inert atmospheres and much more 
rapidly in air. After thermal treatment in air, relative acrolein oxidation activity is proportional to 
the fraction of the catalyst which remains uncrystallized. The phases observed in air include VZ05, 
MnMoO,, and MOO,. The phases crystallizing in inert atmospheres are MnMoO,, Mo4011, W,,O,,, 
and V,O,. Unidentified phases remain in both cases. Crystallization follows a second-order rate 
law, with a rate constant of 7 x 10m3 hr-1 in dry air at 410°C. Water vapor in air, even at IO-20 ppm, 
increased the rate markedly. In inert atmospheres, HZ0 has no effect. The initially active catalyst 
probably contains compounds similar to molybdenum shear structures. Crystallization in air pro- 
ceeds by an annealing out of oxygen vacancy defects and subsequent crystal growth. 

INTRODUCTION 

This study was undertaken to relate 
physical or chemical characteristics of an 
acrolein oxidation catalyst to changes in ac- 
tivity occurring with time, temperature, 
and atmosphere. The Mo-V-W-Mn oxide 
catalysts, and the kinetics of deactivation, 
have been described in Part I of this paper 
(1). 

Earlier studies in this laboratory of the 
calcination of similar catalysts at different 
temperatures indicated that significant 
changes in the X-ray diffraction (XRD) pat- 
tern occurred with increasing temperature 
of calcination. Other analyses, including in- 
frared spectroscopy, X-ray photoelectron 
spectroscopy, mercury porosimetry, ther- 
mogravimetric analysis, and scanning elec- 
tron microscopy examination coupled with 
X-ray fluorescence microanalysis failed to 
reveal any temperature-related effects as 
dramatic as those in the XRD spectrum. 

The series of experiments performed fol- 
lowed two different paths. One approach 

was to examine, by XRD, materials that 
had actually undergone deactivation kinetic 
experiments as described in the previous 
paper (I ). Analysis of these data provided a 
direct correlation between activity and 
crystal phase properties. The second ap- 
proach was to examine a catalyst sample by 
XRD in situ while it was undergoing ther- 
mal treatment paralleling that in the deacti- 
vation kinetic experiments. These XRD ki- 
netic experiments provided a nearly 
continuous record of the transformations 
occurring under conditions of catalyst deac- 
tivation, and thus gave insight into the de- 
tails of this process. 

METHODS 

Catalyst. The catalyst composition and 
general method of preparation have been 
described previously (I). Catalyst I was 
calcined at a temperature of 385°C and cata- 
lyst II at 320°C. All catalyst samples were 
ground to - 100 mesh (co.15 mm) before X- 
ray diffraction analysis. 
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Diffractometer. A Philips X-ray diffrac- 
tometer equipped with a graphite crystal 
monochrometer was used to collect XRD 
data. The radiation used was Cu Kcx. A Tra- 
car Northern NS 880 X-ray fluorescence 
data system was interfaced with the diffrac- 
tometer to automate data acquisition and 
reduction. Portions of the XRD powder dif- 
fraction spectrum were scanned repeti- 
tively, and the intensity-time data stored on 
magnetic tape. 

A Materials Research Corporation Model 
X-86N3 high-temperature-controlled-at- 
mosphere diffraction chamber was used to 
allow analysis of the catalyst under differ- 
ent atmosphere and temperature condi- 
tions. Samples were ground, slurried with 
isopropanol, and transferred to the sample 
stage. The solvent was then allowed to 
evaporate. A controlled thickness of sam- 
ple on the sample stage was obtained by 
using 10 ~1 of a slurry of 2.0 g of catalyst in 
3.0 ml of isopropanol. This amount gave a 
sample thickness of about 0.1 mm. 

Sample atmosphere. A manifold system 
for introducing various gases into the sam- 
ple chamber was constructed. Air was pro- 
vided either from the laboratory com- 
pressed air supply or from bottled air. Both 
“industrial” and “zero” grade bottled air 
were employed. The nitrogen used was ob- 
tained from boil-off of liquid nitrogen. In 
some experiments, the gases were dried by 
passing them through a P,O, drying tube 
before being introduced into the chamber. 
In other experiments, the gases were satu- 
rated with water vapor (at ambient temper- 
ature) by passing them through a fritted 
glass bubbler containing distilled water. 
Gas flow rates ranged from about 200 to 
about 900 cm3/min. Pressure in all cases 
was atmospheric pressure. 

