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A series of AIPO4~ZrO, (APZr) systems with various zirconia
loadings (5-50 wt%) were prepared by sol-gel deposition of zirconia
onto AIPO4 and characterized by TGA/DTA, XRD, DRIFT, laser-
Raman spectroscopy, SEM-EDX, XPS, 2’Al and 3'P MAS NMR,
and nitrogen adsorption. Surface acid characterization was carried
out through pyridine chemisorption and cyclohexene skeletal iso-
merization reaction. Addition of ZrO, onto AIPO,4 prevented the
formation of monoclinic zirconia and increased the temperature
of crystallization into the tetragonal form, so that APZr systems
were still amorphous after calcination at 1073 K. This higher ther-
mal stability was responsible for its large surface area as well as
pore volume in relation to pure components. SEM showed nonho-
mogeneous distribution in morphology, texture, and particle size.
Also, EDX and XPS indicated that the surface concentration ratios
were practically the same as the expected values of stoichiomet-
ric composition. Moreover, 2’Al and 3!P MAS NMR showed that
the local structure of the AIPO,4 support did not change with zir-
conia. Good correlations were obtained between catalytic activities
in cyclohexene skeletal isomerization and surface acid densities of
AIPO4~ZrO; systems (as determined by pyridine chemisorption at
373 and 573 K). (© 1998 Academic Press

INTRODUCTION

AIPO, can be used as a catalyst and support. As a
catalyst, AIPO, is known to be active in several chemi-
cal processes, such as dehydration, isomerization, alkyla-
tion, rearrangement, retroaldolization, condensation, and
Diels—-Alder cycloaddition (1-8). Moreover, AIPOy is also
used as a support for polymerization, oxidation, hydrogena-
tion, reductive cleavage, or hydration catalysts (1, 9-15).
The acid-base properties of AIPO4play animportantrolein
catalytic reactions. By modifying the acid-base properties
of AIPQ,, its catalytic activity can be controlled. Modifica-
tion of an aluminum starting salt, calcination at high temper-
atures, and addition of alkali, fluoride, and sulfate ions and

1 To whom correspondence should be addressed.

a metal oxide (1, 5-13) bring about changes in the physico-
chemical properties and catalytic activity of AIPQ,. In the
latter case, the performance of such catalysts is greatly de-
pendent on the nature of the metal oxide (Al,O3, SiO,,
TiOg, ZnO, V;,0s5, M0O3, or WO3), the AIPO4/metal oxide
ratio, the methods of preparation, and the operating condi-
tions (1, 5-13).

On the other hand, the use of ZrO, as a catalyst or cata-
lyst support has been steadily gaining importance due to
such unique properties as its acidic, basic, and also oxidiz-
ing or reducing (redox) properties (16). The activity, selec-
tivity, and stability of the zirconia catalyst are dependent
on the method of preparation, the precursor, and the pre-
treatment (17, 18). However, crystallization and sintering
of the crystals on calcination are detrimental to their use as
a catalyst. Thus, control of the preparation method (19, 20)
or the incorporation of different metals (21, 22) improves
the thermal stability reflected as an increase in the crys-
tallization temperature in the tetragonal phase. Also, in-
corporation of sulfur (23-26), leading to sulfated zirconia
catalysts able to isomerize paraffins, under mild conditions
(23, 26, 27), improves their thermal stability and hence their
specific surface area. Moreover, sulfation of the zirconia
in the amorphous rather than in the tetragonal or mon-
oclinic state is highly preferred to obtain active catalysts
(28). However, during calcination of amorphous sulfated
zirconia, crystallization into a tetragonal phase occurs, and
the active sample appears then to be a sulfated tetragonal
zirconia. Good thermal stability is therefore necessary to
avoid the tetragonal-to-monoclinic transition. The tetrago-
nal phase has a higher content of nonbridging surface hy-
droxyl groups than the monoclinic phase, and this seems to
be a crucial factor for producing active materials (23, 28, 29).

In the present work a series of AIPO,~ZrO; catalysts,
with zirconia loading in the range 5-50 wt%, were pre-
pared by deposition of ZrO,, following a sol-gel proce-
dure, onto amorphous AIPO, catalyst thermally treated at
923 K. The materials were characterized by several physical
methods [thermogravimetric analysis (TGA)/differential
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thermal analysis (DTA), X-ray powder diffraction (XRD),
laser-Raman (LRa) spectroscopy, scanning electron mi-
croscopy (SEM)-energy-dispersive X-rays (EDX), X-ray
photoelectron spectroscopy (XPS), diffuse reflectance in-
frared spectroscopy (DRIFT), %’ Aland *'P MASNMR, and
nitrogen adsorption—desorption (77 K)], with emphasis on
crystallization, phase structure, surface area, pore volume,
pore size distribution, and surface acid character. The goal
of the present work was to prepare zirconia-based catalysts
with a low degree of crystallinity and/or thermally stable
tetragonal phase.

