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Various compositions x in the catalyst system K,H~_,PMo120~ nH20 have been prepared by 
conventional techniques and characterized by thermal analysis, X-ray powder diffraction, “P 

solid-state NMR, ESR. electron microscopy, ESCA. BET surface-area measurements. and 

diffuse-reflectance IR spectroscopy. Contrary to common presupposition, no significant solid- 
solution range was detected. The .Y = 3 (K,) phase is stable to 920 K; the x - 0 (K,,) phases lose their 

II water of crystallization by 450 K and their constitutional water in the temperature interval 500 < 

7 < 700 K. Decomposttion of the Keggin anion (PMol:Oa,)’ of the HIPMoIIO~,, nH?O phase 

accompanies the loss of constitutional water, and an identifiable decomposition product is MOO,. 
Under normal calcining conditions (673 K in air for l-5 h), the degree of decomposition of the K,) 

phase decreases with increasing x, little MOO, being detectable for .Y 2 2. An epitaxial, isostructural 
surface layer derived from the H3PMo,:04” nHzO appears to be stabilized on the water-insoluble 

KIPMolz04{, particles. Calcined catalysts in the compositional range 2 < x 5 3 consist of 
well-formed, spherical particles having surface Keggin anions; these catalysts are particularly 
suitable for mechanistic studies of catalytic reactions on a Keggin unit. !G 1987 Academic Press. Inc 

INTRODUCTION 

Attempts to use heteropolyacids and 
their salts as catalysts started in the early 
sixties, and research in this field has 
developed rapidly in the last decade. Of 
particular industrial importance is the cata- 
lytic oxidation of acrolein and methacrolein 
to their corresponding acids by heteropoly- 
compounds (I ). 

Patent data and literature reports suggest 
that the catalytic agent for this oxidation 
reaction is a heteropolyanion with the 
Keggin structure, and principally the 12- 
molybdophosphate anion (PMo,&~)~~ 
illustrated in Fig. 1. Compounds containing 
these Keggin anions are particularly suit- 
able for a mechanistic study for at least 
three reasons: (I) the Keggin unit is the best 
characterized heteropolyanion, details of 
the (PMo,~O~,,)~ anion structure being 

available from single-crystal data (2, 3); (2) 
the multifunctional capabilities of 12- 
molybdophosphoric acid and its salts range 
from properties associated with Bronstcd 
acidity, such as fast proton conduction (4), 
to those connected with the oxidizing 
power of individual anions (5); (3) as shown 
in this paper, catalytic particles having sur- 
face Keggin units can be prepared; these 
units provide a microsurface of known 
structure on which the chemical reaction 
occurs. 

Earlier studies have shown that the 
protons of the acid form may be substituted 
by alkali-metal cations M+; the larger 
cations K’, Rb+, Cs’, and NH: form insol- 
uble salts, e.g., K3PMor20b0, whereas the 
smaller cations Li+ and Na+ form hydrated, 
water-soluble salts (6, 7). Several studies 
have examined the changes in catalytic 
properties with composition in mixed sys- 
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FIG. 1. Structure of the Keggin anion (PMo,,O,,)S-. 
The central PO, tetrahedron is shaded; Moo6 
octahedra are unshaded. 

terns of formal starting composition 
MxH3-xPMo12040 * nH,O; the most satisfac- 
tory results have been obtained with the 
catalysts containing an insoluble salt com- 
ponent M3PMo12040 (7-9). In these studies 
little characterisation of the catalyst was 
attempted, and it has generally been 
assumed that the catalysts form solid- 
solution pseudobinary systems Mx(H30)3px 
PM012040 * nH20. However, the variations 
with x of the catalytic performance are 
difficult to rationalize with such a model, 
and there is an evident need for a system- 
atic characterization of these catalysts 
under reactor conditions in order to inter- 
pret the selectivity/activity data presented 
in Part II, which immediately follows this 
paper. Such a characterization also proves 
to be an essential preliminary step for the 
mechanistic studies presented in Part III of 
this present collected group of papers. 

In this paper (Part I) we present a 
detailed characterization, before and after 
calcination, of catalysts having the formal 
composition (as freshly prepared) of 
KxH3-xPMo12040. nH20. In each of Parts I, 
II, and III the various samples studied are 
referred to by the notation K,, even after 
subsequent treatment has removed suffi- 
cient water to partially decompose the 
Keggin unit or has reduced this unit and/or 

introduced into it oxygen vacancies. In this 
paper we disprove any pseudobinary 
hypothesis; we show that standard catalyst 
calcination prior to use may remove more 
water than the IZ moles of compositional 
Hz0 of the formal formula, thereby causing 
reversible and/or irreversible decom- 
position of Keggin units; we also establish 
that compositions with 2.5 % x I 3 consist, 
after a standard calcination, of well- 
formed, spherical K3 particles having a K. 
(x = 0) phase stabilized at their surface with 
intact Keggin structures. 