Sample temperature. The temperature of 
the sample was measured using a Pt/Rh 
thermocouple welded to the bottom of 
the heated sample stage. Thermocouple 
readings were obtained on a Thermoelectric 
Minimite model thermocouple bridge. The 
sample stage thermocouple was calibrated 

by observing the disappearance of the X- 
ray diffraction pattern of powdered zinc at 
the melting point (4195°C). Temperature 
could generally be maintained to within 
+2”C of the set temperature over a period 
of several days. 

RESULTS AND DISCUSSION 

Initial State of Catalyst 

In catalysts calcined at or below calcina- 
tion temperatures of about 385°C the X-ray 
diffraction spectrum is nearly featureless, 
indicating an essentially amorphous mate- 
rial. There are two rather diffuse peaks, one 
at about 22” 28 and a broad feature from 
about 25 to 30” 219. The initial spectrum in 
Fig. 1 illustrates this for catalyst II calcined 
at 320°C. These peaks are somewhat 
sharper for catalyst I, calcined at 385°C. 
The catalyst calcined at the higher tempera- 
ture has a surface area of 9.1 m2/g while that 
of the catalyst calcined at the lower temper- 
ature is 15.8 m2/g. 

Development of Crystallinity 

It was known that calcination at too high 
a temperature in air would cause develop- 
ment of peaks in the X-ray powder diffrac- 
tion spectrum. For example, heating a sam- 
ple in air to about 430°C overnight would 
develop a very distinct crystalline XRD 
pattern. However, it was discovered that 
heating a sample of the same catalyst over- 
night at the same temperature in nitrogen 
produced absolutely no development of 
crystallinity. Subsequent experiments 
showed that crystallinity could be devel- 
oped in an inert atmosphere, but only if the 
temperatures were considerably higher. 
Moreover, the X-ray diffraction patterns de- 
veloped in air and in nitrogen are quite dif- 
ferent (Fig. 2). 

Identljication of Crystalline Phases 

Figure 3 shows the spectrum of a sample 
of catalyst I which had been exposed to air 
at 410°C for 96 hr. At this point, crystalliza- 
tion is essentially complete. As can be seen, 
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FIG. 1. Crystallization of catalyst II at 410°C in air containing 2.8 ~01% H,O. Time shown is at start 
of 28 scan: scan rate 1 degimin. 

the spectrum is very complex, with about 
60 statistically significant peaks in the 6 to 
66” 28 range. 

Figure 3 also shows the powder diffrac- 
tion patterns of the four crystalline phases 
considered to be the best match to the ma- 
jor peaks observed in the catalyst spec- 
trum. Both manual searching techniques 
and the search/match computer program of 
the Joint Committee on Powder Diffraction 
Standards (JCPDS) were used to screen 
possible pattern matches. VZOs, MnMoOl, 
and Moos are probably all present, al- 
though the match for some of the peaks in 
these phases is not exact. One can rational- 
ize these slight mismatches by invoking 
peak shifts and intensity variations caused 
by the formation of solid solutions and per- 
haps partial substitution of one metal for 
another in the oxide phases. The presence 
of MnzO, is questionable, but it is the only 
phase found which accounts reasonably 
well for the fairly intense peak at about 36” 

28. However, the phases identified do not 
account for a number of relatively large 
peaks remaining in the spectrum, and none 
of the phases identified contained any tung- 
sten. 

The spectrum of a catalyst I sample 
which had been treated at 450°C in Nz for a 
sufficient time to develop complete crystal- 
linity is shown in Fig. 4. The patterns of 
several compounds considered to be 
present are also shown. These patterns 
were matched by similar techniques to 
those described above. 

