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Zirconium phosphates are crystallized during the removal of hydration water in the zirconium 
phosphate gel with phosphoric acid solution under reduced pressure. Several forms of crystallites 
are obtained by this procedure, depending on the temperature and process time, for a given 
concentration of phosphoric acid. Synthetic ZrPzO, and a-Zr(HPO& catalysts, which were evacu- 
ated at 773 K, showed higher catalytic activities for butene isomerization than other forms of 
zirconium phosphates or other conventional solid acid catalysts. In order to elucidate those higher 
catalytic activities, rrP magic angle spinning NMR (?‘P-MASNMR) has been employed to study 
zirconium phosphates after evacuation at different temperatures. The “P chemical shifts move 
towards higher magnetic fields as the layer separations become smaller. The catalysts which 
showed higher activities showed higher chemical shifts at around -38 ppm from H,P04. These 
results suggest that the phosphate groups remaining after evacuation at around 800 K may enhance 
the protonic characteristics, since the accumulation of electrons moves from the phosphate groups 
on the surface to phosphorus atoms which are located between Zr atom planes. 8~ 1986 Academic 

Press. Inc. 

INTRODUCTION 

Acid salts of tetravalent metals, whose 
compounds have the general formula 
M(HXO& * nHzO (M: tetravalent metal; 
X: P, As), can be obtained in amorphous 
forms or in various crystalline forms having 
layered or three-dimensional structures (I). 

A metal hydrogen phosphate catalyst 
generally has acid-catalyzed properties. 
Most metal phosphate catalysts are hy- 
drated forms of amorphous gels or acid 
salts. For these materials, it is rather hard 
to discriminate the active sites of catalysts, 
because heat treatments have complicated 
their structures. 

The previous papers (2, 3) showed that 

I To whom all correspondence should be addressed. 

E-Zr(HPO& (abbreviated as &-ZrP) cata- 
lyst, which was evacuated at high tempera- 
tures (ca. 800 K), exhibited higher catalytic 
activities for 1-butene isomerization than 
other forms of zirconium phosphates, such 
as a-Zr(HPO& * Hz0 (abbreviated as 1y- 
ZrP), zirconium phosphate gel (abbreviated 
as ZrP-gel), or other conventional solid acid 
catalysts. For .s-ZrP after evacuation at 773 
K, most phosphate groups were removed, 
with consequent loss of water, due to the 
condensation of phosphate groups between 
each zirconium atom layer. However, a 
trace amount of residual phosphate groups 
still remained on the surface. The co-isom- 
erization reaction of do- and &I-butene 
suggests that isomerization would proceed 
on protonic acid sites even after heat treat- 
ment at 773 K (2). Even though the pro- 
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tonic concentrations decreased, the reac- 
tion rates for isomerization were drastically 
enhanced. It is very important to know the 
reason for the enhancement of protonic 
character on zirconium phosphate (abbrevi- 
ated as ZrP) catalysts after evacuation at 
such high temperatures (ca. 800 K). This 
work elucidates the higher catalytic activi- 
ties for ZrP. We studied the phosphorus 
microenvironment for ZrP after calcination 
at various temperatures by high-resolution 
solid state 31P magic angle spinning NMR 
(31P-MASNMR), and we compared the cis- 
2-butene isomerization activities for some 
specific surfaces. 31P-MASNMR spectra of 
various crystal phases of ZrP must be dis- 
tinguished by either their isotropic chemi- 
cal shifts or their 31P chemical shift an- 
isotropies. 

EXPERIMENTAL 

Preparation of ZrP. Addition of a soluble 
Zr(IV) salt (ZrO(N03)z * 2HzO; 0.4 mol * 
dme3) to phosphoric acid (1 mol * dmp3) 
results in the precipitation of a gelatinous 
amorphous solid. This ZrP-gel was washed 
with distilled water; filtration and drying at 
330 K for 50 h followed. The resulting ZrP- 
gel has 7.8 mol of water of crystallization 
(part of which is hydrated water) per Zr 
atom. 