EXPERIMENTAL 

Materials 

The catalysts from the K, series were 
prepared by the method of Tsigdinos (10) 
according to previously described pro- 
cedures (6, 7, II). Stoichiometric quantities 
of H3PMo12040 . 24H20 (e.x., BDH Ltd., 
“AnalaR” grade; exact water content 
determined by TGA for each batch) and of 
K2C03 (e.x., BDH Ltd., “AnalaR” grade) 
were each dissolved in the minimum quan- 
tity of water, and the solutions were mixed 
with stirring. The final product was 
obtained by evaporation to dryness on a 
rotary evaporator at 333-353 K under 
reduced pressure. Subsequently the cata- 
lysts were calcined for 5 h in air at 673 K. 
Compositionsx = O,OS, 1, 1.5,2,2.5,2.75, 
and 3 were prepared and examined. 

Techniques 

(I) X-ray diffraction. Powder X-ray dif- 
fraction data were obtained with a Philips 
PW-1720 diffractometer and a Guinier- 
Haag focusing camera. Lattice parameters 
were refined with the program CELL; 
powder patterns were simulated from 
known crystal structures with the program 
LAZY. Both programs were available on 
the Oxford University VAX1 computer. 

(2) Nuclear magnetic resonance. A 
Bruker CXP 200 spectrometer operating at 
80.9 MHz was used to acquire 31P solid- 
state NMR spectra. Magic-angle spinning 
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in Delrin rotors at 4 kHz was employed, 
and all spectra were referenced externally 
to 85% orthophosphoric acid. 

(3) Thermal analysis. Thermogravimetric 
analysis was carried out in static air in a 
Stanton-Redcroft STA-780 thermal ana- 
lyser. Samples of around 150 mg (TGA 
only) or 15 mg (simultaneous TGA/DTA) 
were heated at 10 K per minute up to 873 K. 

(4) Electron-spin resonance. ESR spec- 
tra were recorded at room temperature and 
at 77 K with a Varian E-l 12 Century-line 
spectrometer equipped with a fieldial and 
operating in the X band. DPPH (g = 2.0036) 
was used as a standard for the deter- 
mination of g factors. Spin densities 
were estimated with respect to a VOS04 
standard. 

(5) Electron microscopy. Microstructural 
characterization was carried out with a 
combination of high resolution (-2 A) 
transmission EM (HREM), analytical EM 
(AEM) for small-area compositional analy- 
sis, and scanning EM (SEM) for surface 
topography of the microcrystals. For trans- 
mission EM (TEM) a JEOL JEM 200 CX 
HREM operating at 200 keV was used; it 
was fitted with a low-light-level TV camera 
to facilitate study at very low beam cur- 
rents of the beam-sensitive crystals. 
AEM/SEM were carried out with a JEOL 
JEM 1OOC Temscan instrument operating 
at 100 and 20 keV. The samples were 
suspended in chloroform and supported on 
copper grids with a holey-carbon-film 
support. 

(6) Znfrured spectroscopy. Diffuse- 
reflectance IR spectra were acquired on 
a Nicolet 2000 FTIR spectrometer oper- 
ating with a diffuse-reflectance cell attach- 
ment and made available by I.C.I. PLC 
(Wilton). Spectra were recorded at 4 
cm-’ resolution; typically 1000 scans 
were taken. 

(7) Electron spectroscopy for chemical 
analysis. ESCA measurements were car- 
ried out with an ESCALAB-5 spectrometer 
(V.G. Scientific); the K, line of Mg was 
used as a source of X-ray excitation. 

RESULTS 

A. Uncalcined Catalysts 

(I) X-ray diffraction. The presence of 
more than one phase in freshly prepared 
catalysts was initially detected by X-ray 
diffraction. 

The free acid H3PMo1204,, * nHzO 
(denoted as KO) is very soluble and crystal- 
lizes with variable amounts of water of 
crystallization (0 5 n 5 30). Samples of the 
acid used in this work were certainly not 
single-phase materials. Figure 2a shows the 
X-ray spectrum of a typical batch of Ko 
(e.x., BDH). For comparison, spectra of Ko 
with various degrees of hydration prepared 
under controlled partial pressures of HZ0 
are presented together with patterns syn- 
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FIG. 2. Powder X-ray diffraction patterns of 
H,PMolzON. nHzO with various degrees of hydration: 
(a) typical batch of, e.x., BDH product, n = 24; (b) n = 
30; (c) n = 8; (d) n = 0.2; (e) n = 30, synthesized (2); 
(f) n = 13, synthesized (3). 
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thesized from the known crystal structures 
for K0 with II = 13 and II = 30 (2, 3). 