The crystal phases resulting from thermal 
treatment in an inert atmosphere are quite 
different from those produced in air. The 
only phase which appears to be common to 
the two materials is MnMoO,. The other 
two compounds whose diffraction patterns 
match portions of the unknown pattern 
quite well are two different crystal forms of 
Mo4011. Two other compounds are possibly 
present in rather low concentrations. They 
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FIG. 2. Crystallization of catalyst I at 450°C in N,. Time shown is at start of 219 scan: scan rate 114 
deg/min. Peak at about 40” 28 is from WRh sample stage. 

are W1e049 and V409. Some mismatches in 
the fit of these last two patterns may be 
rationalized in the same manner as the mis- 
matched lines in the spectrum of the air- 
treated catalyst spectrum discussed above. 
More than half of the catalyst diffraction 
pattern intensity remains unaccounted for. 
In particular, a great portion of the intensity 
of the major peaks in the spectrum at about 
22” 28 remains unaccounted for. 

Steps were taken to ensure that preferen- 
tial orientation of the crystals did not distort 
the diffraction patterns sufficiently to cause 
difficulties with identification of the crystal- 
line constituents. The XRD spectrum ob- 
tained from material which had been re- 
moved, reground, and run in a conventional 
sample holder was essentially the same as 
that obtained on the hot stage of the con- 
trolled-atmosphere diffractometer attach- 
ment. 

Gystallization and Oxidation State 

In general terms, the samples treated in 
air and N2 differ in the oxidation state of the 
metals in the oxides present. Those phases 
that could be identified in the air-treated 
sample are in the highest oxidation state, 
while all but one compound identified in the 
N,-treated material are somewhat oxygen- 
deficient. Mo4011 and V409 belong to a 
class of compounds which include the well- 
known “shear structures” (2-6). W18049 is 
related to the tungsten bronzes, and to 
“tunnel” structures such as Mo1704, (7- 
12). Although often called “nonstoichiomet- 
ric,” all of these compounds are definite 
stoichiometric compositions in which the 
“missing” oxygen is accommodated by a 
periodic modification of the lattice. In the 
simple shear structures (tungsten and mo- 
lybdenum compounds of the type 
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FIG. 3. XRD spectrum of catalyst I after 96 hr in air at 410°C. Patterns of phases shown are the best 

matches found. Numbers given are JCPDS data file numbers. 

MnOBn--l)r the decreased number of oxy- phases. It could be argued that oxygen-defi- 
gens are accommodated by a change from cient amorphous phases are not present ini- 
corner-sharing between MO6 octahedra to tially and that the thermal treatment under 
edge-sharing at certain lattice positions. nitrogen causes loss of oxygen and develop- 
More complicated structures can involve a ment of these phases. This does not seem 
change from corner to edge-sharing, a likely, since reported formation tempera- 
change of some structural units from octa- tures for these compounds by reduction or 
hedra to other polyhedra, or both. decomposition of the parent oxide generally 

The results suggest that the catalyst con- are 100°C or more higher than the present 
sists of a mixture of amorphous compounds case (14, 15). 
which include some oxygen-deficient As discussed in Part I of this work (I ), 
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FIG. 4. XRD spectrum of catalyst I after 16 hr in NI at 450°C. Patterns shown are the best matches 
found. Numbers given are JCPDS data file numbers. 

these reduced phases may be the catalyti- 
cally important species. A facile reduction 
and reoxidation of the catalyst has been 
suggested as necessary for acrolein oxida- 
tion (13). 

From the difference in catalyst behavior 
when heated in air compared to an inert 
atmosphere, it appears that the phenome- 

non observed as “crystallization” involves 
oxidation. Oxidation state may well be the 
property fundamentally related to activity, 
although one might also expect some de- 
crease in activity due simply to loss of sur- 
face area as crystal growth occurs. One 
other observation supporting this view is 
from a single experiment in which activity 
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of a catalyst which crystallized in Nz was 
measured. Although the relative crystallin- 
ity had reached about 0.5, the relative ac- 
tivity remained about 0.9 of that of a fresh 
catalyst. However, since crystallinity is the 
observable variable in these experiments 
the kinetics will be discussed in terms of 
crystallization rate. 