The stoichiometric crystalline zirconium 
phosphate can be prepared by refluxing 
ZrP-gel in concentrated phosphoric acid 
(4). But we found cy-ZrP and &-ZrP were 
very well crystallized during the removal of 
water of crystallization by heating with 
phosphoric acid solution under reduced 
pressure. By this procedure, highly crystal- 
line zirconium phosphates have been ob- 
tained in a shorter process time. For a-ZrP, 
ZrP-gel (100 g) was mixed with phosphoric 
acid solution (15 mol * dme3, 300 ml); then 
the mixture was heated to 408 K from room 
temperature at a constant temperature in- 
crease in 90 min, and held at this tempera- 
ture for 3 h. For &-ZrP, a slurry of ZrP-gel 
with phosphoric acid solution (same as (Y- 
ZrP) was heated to 453 K from room tem- 

perature at a constant temperature increase 
in 3 h, and was then kept at 453 K for an- 
other 3 h. In both cases, the preparation 
system operated under reduced pressure at 
2.7 kPa; the water which evolved during the 
heat treatment was removed from the side- 
arm attached to the preparation system. 
Synthetic zirconium diphosphate (abbrevi- 
ated as pyro-ZrP(syn)) was prepared by the 
same procedure. The slurry of ZrP-gel with 
phosphoric acid solution was heated to 673 
K under reduced pressure (2.7 kPa) in 3 h. 
X-Ray diffraction (XRD) patterns of pyro- 
ZrP(syn) showed exactly the same patterns 
of cubic zirconium diphosphate (abbrevi- 
ated as pyro-ZrP) (5) as those which had 
been obtained by calcination of ZrP-gel 
above 1323 K. All the resulting crystals 
were washed and dried at room tempera- 
ture under vacuum conditions. 

Catalytic reactions. Isomerization of cis- 
2-butene (12 kPa) was carried out at 3 13 K 
by using a closed recirculation system. 
Prior to reaction, the catalyst was evacu- 
ated at a specified temperature. The reac- 
tion products were analyzed by a gas chro- 
matograph which was equipped with a 6-m 
column of VZ-7 at 288 K. 

XRD and thermal analysis. The proce- 
dures for measurements have been de- 
scribed in detail elsewhere (2). 

3’P-MASNMR spectroscopy. 31p- 
MASNMR has been employed for ZrP after 
evacuation at different temperatures. The 
31P-MASNMR spectra were obtained at 
109.38 MHz on a Fourier transform pulsed 
NMR spectrometer (JEOL JNM-GX270) 
which was equipped with a CP/MAS unit 
(JEOL NM-GSH27MU). Samples for NMR 
weighed ca. 0.3 g; they were prepared in a 
dry-nitrogen atmosphere, then packed 
firmly in Delin rotors with press-fit Teflon 
caps. Spinning speeds, v,,,~, determined 
from the side band spacing in spinning 
spectra, were 3.6 to 4.0 kHz. All 31P-NMR 
spectra combined with magic angle spin- 
ning (MAS) spectra were measured with 
proton decoupling during data acquisition. 
Cross polarization (CP) was not employed, 
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TABLE 1 

Catalytic Activities and Selectivities for Isomerization of cis-2-butene on 
Various Solid Acid Catalysts 

Catalyst Evacuation Reaction rate0 transllh Surface area 
temp. (lO~“/mol . ss’ . mm2) (mZ . g-l) 
WI 