The least-hydrated sample appears 
almost amorphous to X-rays (Fig. 2d). All 
the other patterns contain evidence of more 
than one crystalline phase. While some of 
the peaks predicted for IZ = 13 and n = 30 
can be located in the experimental spec- 
trum, it is clear that other phases are 
present as well. The only experimental 
spectra of polycrystalline H~PMo,~O~~ . 
nHz0 reported in the literature (12) do not 
agree closely with any of the spectra re- 
ported here and are unindexed. Thus it is 
clear that samples of the free acid contain 
many different phases, as well as an 
amorphous material, depending on the 
degree and homogeneity of hydration. 

The other end member of the K, series, 
KS, was found to be a single-phase material 
with good crystallinity. The X-ray powder 
pattern of this catalyst (Fig. 3) corresponds 
exactly to that synthesized from the re- 
ported crystal structure of K3 (13). 

Diffraction patterns of samples with 
intermediate composition (0.5 5 x I 2.0) 
demonstrate the existence of more than one 
crystalline phase. All traces contain the 
lines characteristic of K3, but comparison 
of the patterns of Kr (Fig. 4) and K3 (Fig. 3) 
shows that these lines become less intense 
as x falls. The additional peaks in Fig. 4 
agree exactly with the principal peaks 
found for the K0 * 8H20 sample (Fig. 2). In 
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FIG. 3. Powder X-ray diffraction pattern of K,, 
experimental and synthesized (13). 

1 II 
KI Hz [P’%z%I] 

Mdti: + + + + + 
FIG. 4. Powder X-ray diffraction pattern of K,. 

Peaks corresponding to KO phases are marked with a 
cross. 

other preparations peaks corresponding to 
other free acid phases were also observed. 
The K. * 8H20 peaks were also detected in 
decreasing intensity with increasing x for 
other samples with x < 2. The X-ray data 
for 2 I x 5 3 revealed only the K, phase. 

Refinement of the lattice parameter of the 
phase with K3 structure was accomplished 
with a standard set of 15 reflections 
observed for all samples. Variation of this 
lattice parameter with x could provide evi- 
dence for a solid-solution region. However, 
the data show no significant change in unit- 
cell size, although there is a large increase 
in experimental error as the K3 pattern 
becomes less intense. 

(2) 3’P solid-state NMR. A 3’P solid-state 
NMR study was undertaken in order to gain 
further insight into the multiphase nature of 
the K, series. The spectra of fresh catalysts 
(1 I x 5 3) are shown in Fig. 5. All samples 
except K3 show the presence of more than 
one phosphorus resonance, which confirms 
the conclusion from the X-ray data that, for 
x < 3, the structures are complex. The K3 
sample shows a single, sharp resonance at 
o = -4.3 ppm, which indicates a uniform 
phosphorus environment in this catalyst. 
The peak characteristic of K3 appears also 
in the spectra of all the other potassium- 
containing members of the series, which 
demonstrates the presence of a neutral salt 
in agreement with the X-ray data. The 
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range for any value of x comes from the 
TGA traces of the catalysts. Two types of 

nH20). The only feature of the TGA curve 
for fresh K3 (Fig. 6a) is the loss of physi- 
sorbed water below 500 K; otherwise, it is 
thermally stable up to 920 K. On the other 
hand, the K0 sample (Fig. 6b) loses its 
water of crystallization by 450 K, and the 
weight loss observed in the range 500-700 

0 -5 -10 0 -5 
K corresponds exactly to the weight loss 

dhm -10 
d@pm expected on complete decomposition of the 

FIG. 5. “P solid-state NMR spectra of uncalcined K, acid (1.5 water molecules per Keggin 
catalysts. anion). TGA profiles for the catalysts with 

intermediate values of x up to x = 2.75 were 

appearance of other peaks is attributed to 
the occurrence of the K. phase with an 
inhomogeneous water content. 

In a separate experiment it was found 
that K,, gives several resonances which 
vary with the amount of water of crystalli- 
zation. For instance, the K0 hydrates with n 
= 30 and n = 8 give resonances at g = -3.9 
and -3.6 ppm, respectively, whereas sam- 
ples with little or no water of crystallization 
show peaks at (T = -2.0 and -2.9 ppm. For 
this reason, absorption at cr = -3.7 ppm in 
the spectrum of Kr and a peak at (T = -3.0 
ppm present in Kz and Kz.~ are assigned to 
K0 phases having different degrees of 
hydration. 

It was found that the spectra of fresh 
catalysts showed better resolution when 
samples were stored in a wet atmosphere 
(330 K, 150 Torr HzO).’ This is consistent 
with the observation that the KO-phase 
composition is very sensitive to the Hz0 
partial pressure. When stored in air, it 
tends to produce a number of different 
hydrates as well as amorphous material, 
which results in a variety of phosphorus 
environments and, consequently, a 
broadening of the 31P resonance. 