Crystallization Rate of Diferent Phases 

It was observed in both air (Fig. 1) and 
nitrogen (Fig. 2) experiments that virtually 
all the peaks in each spectrum grew at 
about the same rate. This was very surpris- 
ing. One might reasonably expect that the 
different compounds present would crystal- 
lize at different rates. The similar crystalli- 
zation rates suggest that the rate-limiting 
step may be the decomposition or oxidation 
of a single precursor compound or solid so- 
lution. Alternatively, the initial crystalliza- 
tion of one phase may act as a nucleation 
site for the crystallization of the other 
phases present in an intimately mixed 
amorphous solid. 

Quantitative Measurement of Crystallinity 

Three strong characteristic peaks in both 
the air/thermal treatment and nitrogemther- 
ma1 treatment spectra were selected to be 
used to follow the kinetics of crystallization 
in these two atmospheres. The peaks se- 
lected are shown as regions A, B, and C in 
Figs. 3 and 4. In two cases, the regions se- 
lected are multiple overlapping peaks 
rather than single peaks. As all these peaks 
were observed to grow at the same rate, 
this should introduce no complications. 
Likewise, the fact that the selected peaks 
do not correspond to identified single 
phases should be of no consequence. 

Peak areas were measured for each spec- 
trum in each of the three areas of interest. 
Background was subtracted from peak area 
by a linear extrapolation of average back- 
ground measured in regions 0.3” 28 wide on 
either side of the peak. The precision of 
measurement of the peak areas was +5 to 
10%. It was limited both by the stability of 

the X-ray equipment and the statistics of 
measuring small peaks at the beginning of 
the experiment. 

Peak intensities were converted to a 
quantitative dimensionless measure of crys- 
tallinity. The relative degree of crystallin- 
ity, X,, was set equal to (I - ZJ/(Z, - ZJ, 
where Z,, is the intensity, if any, in the re- 
gion of interest at the start of an experi- 
ment, and Z, is the intensity in the region of 
interest when crystallization is essentially 
complete. 

Relationship of Crystallinity to Activity 

To investigate the connection between 
catalytic activity and crystallinity, two ex- 
periments were set up with the use of a suffi- 
ciently large quantity of catalyst in the 
fixed-bed reactor so that small samples 
could be removed after different lengths of 
time for XRD analysis. These deactivation 
experiments were two of those described in 
the preceding part of this investigation (I). 

The working hypothesis of these experi- 
ments was that activity was directly related 
to the concentration of some amorphous 
phase, or proportional to one minus the 
fraction of the sample that is crystalline. If 
this is correct, a plot of one minus the rela- 
tive activity vs the relative crystallinity 
should be linear with a slope of 1 and 
should pass through the origin. As shown in 
Fig. 5, the data fit the proposed relationship 
quite well. 

Crystallization Kinetics in Air 

The kinetic behavior of catalyst samples 
in air and air-water vapor mixtures was in- 
vestigated by following the increase in the 
selected XRD peak areas as a function of 
time. In general, the conditions under 
which crystallization kinetics were ob- 
tained paralleled those employed in the 
fixed-bed reactor deactivation kinetic study 
described previously (I). Crystallization 
rates were also treated similarly to deacti- 
vation rates. An apparent rate constant, k,, 
at constant oxygen and water vapor partial 
pressure was defined to determine the ki- 
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netic order of the crystallization rate, i.e., 

dx 
dr = k,(l - x,>n. 

The results of a typical crystallization ki- 
netic experiment are shown in Fig. 6. The 
scatter in the data reflects the precision of 
peak area measurements obtainable with 
this X-ray diffraction system. As a result of 
this scatter, it is not possible to distinguish 
between overall first- or second-order de- 
pendence of crystallinity on X,. Calcula- 
tions of the apparent rate constant by the 
method of least-squares yield a correlation 
coefficient which is about the same for ei- 
ther first- or second-order kinetics and is 
between 0.90 and 0.97 for all of the experi- 
ments. This is true whether the data are 
weighted or not. Weighting of the data in- 
sures that a point at large X value (long 
time) will not have an unjustifiably large ef- 
fect on the slope and, hence, on the rate. 
The weighting used assumes a constant var- 
iance dV in the measured variable V and 
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propagates this variance through the appro- 
priate kinetic equation to obtain dLf(V)]. 
Measured variables are then weighted by W 
= ll[dVT v)]“. 