EXPERIMENTAL

Materials

A synthetic amorphous AIPO, catalyst was used as zirco-
nia carrier. Synthetic AIPO, was obtained by precipitation
with ethylene oxide from aqueous solutions of AICI3 - 6H,O
and H3PO, (85 wt%) as described elsewhere (30). The solid
thus obtained was washed with 2-propanol, dried at 393 K
for 24 h, and then calcined at 923 K for 3 h.

Zirconia was deposited onto AIPO, carrier by a sol-gel
chemical route using ZrOCl; - 8H,0 (Fluka, 43-44% ZrO,)
as precursor. The precise preparation method for an APZr
system with 10 wt% ZrO, (APZr-10) was as follows: an
aqueous solution on zirconium oxychloride (0.9 M) was
slowly added, under vigorous stirring, into a suspension of
AIPO, (10 g, dried at 383 K for 48 h) in 200 cm?® of a buffered
phosphate solution (pH 7) standardized against NBS, pH
6.86 (KH,PO4/ Na;HPO,), to prevent dissolution of AIPO,.
After mixing both, the resulting suspension was maintained
with continuous stirring at room temperature for 24 h and,
then, a hydrogel was obtained. During this aging step, the
pH was controlled. The gel was filtered and washed repeat-
edly with doubly distilled water until no chloride anion sig-
nal was detected in filtering water (AgNOs test). Afterward,
the precipitated gel was dried at room temperature for 24 h,
then in an oven at 383 K for 24 h, and, finally, calcined at
873,1073, or 1273 K for 3 h in a muffle furnace. Samples thus
prepared were labeled APZr followed by two hyphenated,
separate numbers that indicated, respectively, the zirconia
loading (wt%) and the calcination temperature (APZr-5-
873, APZr-35-1273, and so on). The processing route of the
AIPO4~ZrO; (APZr, 5-50 wt% ZrO,) samples is shown in
detail in Scheme 1.

A portion of the AIPO4 was similarly treated, dried, and
calcined but in the absence of zirconia precursor compound
S0 as to serve as blank materials. These were denoted as
AP-0 followed by the calcination temperature (AP-0-873
and so on).

Pure zirconia was also obtained by the same sol-gel pro-
cedure, in 200 cm?® of a buffered phosphate solution (pH 7),
to serve as blank materials. These were denoted as ZrO;
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SCHEME 1

followed by the calcination temperature (ZrO,-873, ZrO,-
1073 and Zr0O,-1273).

On the other hand, on the thermally treated samples we
did not detect (XPS and EDX, analysis, see below) either
alkaline cations (Na™, K*, etc.) or chloride anions, evidence
of practical elimination of such ions fron our catalysts after
the pretreatment.

Thermogravimetry and Differential Thermal Analysis

Thermogravimetric and differential thermal analyses
(DTA) were performed simultaneously using a high-
temperature thermal analyzer (Setaram 92, Model 16.18)
in the presence of static air at a heating rate of 10 K
min~! (temperature range: 273-1473 K). Finely powdered
a-alumina was used as a reference material. The sample
used was the dried zirconia-impregnated AIPO, support
(393 K, 24 h) prior to calcination.

XRD Measurements

X-ray powder diffractometry was carried out at 300 K
and in the 26 range between 10° and 80° (at a scanning
speed of 2° min~?) using a Siemens D5000 diffractometer
equipped with Ni-filtered CuKa radiation (A =1.5405 A)
at 35 kV and 20 mA. The crystalline bulk structures of the
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materials were elucidated by matching the XRD patterns
observed with JCPDS standards. This pattern matching was
carried out automatically by means of an on-line library
search system (PFD Data Base).

Laser-Raman Spectroscopy Measurements

Laser-Raman spectra were taken from lightly compacted
samples at 3600-200 cm~! and a resolution of 0.2 cm™,
using a Perkin—-Elmer System 2000 Fourier-transform (FT)
Raman spectrometer equipped with a near-infrared diode-
pumped Nd: YAG laser (1.064 um). The laser powder at
the sample was in the range 5-100 mW.

NMR Spectroscopy

ZTAl (pulse: 0.6 us; recycle delay: 0.3 s) and *!P (pulse:
2.6 us; recycle delay: 6 s) MAS NMR spectra were recorded
at resonance frequencies vq of 104.26 and 128.38 MHz, re-
spectively, with a Bruker ACP-400 multinuclear spectro-
meter (external magnetic field of 9.4 T).

NMR measurements were carried out on samples pre-
viously dried at 413 K for at least 96 h. Immediately af-
ter they had been dried, the samples were rapidly trans-
ferred to spinners to keep hydration effects to a minimum.
Measurements were carried out at room temperature with
a standard Bruker double-bearing MAS (5.6 kHz) probe.
About 200 mg of sample material was placed in the zirco-
nium dioxide rotor (4 mm) with a volume of about 0.35 cm?®.
The references for 2’Al and 3P were Al(H,0)3" and 85%
H3POy, respectively.