(3) Thermogravimetric analysis. Further 
evidence that there is no solid-solution 

’ I Torr = 133 Pa. 

obtained, and all samples behaved as mix- 
tures of the end members, K0 and Kj, of the 
series. The curve for K2.5 is presented as an 
example in Fig. 6c. In particular, the weight 
loss between 500 and 700 K was consistent 
with the formulation (x/~)K~PMo~~O~~, + 
[(3 ~ x)/~]H~PMo,~O~~), but not with 
the solid-solution stoichiometry (M’ ), 
(H30t),3~,,(PMo,?Oqg)i~. In addition, the 
features observed in the DTA curve for K,, 
are reproduced throughout the entire com- 
position range for x i 2.75. 

Finally, it is significant that the weight 
change due to the loss of constitutional 
water from the K0 component in the sam- 
ples with x 2 2.5 ends at temperatures 
higher by ca. 20 K than for the rest of the 
series, indicating that the K0 phase is more 
stable against calcination temperatures at 
these higher x values. 

B. Calcined Catalysts 

(1) Calcination. Industrial catalysts are 
usually calcined at temperatures higher 
than the operating temperature in the reac- 
tor. This procedure is to ensure that the 
catalyst will be thermally stable in the reac- 
tor and to eliminate possible structural deg- 
radation due to sintering effects. Any 
changes with time in the catalytic proper- 
ties can then be attributed to the influence 
of the reagents on the catalyst structure. 
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FIG. 6. TGA curves of (a) Kj, (b) K,,, (c) K2.5. 

In acrolein and methacrolein oxidation, 
polymolybdophosphate catalysts generally 
operate at around 573-623 K after calcina- 
tion at 623-673 K. In this study, calcination 
was carried out at 673 K for 5 h in static air, 
and the catalytic operating temperature was 
623 K. 

From the TGA data it is known that the 
K3 component of the catalyst is thermally 
stable up to 920 K. However, examination 
of the TGA curve for K. (Fig. 6b) shows 
that all water of crystallization is lost below 
500 K, and the rate of loss of constitutional 
water is significant at 623 K. Thus cal- 
cination may lead to partial or total decom- 
position of some of the K. component in the 
catalyst and, consequently, to an even 
more complex phase composition of the 
working catalyst. 

In order to elucidate this point further, 
the effects of calcination on fresh catalysts 
were investigated by 3’P solid-state NMR, 

X-ray diffraction, ESR, and electron micro- 
scopy . 

(2) 3’P solid-state NMR. The spectra 
were recorded after varying times of cal- 
cination ranging from 15 min to 15 h. After 
each stage, the calcined samples were sub- 
jected to steaming at 330 K in order to 
identify the reversible changes due to the 
loss of water. 

Neither prolonged calcination nor subse- 
quent steaming alter the 3’P NMR spectra 
of the K3 sample. The single resonance at 
m = -4.3 ppm remains the only feature of 
all K3 spectra, again proving this phase to 
be a stable component of the K, catalysts 
studied. 

In contrast, all K, samples of intermedi- 
ate composition (1 5 x 5 2.5) show clear 
evidence of a component that varies with 
calcination conditions. Figure 7 (contin- 
uous line) presents the spectra of samples 
calcined for 1 h. All contain the resonance 
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FIG. 7. “P solid-state NMR spectra of the K, cata- 
lysts calcined for 1 h at 673 K (continuous line) and 
steamed at 330 K (dashed line). 

at o = -4.3 ppm characteristic of the K3 
phase as well as a number of other reso- 
nances. Broad peaks at (T = -1.7 and -3.0 
ppm dominate the spectrum of the KI 
sample. They are also a prominent feature 
of the K2 spectrum. For the K2.5 catalyst, 
only the cr = - 1.7 resonance can be clearly 
distinguished. Both resonances fall in the 
range observed for partially dehydrated K0 
(see paragraph A.2). Subsequent steaming 
tends to reverse the effects of calcination 
on K, and K2 samples (Fig. 7, dashed line), 
almost restoring their initial spectra. The 
reversibility of changes observed in the 
NMR spectra upon steaming is consistent 
with the assumption that the new peaks are 
due to phases of the free-acid component 
that had suffered loss of water, but had not 
yet undergone an irreversible decom- 
position. 

This assumption was tested further. The 
TGA curve of a sample of K1 immediately 
after calcination for 5 h at 673 K showed a 
weight loss in the region 500-700 K equiva- 
lent to 0.7 molecules of water per anion 
compared to 1 molecule per anion for the 
fresh catalyst. This indicates that no more 
than 30% of the Keggin units in the K0 
component of K, had decomposed with loss 
of constitutional water. Therefore the 
majority of the Keggin units of the KI 

sample remain undecomposed, and the 
strong resonances at u = - 1.7 and -3.0 
ppm may be associated with phases con- 
taining the complete Keggin unit with no 
oxygen loss. 