Several pretreatments of the catalysts be- 
fore commencing the kinetic experiments 
were also tried. These were designed to 
bring the catalyst surface to its equilibrium 
hydration state so that any slow equilibra- 
tion which might occur would not affect the 
initial kinetic points. These pretreatments 
consisted of flowing dry nitrogen or nitro- 
gen plus water vapor at the temperature of 
the experiment for 15 to 50 min before in- 
troducing the test atmosphere. In one case, 
the pretreatment consisted of dry air at a 
temperature low enough so that no signifi- 
cant crystallization would take place and in 
one other case, the pretreatment consisted 
of water vapor and nitrogen at room tem- 
perature . 

Results of the kinetic experiments, along 
with details of the experimental conditions, 
are given in Table 1. The rate-enhancing ef- 
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FIG. 5. Correlation between relative activity of catalyst for acrolein oxidation and relative crystallin- 
ity. 
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FIG. 6. Second-order kinetic plot of data from thermal treatment of catalyst I in air + 2.8 ~01% Hz0 
at 410°C. Second-order effective rate constants from slope calculated by method of least-squares. 

feet of water vapor in the atmosphere can the amount of water vapor present in indus- 
readily be seen from the experiments with trial grade cylinder air (10 to 20 ppm) in- 
catalyst I (normal 385°C calcination). Even creases the rate constant by nearly an order 

TABLE 1 

Rate of Catalyst Crystallization in Air and Air/Water Vapor Atmosphere 

Catalyst Pretreatment Atmosphere Temperature 

("a 

k, x IO2 
hr-* a 

I None 
None 
None 
None 
Air, dried; 2Oo”C, 40 min 
NZr dried; 410°C 50 min 
None 

II 

NZ + 2.8 mol% HzO: 23”C, 35 min 
NZ, dried; 4lo”C, 35 mm 
N2 + 2.8 mol% H,O: 43FC, 15 min 
N2 + 2.8 mol% H20; 41o”C, 25 mitt 
N2 + 2.8 mol% H,O; 4lo”C, 25 min 
N,, dried; 41o”C, 25 mm 

Airb 
Air, driedd 
Airb 
Air, dried’ 
Air, driedc 
Airb 
Air + 2.8 mol%, HZ0 
Air + 2.8 mol%, HpO 
Air, dried 
Air + 2.8 mol%, Hz0 
Air + 2.8 mol%, Hz0 
Air + 2.8 mol%, H,O 
Air, dried 

410 9.6 
410-414d 1.2 

410 6.3 
410 0.82 
410 0.59 
410 3.3 
410 5.7 
410 5.6 
410 0.70 
433 51 
410 10 
410 8.3 
410 3.3 

n Second-order effective rate constant. 
b Cylinder air, industrial grade. 
c Dried by passing through P,O,. 
d Temperature drifted from 410°C at beginning of experiment to 414°C at end. 
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of magnitude. The second-order rate con- 
stant in P,05-dried air, with or without cata- 
lyst predrying, ranges from 6 x 10m3 to 8 x 
10T3 hr-’ at 410°C while the rates from two 
different cylinders of industrial air are about 
6 x 10m2 and 1 x 10-l. A drying pretreat- 
ment seems to have little effect on the rate 
in dry air but a drying pretreatment reduces 
the observed rate for cylinder air by about a 
factor of 2. Apparently, dehydration of the 
surface is fast, but in air containing only 
low concentrations of water vapor, there is 
a relatively slow rehydration of a dried cat- 
alyst surface. In experiments with high con- 
centrations,of water vapor (2.8 mol%), re- 
hydration of the surface is faster and 
pretreatment has little effect on the kinet- 
ics. 