ZrP-gel 313 0 5.4 
173 107 2.6 4.9 

1323 0 - 2.0 
ff-ZrP 313 0 11.6 

773 27 2.5 12.3 
913 200 4.0 12.5 

1323 0 - 2.1 
E-ZrP 453 3 1.5 4.5 

173 880 4.0 5.0 
1473 0 2.3 

Pyro-ZrP(syn) 473 106 2.5 2.8 
773 607 1 3.0 2.8 

1323 0 - 2.5 
A&0$ 773 30 12.0 177.0 
Si02-A120jd 773 270 2.0 560.0 

” Initial rate of isomerization: reaction temp. = 313 K; P,,, = 12 kPa. 
b Initial product ratio: trans-2-butenell-butene. 
c JRC (Japan Reference Catalyst)-ALO-4. 
d JRC (Japan Reference Catalyst)-SAL-2. 

since the protons do not attach directly to 
31P nuclei; 8K data points were collected 
with 20 to 30 scans accumulated per spec- 
trum at a delay of 14 s between 90” pulses. 
3’P chemical shifts were determined by re- 
placing the sample rotor with a rotor con- 
taining phosphoric acid (15 mol . dme3), and 
observing its resonance frequency in the 
absence of spinning. 

RESULTS AND DISCUSSION 

Catalytic Reactions 

The catalytic isomerization of cis-2-bu- 
tene over various forms of ZrP were mea- 
sured. The results are summarized in Table 
1. If we compare them with the previous 
results (2), we see that the e-ZrP catalysts 
which were evacuated at 773 K showed 
higher catalytic activities (based on unit 
surface area) than a-ZrP and ZrP-gel or 
other conventional solid acid catalysts, 
such as A&O3 (JRC-ALO-4) and SiOz- 
A1203 (JRC-SAL-2). The pyro-ZrP(syn) 

catalyst had the highest activity. For all ZrP 
catalysts in Table 1, the activities show en- 
hancements of reaction rates after evacua- 
tion at higher temperatures (773-973 K). 

The ring opening isomerization of cyclo- 
propane and co-isomerization of do- and 
ds-I-butene suggested that isomerization 
would have proceeded on protonic acid 
sites even after heat treatment at 773 K (2). 
On the other hand, the ZrP catalysts, which 
were evacuated above ca. 1300 K, showed 
no catalytic activities for isomerization. In 
those temperature regions for calcination, 
the crystals were changed to pyro-ZrP(cu- 
bit) (5), as confirmed by XRD measure- 
ments. 

Thermal Analysis 

The temperature-programmed decompo- 
sition(TPDE) spectra under vacuum condi- 
tions of ZrP-gel, cu-ZrP, .a-ZrP, and pyro- 
ZrP(syn) are shown in Fig. 1. The TPDE 
spectrum of ZrP-gel (A in Fig. 1) showed a 
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D 

FIG. 1. TPDE spectra of zirconium phosphates: (A) 
Zr(HPO& . nHzO (ZrP-gel), (B) a-Zr(HPO& . HZ0 ((Y- 
ZrP), (C) E-Zr(HPO& (E-ZrP), (D) synthetic ZrP207 
(pyro-ZrP(syn)). 

broad peak which suggests that elimination 
of water of crystallization and condensation 
of phosphate groups (2) have occurred in 
similar temperature regions. Prior to the 
TPDE experiment, ZrP-gel was evacuated 
at room temperature (up to 1 X 10m4 Pa). 
During this treatment, most of the hydrated 
water molecules were removed; thus, about 
one-half mole of water molecules has been 
removed in the TPDE experiment. There- 
fore, the final chemical composition of ZrP- 
gel was Zr(HP04)2 * OSH20. The TPDE 
spectrum of a-ZrP (B in Fig. 1) showed 
three-stage dehydration. This result was 
different from our previous result (2), 
which showed two-stage dehydration. This 
is because of the different crystallinity of (Y- 
ZrP, due to the different preparation proce- 
dures. Even though the XRD patterns were 
the same in both a-ZrP samples, the reflec- 
tion intensities of the present sample were 
much stronger than those of the previous 
one. Clearfield and Pack (6) reported sev- 
eral thermal analysis results for several CY- 
ZrP crystals obtained by different phos- 
phoric acid concentrations in the refluxing 
process. They conclude that the thermal 
behavior difference is connected with crys- 