Surprisingly, the spectrum of calcined 
K2.5 is practically not affected by steaming. 
The persistence of the (T = - 1.7 ppm 
resonance in this sample and in KZ after 
steaming indicates that for some reason an 
anhydrous K0 present behaves differently 
in the K3-rich sample than in catalysts rich 
in the K0 phase. Moreover, the disap- 
pearance of the o = -3.0 ppm resonance 
suggests that the resonance associated with 
K0 at a K3 interface may be distinguished 
from the part of the K0 phase distant from 
this interface. 

A study of the catalyst behavior upon 
prolonged exposures to calcination condi- 
tions brings a further indication that the 
properties of the K0 component in K2.5 are 
special. The NMR spectra of Kr and KZ 
show stepwise degradation of the K0 phase. 
The evolution of the NMR spectra of Kz 
with time of calcination is shown in Fig. 8 
(continuous line) together with the effect of 
steaming (dashed line). Prolonged treat- 

FIG. 8. “P solid-state NMR spectra of the Kz cata- 
lyst calcined at 673 K for different periods of time 
(continuous line) and steamed at 330 K (dashed line): 
(a) 15 min, (b) 1 h, and (c) 15 h. 
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ment is seen to lead to the irreversible 
disappearance of distinct peaks, eventually 
including that at o = - 1.7 ppm, associated 
with the dehydrated KO. They are replaced 
by a broad envelope (background to the 
(T = -4.3 ppm peak of K,) of numerous “P 
resonances centered around o = -8 ppm 
(not easily discernible in Fig. 8~); this enve- 
lope is obviously due to the products of 
thermal decomposition of the K0 phase. On 
the other hand, the NMR spectrum of K2,5 
did not change substantially upon pro- 
longed calcination. The peak at (T = - I .7 
ppm could still be detected even after 15 h 
treatment, indicating that the K0 com- 
ponent in K2.5 must indeed become stabi- 
lized against thermal decomposition at 673 
K. 

(3) X-ray diffraction. The NMR exper- 
iments clearly show gradual decomposition 
of the K0 phase. This process may occur 
through a number of intermediate steps 
before the final formation of mixed 
molybdenum and phosphorus oxide 
phases. Powder X-ray diffraction was 
employed in an attempt to identify the new 
phases present in the calcined catalysts. 

Samples of the K, series were investi- 
gated after calcination at 673 K for 5 and 24 
h. The K3 component of the X-ray patterns 
remained unchanged even after prolonged 
calcination. In all samples with x 5 2.5, 
lines due to Moo3 could be detected (as 
reported by Konishi et al. (12)) after cal- 
cination for 24 h, but the intensity of the 
peaks decreased with increasing x until, for 
x = 2.5, only a very small peak correspond- 

"",;,L 
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FIG. 9. Powder X-ray diffraction pattern of K1.5 cal- 
cined for 5 h at 673 K. Peaks corresponding to Moo9 
are marked. 

FIG. 10. ESR spectra of K0 calcined at 673 K 
(continuous line) and slightly reduced MoOj (dashed 
line). Spectra recorded at 77 K. 

ing to the most intense line of Moo3 was 
found. After calcination for 5 h, Moo3 lines 
were found in the X-ray patterns only for 
the compositions x 5 1.5; Fig. 9 shows the 
trace for x = 1.5. 

(4) Electron-spin resonance. ESR exper- 
iments provided additional evidence for the 
presence of Moo3 in catalysts of the K, 
series after calcination at 673 K for 5 h. 
Figure 10 shows the ESR signal obtained 
for a sample of calcined K0 and, for com- 
parison, the ESR signal of Moo3 after slight 
reduction by high-temperature evacuation. 
The latter spectrum has been shown (14) to 
arise from an unpaired electron localized at 
a coordinatively unsaturated molybdenum 
center of CZV symmetry. This symmetry 
corresponds to loss of a bridging oxygen 
atom tram to the short Mo=O molybdenyl 
bond in Mo03. Identical lineshapes and 
ESR parameters for calcined K0 show that 
this signal can be assigned to the Moo3 
phase formed by decomposition of some 
Keggin units. 

The presence of any ESR signal requires 
a degree of reduction of the Moo3 formed 
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and is not, therefore, a quantitative As shown in Figs. lla and llb, the K3 
measure of the Moo3 present. In fact, the and K2,5 samples are composed of well- 
signal from the calcined Ko corresponded to formed, round and hexagonal crystallites 
a reduction of only 0.02% of the total l-3 pm in diameter for K3 and 0.5-l pm for 
molybdenum present in the sample. Never- K?.5 ; they give electron-diffraction pat- 
theless, this signal was observed for all terns characteristic of cubic K3 (Fig. 11~). 
samples with x 5 2.5, although its intensity SEM images of the surface topography of 
decreased with increasing x. This observa- the microcrystals in Kl.5 (Fig. lld) show 
tion confirms the presence of an Moo3 them to be defect-free, clean single crystal- 
component in all calcined catalysts of com- lites. Only one Moo3 microcrystal was 
position x 5 2.5. detected in the entire K2.5 sample examined 