A comparison of the results of cylinder 
air with air containing 2.8% H,O also sug- 
gests that the crystallization process, at 
least under these experimental conditions, 
does not follow a simple first- or second- 
order dependence on water vapor concen- 
tration. That is, small changes in water va- 
por concentration at very low concentration 
levels have profound effects and the effect 
rapidly diminishes for higher water vapor 
concentrations. This would be consistent 
with Langmuir-Hinshelwood-type rate ex- 
pressions as proposed in the preceding pa- 
w (1). 

Some interesting effects of calcination 
temperature were also observed. As shown 
in Table 2, the initial rate of crystallization 
at 410°C for catalyst II (calcined at 320°C) is 
about six to eight times greater than for cat- 
alyst I (calcined at 385°C) in dry air. In the 
latter stages of crystallization, the rate 
drops to about a factor of 2 to 3 greater than 
with catalyst I. In air plus water vapor, the 
crystallization rate for catalyst II is greater 
than that for catalyst I by a factor of about 
2. For catalyst II in an air/water vapor at- 
mosphere, the initial rate is essentially the 
same as the overall rate and no curvature of 
the second-order rate plot is apparent. 
Since the kinetic experiments are done at a 
temperature somewhat above the normal 

TABLE 2 

Dependence of Crystallization Rate on Calcination 
Temperature of Catalyst 

Catalyst Calc. k, x lo*, hr-ln at 410°C 
temp. 
(“a In dry air In air 

+ 2.8 mol% H,O 

I 385 0.82 5.7 
0.59 5.6 
0.70 

II 320 5.20 Ilb 
l.8c IOC 

8.0b 
8.3C 

D Second order effective rate constant. 
b Initial rate during first 3-4 hr. 
c Final rate, time >36 hr. 

calcination temperature, presumably cata- 
lyst II is not only going through the air/wa- 
ter vapor-induced crystallization but is 
also, in effect, being calcined during the ini- 
tial stages of the kinetic experiments. 

These results suggest that one of the 
things that may be occurring during calcina- 
tion in the temperature interval 320-385°C 
may be loss of some very tightly bound wa- 
ter or hydroxyl groups, which, when 
present, catalyze crystallization of the cata- 
lyst. 

Two other facts pertaining to the pres- 
ence of water vapor in the atmosphere 
should be noted. First, the effect of water 
vapor is only present when air is also 
present. Water vapor in nitrogen has no ef- 
fect on the rate of crystallization. The sec- 
ond point is that the same X-ray diffraction 
pattern evolves either in the absence or 
presence of water vapor, at least up to the 
2.8% water vapor level investigated here. 

Diferences between Crystallization and 
Deactivation Kinetics 

Qualitatively, the effects of air and water 
vapor on crystallization and on deactivation 
are the same. Moreover, a good correlation 
between degree of crystallinity and loss of 
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activity was described earlier. However, 
there appear to be some differences in de- 
tails of the kinetic behavior between the de- 
activation kinetic experiments in the fixed- 
bed reactor (I) and the XRD kinetic 
experiments. There is a very large differ- 
ence in the value of the second-order rate 
constant in dry air at 410°C in the two 
cases. For catalyst I, in an atmosphere of 
dry air, the average value of the second or- 
der effective rate constant, K,, from the 
XRD experiments is about 7 x 10e3 hr-‘. 
For the deactivation experiments under 
these same conditions, the value of K, is 
about 1.3 x 10-l or nearly 20 times larger. 

In wet air, the discrepancy is somewhat 
smaller. Here, the rate of crystallization is 
about a factor of 10 greater than the deacti- 
vation rate in the fixed-bed reactor studies. 
Using the rate equation given in Part I (I), 
the deactivation rate with 2.8% H,O in air is 
0.5 hr-’ while the crystallization rate ob- 
served under these conditions is 0.06 hr-‘. 