tal perfection, as manifested by the changes 
in unit cell dimensions which occur on re- 
fluxing. In the case of a-ZrP (B in Fig. l), 
the elimination of 1 mol of water of crystal- 
lization in two stages is shown by the two 
lower temperature peaks (two kinds of wa- 
ter of crystallization in different environ- 
ments). The third stage is due to the con- 
densation of phosphate groups (2). For 
e-ZrP (C in Fig. l), the spectrum showed 
one-stage dehydration due to the condensa- 
tion of phosphate groups with consequent 
loss of 1 mol of water, since e-ZrP is a non- 
hydrated form. However, a trace amount of 
water evolved in the higher temperature re- 
gion (ca. 900 K). These residual phosphate 
groups would be the surface protonic sites 
on the corners and edges of crystals (2, 3). 
Finally, the TPDE spectrum of pyro-ZrP 
(syn) has been measured (D in Fig. 1). A 
very small amount of water (l-2%) was 
evolved during the TPDE run, which sug- 
gests that the pyro-ZrP(syn) also has phos- 
phate groups, even if the XRD patterns 
were the same as those for cubic zirconium 
diphosphate (pyro-ZrP). 

XRD Measurements 

XRD patterns of ZrP evacuated at differ- 
ent temperatures are shown in Figs. 2 to 4. 
The XRD patterns of ZrP-gel do not show 
any crystal phases after evacuation below 

A 
- 

B 

C 

FIG. 2. XRD patterns of ZrP-gel evacuated at differ- 
ent temperatures: (A) room temp., (B) 473 K, (C) 773 
K, (D) 1073 K, (E) 1323 K. 
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oxygen, which is directed toward the inter- 
layer space above and below Zr atom 
planes. The layer separation of a-ZrP is 
about 0.76 nm, which is about 0.2 nm larger 
than &-ZrP (2). Between each layer there 
are cavities which are filled with water of 
crystallization, and these are stabilized by 
hydrogen bonding between phosphate 
groups (IO). After removal of water of crys- 
tallization, the lattice eventually became in- 
creasingly disordered with increasing tem- 
perature (773-1073 K), finally changing to 
pyro-ZrP above 1323 K; these effects are 
shown in Fig. 3. Figure 4 shows that the 
layer separation of Zr atom planes for e-ZrP 
is about 0.56 nm (2). When the crystals 
were evacuated at higher temperatures 
(700-1100 K), the XRD peaks quickly 
changed to patterns similar to those of 
pyro-ZrP. 

Finally, regardless of the original struc- 
ture of ZrP, when the ZrP was heated at 

FIG. 3. XRD patterns of cy-ZrP evacuated at differ- 
ent temperatures: (A) room temp., (B) 523 K, (C) 773 
K, (D) 848 K, (E) 1073 K, (F) 1323 K. 

1073 K (A to D in Fig. 2). When the ZrP-gel 
was heated at 1323 K, the crystals changed 
to pyro-ZrP. In spite of the rather broad- 
ened reflection of XRD, ZrP-gel has been 
considered to be a layered compound (4), 
whose general formula is Zr(HPO& . 
nH20). ZrP-gel also shows ionic exchange 
capabilities (7). 

The most extensively investigated ZrP is 
the a-layered acid salt, which is usually ob- 
tained as the monohydrated form (8). a-ZrP 
crystallizes in the monoclinic system (9). 
The Zr atoms lie very nearly in a plane and 
are bridged by phosphorous tetrahedra 
(phosphate group). These are situated alter- 
nately above and below the Zr atom plane. 
Three oxygen atoms of each phosphate 
group are bonded to three different Zr at- 
oms, which form a distorted equilateral tri- 
angle. Thus, each Zr atom is octahedrally 
coordinated by oxygens. The proton of the 
phosphate group is attached to the fourth 

L 1 
10 Z-3 

Wm:28, CuKa 
0 m 

FIG. 4. XRD patterns of E-ZrP evacuated at different 
temperatures: (A) room temp., (B) 573 K, (C) 773 K, 
(D) 873 K, (E) 1473 K. 
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IO 0 -10 -20 -30 -40 
chemical shift 0 ppml 

FIG. 5. “P-MASNMR spectra of ZrP-gel: (A) hy- 
drated form, (B) evacuated at room temperature. 