(5) Electron microscopy. Transmission with electron diffraction and AEM; in 
electron microscopy and scanning electron agreement with the ESR result, this obser- 
microscopy (TEM and SEM) of the cal- vation shows that some decomposition of 
cined catalysts were undertaken in order to the K. component does occur in the KY 
obtain a better picture of the catalyst mor- sample. 
phology and the distribution of the products In contrast, samples rich in the Ko phase, 
of the KO-phase decomposition. such as K, shown in Fig. 12, consist of 

FIG. 11. TEM morphology of calcined (673 K) samples, (a) Kj and (b) K2 5 ; (c) [I I I] electron- 
diffraction pattern of cubic K3 with (110) reflections (e.g., arrow), d spacing I 8.2 i- 0.1 A; and (d) 
SEM image of calcined Kz.5. 
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agglomerates of poorly crystalline material 
and represent a mixture of several phases, 
namely K3, Moos, and some unidentified 
phases that could not be indexed, but are 
likely to be formed during the decom- 
position of KO. In several diffraction pat- 
terns the Bragg spots were streaked, 
indicating considerable disorder in the crys- 
tals. The TEM morphology of K1 is shown 
in Fig. 12a. The SEM image of Fig. 12b 
reveals a surface topography consisting of 
agglomerates of microcrystals with rough 
surfaces. Interpenetrating microcrystals in 
K, are clearly seen in the HREM image of 
Fig. 12c, which illustrates orientation 
relationships of the [ 11 l] zones of the crys- 
tallites. The multiphase nature of the KI 
sample is demonstrated by the set of 
electron-diffraction patterns shown in Figs. 
12d, 12e, and 12f; they represent, respec- 
tively, a recurring intermediate “mono- 
clinic” phase, an “orthorhombic” phase 
superimposed on the [ 11 I] zone of KS, and 
the [ 11 l] zone of Kj . Crystallites of K3 in 
these samples were found to be of much 
smaller size than those found in the sample 
of pure K3; the presence of a significant 
concentration of Ko apparently inhibits sin- 
tering of the K3 phase during calcination. A 
rough estimate showed that the Moo3 
present made up about 5-10% of the K, 
sample. This is just above the level at which 
it can be detected by standard X-ray dif- 
fraction methods. 

pattern are shown in Fig. 13b. Significantly, 
the selected-area diffraction patterns from 
individual microcrystals of the sample have 
shown that some of the calcined K0 forms a 
phase that is isostructural with K3, as is 
demonstrated in the diffraction pattern in 
Fig. 13~. The rings correspond to the 
reflections in the [ 11 l] zone of K0 with d 
spacings identical to those of the [ 11 l] zone 
of K3. The superimposed spots in Fig. 13c 
show a “monoclinic” orientation that is 
similar to the one observed in K, (Fig. 12d); 
it is presumably due to one of the inter- 
mediate decomposition products of KO. 

Identification of the isostructural 
relationship between K3 and one of the 
dehydrated K0 phases provides direct evi- 
dence in support of our deduction that an 
epitaxial growth of a stabilized K0 layer 
occurs on the surface of K3 crystallites 
during calcination. The isostructural 
relationship between the two phases could 
facilitate proton transfer across the inter- 
face, thus enhancing the thermal stability of 
the surface layer formed. The presence of 
an isostructural, epitaxial layer would not 
affect the diffraction pattern of the K3 
matrix, and indeed the electron diffraction 
patterns of the K2.5 sample bear no evi- 
dence of streaking. 

C. Catalyst Surface 

A particularly valuable piece of informa- 
tion was obtained from the study of the 
calcined Ko sample. As shown in Fig. 13a, 
calcined Ko consists of irregularly shaped 
agglomerates of microcrystals. A con- 
siderable amount of Moo3 was detected, as 
expected; the morphology of a Moo3 
needle with (010) habit and its diffraction 

Surface vs bulk properties. The tech- 
niques described above give information 
about the several phases present 
throughout the bulk of a catalyst, but they 
provide only indirect evidence about the 
character of the surface of the particles. 
Heterogeneous catalysis occurs at the cata- 
lyst surface, and the surface structure of a 
solid can differ greatly from that of the 
bulk. 