Considerable effort was expended in en- 
suring that no differences in temperature or 
air source were present which could cause 
the observed differences in rates. There re- 
mains, however, an unavoidable difference 
in the physical form of the catalyst in the 
two experiments. We feel that diffusion ef- 
fects within the catalyst particles may be 
responsible for the rate discrepancies, and 
is related to differences in the particle size 
in the two types of experiments. In the 
XRD experiments, the catalyst is cast as a 
very thin (-0.1 mm) film of very fine (~0. IS 
mm diameter) powder particles. In the de- 
activation kinetic experiments the catalyst 
is present as 20-30 mesh (-0.7 mm diame- 
ter) particles. In addition, it was observed 
that a controlled thickness of sample on the 
heated sample stage of the XRD equipment 
was necessary to obtain reproducible ki- 
netic results. 

Mechanism of Crystallization 

Because of the dependence of crystalliza- 
tion rate on oxygen, it seems likely that this 

process involves the annealing of an oxy- 
gen-deficient phase similar to the well- 
known molybdenum shear structures. 
Thermogravimetric analysis (TGA) did not 
measure any uptake of oxygen in the tem- 
perature range of interest, but the oxygen 
vacancy concentration may be too low to 
measure by our instrumentation. It may be 
that the initial state of the catalyst is not 
that of an extensive oxygen-deficient struc- 
ture but rather that of a few small areas of 
disorder or oxygen deficiency. It might be 
noted that TGA experiments in inert atmo- 
spheres did not detect any weight loss, ei- 
ther. 

Mechanistically, the role of water vapor 
at the very low concentrations at which it 
has a noticeable effect, is difficult to imag- 
ine, although some possibilities were ad- 
vanced in Part I (I ). Alternatively, perhaps 
a hydroxylated surface of some sort en- 
hances the adsorption of the oxygen prior 
to its subsequent migration into the lattice 
to combine with oxygen vacancy defects. 
Such enhanced oxygen adsorption has been 
reported for oxides of Al, Si, Ti, and Cr 
(16). 

There is very little information in the lit- 
erature on redox properties of phases simi- 
lar to those found in this catalyst, especially 
with regard to the effect of water vapor. 
Kihlborg (14) did investigate the reoxida- 
tion of some of the molybdenum oxygen- 
defect compounds in ambient air, which 
presumably contained considerable water 
vapor, in the temperature range 230-350°C. 
He reported that orthorhombic Mo4011 was 
oxidized the most rapidly, being completely 
transformed to Moo3 within 18 hr at about 
300°C. Adsorbed surface water was found 
to play an essential role in the transport of 
the reducing species during the reduction of 
WO, by hydrogen (17). Batist et al. (18) 
observed during butene reduction of sev- 
eral nonstoichiometric molybdenum ox- 
ides, including Mo401i, that all of these ox- 
ides except Mo~,O~~ showed an induction 
period, after which the reduction rate in- 
creased markedly. It is possible that this 
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rapid increase in reduction rate is due to the 
accumulation and adsorption of water pro- 
duced from the initial slow reaction of the 
butene with the oxide. 

Applications to Other Catalyst Studies 

The results of these parallel kinetic inves- 
tigations of catalyst deactivation and devel- 
opment of crystallinity have some implica- 
tions for catalyst research on other similar 
catalysts. Defect molybdate, tungstate, or 
vanadate structures are thought to be in- 
volved in many selective oxidation cata- 
lysts (19). Part of the catalytic mechanism, 
the reoxidation or replacement of lattice ox- 
ygen in the catalyst, is also thought to de- 
pend on the mobility of lattice oxygen in the 
structure. The methods developed here al- 
low these kinds of effects to be investigated 
conveniently. In addition, they may also 
lead to an understanding of the relationship 
of preparation and calcination conditions to 
the initial activity and subsequent deactiva- 
tion rate of the catalyst under selected con- 
ditions. 

The results presented here also suggest 
that the composition, structure, and proper- 
ties of the amorphous phase of the catalyst 
are really what is of interest. As noted in 
the Introduction, a few methods (infrared 
spectroscopy, X-ray photoelectron spec- 
troscopy, and others) which can give infor- 
mation on noncrystalline states, yielded no 
useful information in the present case. 
However, other methods such as Raman 
spectroscopy and high-resolution electron 
beam diffraction techniques certainly might 
reveal a more fundamental relationship be- 
tween catalyst structure and performance. 
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