1323-1473 K (see Figs. 2 to 4), crystals 
changed to complete pyro-ZrP, which has 
no phosphate groups in the crystals. 

31P-MASNMR Spectroscopy 

During the heat treatments of ZrP, phos- 
phate groups were converted to P-O-P 
bondings (2), due to the condensation of 
phosphate groups between each layer. 
Therefore, phosphorus environments of 
ZrP during and after condensation of phos- 
phate groups must be different from either 
original structure. The structural changes in 
ZrP caused by heat treatments are hard to 
distinguish by XRD experiments, since se- 
rious broadened reflections are observed at 
higher evacuation temperatures (see Figs. 2 
and 3). 

The 31P-MASNMR spectrum of ZrP-gel 
(A in Fig. 5) showed three different sharp 
peaks at - 11.8 ppm, -19.7 ppm (major), 
and -25.5 ppm from H3P04. This result 
suggests that ZrP-gel has three kinds of 
phosphorus environments, which corre- 
spond to the different environments of 
phosphate groups. When ZrP-gel was evac- 
uated at room temperature, the peaks 
broadened (B in Fig. 5). The broad linewid- 
ths of these signals changed into much nar- 
rower ones without changing the chemical 
shifts when the hydration for dehydrated 

sample (Zr(HPO& * 0.5HzO) took place, in 
agreement with the increase of a mobility 
for phosphorus surroundings. When ZrP- 
gel was evacuated at higher temperatures 
(473-1073 K) in Fig. 6, the chemical shifts 
gradually shifted toward higher magnetic 
fields at -29.5 ppm. This sample was 
changed to amorphous zirconium diphos- 
phate (see Figs. 1A and 2D); then the crys- 
tals changed to pyro-ZrP at 1323 K (E in 
Fig. 6), which consisted of five different 
peaks from -32 to -43 ppm. Corbridge 
suggested the presence of five different 
kinds of configurations in condensed phos- 
phates (pyro-ZrP) (11), which correspond 
to either the cis or tram form of linear and 
bent P-O-P bonds. Those different phos- 
phorus environments would affect the 
spectrum. For cr-ZrP (Fig. 7) and &-ZrP 
(Fig. 8), only one 31P resonance was ob- 
served, at -16.6 or -21.7 ppm. The order 
of the chemical shift of the resonance of (Y- 
ZrP, ZrP-gel, and &-ZrP corresponds to de- 
creasing amounts of water of crystalliza- 
tion. For a-ZrP in Fig. 7, the crystals which 
were evacuated at room temperature, 523 
K (after first stage in Fig. lB), and 773 K 
(after second stage in Fig. 1B) showed three 
identical resonance lines at -16.6, -17.5, 
and -19.5 ppm, with very narrow linewid- 
ths, indicating small chemical shift aniso- 
tropies. In the temperature region below 
773 K, the phase transitions from a-ZrP via 
<-ZrP to r)-ZrP have been observed (12). 
The three different crystal phases have dif- 
ferent layer separations of Zr atom planes 
(a: 0.76 nm, 5: 0.74 nm, 7: 0.72 nm) (6). 
During the removal of water of crystalliza- 
tion, phase changes in cr-ZrP may occur at 
different treatment temperatures; these 
phase changes occur in temperature regions 
similar to those of the first and second 
stages of the TPDE spectrum in Fig. 1B. (Y- 
ZrP evacuated at 1073 K showed one 
broader resonance peak at -3 1 ppm (E in 
Fig. 7); this is similar to spectrum D in Fig. 
6. Our XRD results and thermal analysis for 
this stage show that crystals changed to 
amorphous zirconium diphosphate. Fi- 
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FIG. 6. )‘P-MASNMR spectra of ZrP-gel evacuated 
at different temperatures: (A) room temp., (B) 473 K, 
(C) 773 K, (D) 1073 K, (E) 1323 K. * Spinning side 
band (SSB). 