11 

FIG. 12. Microstructure of calcined (673 K) K,. (a) TEM morphology, (b) SEM image, (c) HREM 
image in [ll I] projection showing single-crystal character of individual, interpenetrating microcrystals 
(inset A) and comparison of the image with calculations for -100 A thick crystal (inset B); 
selected-area electron-diffraction patterns of intermediate (d) monoclinic (OB r 3. I + 0.1 A, OA = 3.4 
* 0.1 A, Q AOB = 77 + 2”, Q DOC = 84 i- 2”), (e) orthorhombic (dimensions: ~2.0 + 0. I A and -2.5 
C 0. I A) superimposed on [I 111 K?, and (f) [I I I] K1 phases present in K, 
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b 

FIG. 13. Microstructure of calcined (673 K) KO. (a) TEM morphology, (b) embedded (010) MOO, 
platelet and corresponding electron-diffraction pattern, and (c) electron-diffraction pattern showing 
faint rings of (110) and (321) reflections (d spacings = 8.2 + 0.1 and 3.1 f 0.1 A, respectively) of phase 
isostructural with K1. 

In the present study we have presented 
evidence for the possibility of a “surface 
coat” of the soluble K0 component on 
crystallites of the insoluble K3. In light of 
the thermal instability of the K0 phase, it 
becomes essential to confirm that the intact 
Keggin anions are present at the catalyst 
surface after calcination. 

(I) BET surface-urea measurements. 
Figure 14 shows the variation of surface 
area of the calcined catalysts with potas- 
sium content. The free acid has low surface 
area (2.5 m2 g-l) while the surface area of 
the neutral potassium salt is an order of 
magnitude higher (33.0 m2 g-l). The vari- 
ation in surface area with potassium con- 
tent shows a rapid fall as some of the Ko 

component is introduced. Since the K3 
crystallites are largest in the Kj sample, this 
observation apparently means that K0 must 
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FIG. 14. Effect of catalyst composition on the BET 
specific surface area of calcined (673 K) catalysts. 
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block micropores in the K3 crystallites that 
contribute to the BET surface area (15) as 
well as causing the agglomeration of these 
crystallites. The occurrence of agglomer- 
ation has been demonstrated in Fig. 12. 

(2) Electron spectroscopy for chemical 
analysis. Coating of K3 crystallites by a Ko 
phase should lead to a potassium deficiency 
at the catalyst surface compared to the 
bulk. This possibility was investigated by 
carrying out a chemical analysis of the 
surface of calcined catalysts by X-ray 
photoelectron spectroscopy. Wide scans 
were carried out on each sample to confirm 
the presence of all the elements expected 
and the absence of impurities; narrow scans 
were subsequently taken for each element 
analyzed. The results, shown in Table 1, 
demonstrate that there is indeed a signifi- 
cant potassium deficiency for all samples 
with x < 3. 

(3) Diffuse-reflectance infrared spectros- 
copy. In view of the thermal instability of 
the K,) component, it is important to estab- 
lish as far as possible that the Keggin unit is 
indeed responsible for the catalytic proper- 
ties of these catalysts. 

Information from the catalyst surface is 
strongly enhanced by using IR spectros- 
copy in the diffuse-reflectance mode. 
Spectra of the calcined K, series obtained 
in this mode show predominantly the pres- 
ence of the Keggin unit. Figure 15 shows, 
as an example, the spectrum of K, in the 
region 1200-500 cm-‘. The four strong 

TABLE I 

Surface Analysis of the K, Series 

Sample Elemental ratios 

K P MO 

K, 0.3 t 0.2 I .3 t 0.5 12 
KZ 0.7 + 0.2 I .2 5 0.5 12 
KZ5 1.6 2 0.2 I .4 2 0.5 I? 
K, 3.0 k 0.2 I .3 + 0.5 I2 

Note. All analyses are normalized to 12 molyb- 
denum atoms. 

6 
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FIG. IS. Diffuse-reflectance IR spectrum of calcined 
(673 K) K,. Wavenumber units are cm-‘. 

bands at 1060, 970, 870, and 790 cm-’ are 
characteristic of the Keggin unit (16). 
Additionally, a small shoulder around 990 
cm-‘, which is the frequency of the M=O 
double-bond stretch in Mo03, could be 
detected. No bands characteristic of Moo3 
were observed for higher values of x. This 
result shows that, although the presence of 
Moo3 for compositions x 5 2.5 has been 
demonstrated by other techniques, it does 
not contribute substantially, even at low 
values of x, to the exposed surface area, 
where the principal species is seen to be the 
undecomposed Keggin unit. 

DISCUSSION 

Our characterization of the 12-molybdo- 
phosphate catalysts of formal composition 
WLPMo1204o * nHzO as freshly pre- 
pared has shown that they are not single- 
phase materials, even as prepared, but are a 
multiphase mixture that is made more 
complex by calcination. Standard prepara- 
tions give stoichiometric mixtures of the 
end members of the series, 

(x/3) K3PMo,2040 + 
[(3 - x)/31 H~PMo,zO~Q . nHz0, 

and calcination of mixtures containing the 
Ko phase leads to the appearance of Moo3 
and other decomnosition Products. 
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The principal features of the catalysts of 
this series, as revealed by the experiments 
described above, are the following: 

(1) The end member K3 is a water- 
insoluble, neutral salt stable up to 920 K. It 
has a well-defined crystal structure and a 
31P solid-state NMR resonance at (T = -4.3 
ppm. Any water physisorbed at 300 K is 
desorbed at 500 K. After calcination at 673 
K for 5 h, the catalyst consists of well- 
formed, round or hexagonal crystallites 1-3 
pm in diameter with clean surfaces contain- 
ing (PMo~~O~,J)~- anions having the Keggin 
structure. 