nally, a-ZrP evacuated at 1323 K (F in Fig. after evacuation at 773 K (after condensa- 
7) gives the same spectrum as E in Fig. 6. tion of phosphate groups), the spectra 
This result and XRD data (F in Fig. 3) show showed a resonance peak with broader line- 
that the crystals changed to pyro-ZrP. The width at -37.8 ppm, which was similar to 
31P-MASNMR spectra of c-ZrP in Fig. 8 the magnetic field for pyro-ZrP. As was 
showed a different thermal behavior. For stated previously, this crystal has a very 
evacuation temperatures below 573 K (be- small amount of phosphate groups. In addi- 
fore condensation of phosphate groups), tion, the 31P-MASNMR spectrum of pyro- 
the spectra gave only one resonance line at ZrP(syn) showed a spectrum similar to that 
-21.7 ppm (A and B in Fig. 8). However, of D in Fig. 8. These synthetic zirconium 

B 

E 

F 

-16.6 

L 
c 

-17.5 

AAf l 

l 

-37, 
A-39 

-34-l 

A-JL 

/ 
-43 

l 

m 0 
Chemical shift (8ppm) 

FIG. 7. 3’P-MASNMR spectra of cu-ZrP evacuated at 
different temperatures: (A) room temp., (B) 573 K, (C) 
773 K, (D) 848 K, (E) 1073 K, (F) 1323 K. * SSB. 
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crystallization; thus the layer separation 
presumably become narrower as well. That 
is to say when the phosphorus-phosphorus 
separations above and below Zr atom 
planes become shorter, the resonance 
peaks shifted toward higher magetic fields. 

We compared the catalytic activities and 
3’P-MASNMR spectra for ZrP. The ZrP 
catalysts which show higher catalytic activ- 
ities for butene isomerization showed the 
higher magnetic field resonance at around 
-38 ppm. These active catalysts were E- 
ZrP and pyro-ZrP(syn) after evacuation at 
773 K. The chemical formulae of those cat- 
alysts are almost equivalent to ZrP207, but 
they have small amounts of residual phos- 
phate groups on the surface. The 31P- 
MASNMR results suggest that the residual 
phosphate groups may enhance the pro- 
tonic characteristics, since those catalysts 
showed higher magnetic fields than others. 
When the accumulation of electrons around 
phosphorus atoms has occurred, the elec- 
trons moved from the residual phosphate 
groups on the surface to lattice phosphorus 
atoms; this movement facilitates the acidic 
properties of catalysts. The IR data for E- 
ZrP supported this interpretation: since P- 
O-P bonds between Zr atom planes were 
observed after evacuation at higher temper- 
atures (2), those P-O-P bonds could with- 
draw the electrons from the surface. 

m 
Chcmicol shift 18 ppm) 

FIG. 8. “P-MASNMR spectra of .a-ZrP evacuated at 
different temperatures: (A) room temp., (B) 573 K, (C) 
773 K, (D) 873 K, (E) 1473 K. * SSB. 

2. 

diphosphate crystals prepared at lower 3. 
temperature and .s-ZrP evacuated at 773 K 
(C in Fig. 8) showed higher catalytic activi- 
ties for acid catalyzed reactions. 

4. 
CONCLUSIONS 

The 31P-MASNMR resonance peaks of a- 5. 
ZrP, ZrP-gel, and e-ZrP are -16.6, -19.3, 6. 
and -21.7 ppm, respectively. This order 
corresponds to fewer and fewer waters of 7. 
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