(2) The end member K0 is a water-soluble 
Bronsted acid containing, as prepared, a 
variable concentration n of water of crys- 
tallization that tends to be inhomoge- 
neously distributed throughout a given 
sample so as to give a poorly defined, multi- 
phase crystal structure and multiple 31P 
solid-state NMR signals that vary with n. 
The water of crystallization is released by 
450 K; in the temperature interval 500 < T 
< 700 K, constitutional water is released 
and some decomposition of the (PMoIZ 
O4o)3- anions occurs. One of the decompo- 
sition products is slightly reduced Mo03, 
which has a characteristic MO(V) ESR sig- 
nal. Significantly, a cubic phase isostruc- 
tural with the K3 phase is also formed. In 
addition, at least two other intermediate 
decomposition products were identified. 
Whether the phase isostructural with K3 is 
(H30)3PMo12040 was not established. 

(3) No significant solid-solution range 
exists in freshly prepared mixed composi- 
tions K, , 0 < x < 3. In view of the different 
properties of the free acid Ko and the 
neutral salt K3, in particular their solubility 
in water, it is perhaps surprising that salts 
of intermediate composition obtained by 
the Tsigdinos method should ever have 
been assumed to be solid solutions. On the 
other hand, identification of a phase 
isostructural with K3 among the products of 
a calcined Ko phase is compatible with the 
existence of an epitaxial phase which, 
under the preparative conditions of a cal- 

cined mixed phase, could be stabilized as a 
surface coating on well-formed K3 par- 
ticles. Wetting of the surface of a K3 particle 
by an epitaxial layer could be stabilized by 
H30+ exchange with K+ ions and/or proton 
transfer into n-type K3 particles. 

(4) After calcination, catalysts K, (0 < x 
< 2) consist of small particles of K3 formed 
into aggregates within a matrix of dehy- 
drated K0 and its decomposition products. 
The extent of decomposition of the Ko 
phase depends upon x as well as upon the 
calcining time and temperature. Although 
the KO-phase decomposition products may 
include a phase isostructural with K3 that 
wets the KT particle surfaces, nevertheless 
the other decomposition products, includ- 
ing Mo03, form a distinctly separate 
matrix. This dehydrated K. matrix not only 
inhibits K3 particle growth, presumably by 
inhibiting K+-ion diffusion, but it also pro- 
vides interparticle interactions that pro- 
duce aggregates of relatively large volume, 
thereby reducing the BET surface area of 
the catalyst. As demonstrated for Kr , these 
aggregates contain PM012040 units with the 
Keggin structure at their surface; these 
units provide a microsurface for interaction 
with adsorbed reactants. However, the Ko- 
phase decomposition products also 
present, including Mo03, provide alternate 
catalytic surfaces where competitive inter- 
actions may occur. 

(5) Catalysts K, (2 < x < 3) have a 
morphology, after calcination, similar to 
that of K3. A substantial fraction, which 
increases with X, of the Ko phase (or one of 
its derivatives) is stable against calcination 
in this compositional range; the presence of 
Moo3 is just detectable in calcined K2.5. 
Moreover, a stable partial decomposition 
product of the K0 phase appears to be 
isostructural with the K3 phase and present 
on the K3 particles as a K-deficient surface 
layer, as established by ESCA. Selected- 
area electron diffraction with HREM shows 
no streaking, indicating that the surface 
layers of the K3 particles are isostructural 
with the bulk and are formed by an epitaxial 
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deposition. Identification of such an 
isostructural phase among the decom- 
position products of the calcined Ko phase 
demonstrates the feasibility of forming an 
epitaxial surface layer on the K3 particles. 
Such a surface layer, stabilized by K+ and 
H30+ on exchange across the interface 
and/or proton migration into an n-type K3 
phase, would permit K’-ion diffusion 
through it and hence the growth of the bulk 
phase of the particles. The eventual mor- 
phology of the K3 particles with such a 
surface layer would, in the absence of any 
significant concentration of other decom- 
position products, be similar to those found 
for the pure K3 phase. The other decom- 
position products, such as MOOR, can be 
expected to be present as mixtures having 
little intimate contact with the K3/Ko par- 
ticles. On the other hand, such a surface 
layer would provide a Bronsted acidity not 
present at the surface of a pure K3-phase 
particle, and this Bronsted acidity may 
influence significantly the performance of 
the catalyst. 
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