To preserve quantitative analysis, no mathematical pro-
cedures of NMR signal treatment, such as multiplication
by an exponential function, were used. Also, the chemical
shifts given for aluminum was not corrected for second-
order quadrupole effects.

Scanning Electron Microscopy

SEM studies were carried out in a Jeol apparatus (Model
JSM-5400) and the dispersion energy of X-rays was mea-
sured with a Link Isis Pentafet Model analyzer; a semiauto-
matic image analyzer of magnetostrictive Kontron MOP-30
board was used to estimate the average weight size of aggre-
gates and particles. Selected scanning electron micrographs
of many visual fields studied were reported here.

XPS Measurements

The X-ray photoelectron spectra were recorded in a
Leybold-Heraeus LHS-10 spectrometer working with a
pass energy constant of 50 eV and using AlKa radiation
(hv =1686.6 eV) as the excitation source. The spectra were
submitted to background subtraction and to area calcula-
tions. Binding energy values were referred to as C(1s) peak
(pollution carbon) at 284.6 eV. A final pressure of 10~° Torr
was always attained before XPS recording.
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DRIFT Measurements

DRIFT spectra were recorded in a FTIR instrument
(Bomen MB-100) equipped with an “environmental cham-
ber” (Spectra Tech, P/N 0030-100) placed in a diffuse re-
flectance attachment (Spectra Tech, Collector). A resolu-
tion of 8 cm~! was used with 256 scans averaged to obtain a
spectrum from 4000 to 400 cm™2. Single-beam spectra were
ratioed against KBr collected at the same temperature as
the sample. A plot of pseudoabsorbance was preferred. The
temperature controller was calibrated to the actual temper-
ature by inserting a thermocouple directly into the sample
and monitoring the sample temperature at different con-
troller settings. The samples were diluted to 15% in KBr.

DRIFT spectrawere recorded for all the calcined (873 K)
catalysts previously dried at 400 K for 24 h under vacuum.
Afterward, the catalyst was placed in the environmental
chamber cell with a 20 cm® min~! flow of dehydrated and
deoxygenated nitrogen, heated to 573 K, and held at this
temperature for 1 h prior to recording the spectrum. Longer
nitrogen flushing times or vacuum treatment do not mod-
ify the DRIFT spectra. In some cases, spectra of the O-H
stretching region were smoothed with a five-point Savitzky-
Golay algorithm.

Surface Area and Pore Properties

Surface-area and pore-size information was obtained
from nitrogen adsorption-desorption isotherms at 77 K,
using a Micromeritics ASAP 2000 analyzer. Prior to
measurements, all samples were degassed to 0.1 Pa. BET
surface areas were calculated assuming a cross-sectional
area of 0.162 nm? for the nitrogen molecule. Assessments
of possible microporosity were made from t-plot construc-
tions, using the Harkins—Jura correlation for t as a function
of p/po. Parameters were fitted to a low-area, nonporous
silica. Mesopore size distributions were calculated using
the Barret-Joyner-Halenda (BJH) method (31), using the
Halsey equation (32) and assuming a cylindrical pore
model.

Surface Acid Properties

The surface acidity was measured in a dynamic mode
by means of the gas-phase adsorption of pyridine (PY) at
373 and 573 K, using a pulse chromatographic technique
(33). The pulse size was in the range of gas chromatography
linearity, corresponding to 0.1-0.5 monolayer. The acidity
measurements were repeated several times and good re-
producibility of the results was obtained (ca. 7%b).

Catalytic Measurements

Cyclohexene conversion was carried out in a microcat-
alytic pulse reactor according to a method previously de-
scribed (6). Initially a series of pulses of varying size were
injected onto the catalyst to optimize the pulse size within
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the linear range of the adsorption isotherm. Thus, catalytic
measurements were performed under the following condi-
tions: cyclohexene (liquid) volume/pulse size: 1 ul; catalyst
weight: 20-70 mg; temperature: 523-673 K (25 K intervals);
flow rate of nitrogen (99.999%, H,O < 3 ppm, Air Liquide
Spain) carrier: 40 cm® min~!; GC with FID and two columns
(% in., stainless steel, 2 meach) in series packed with, respec-
tively, 5% polyphenyl ether (six rings) and 5% squalene on
Chromosorb G AW-DMCS 80/100 at 323 K. A fresh catalyst
was used on each run, and before each run, the catalyst was
pretreated in situ heating under nitrogen (40 cm® min—1) for
1hat573 K. A blank test showed that there was insignificant
thermal reactivity in the absence of the catalyst.

The reaction products, characterized by GC-MS (HP
5970 MSD quadrupole mass spectrometer) were 1- and
3-methylcyclopentene (1- and 3-MCPE).

Cyclohexene (from Aldrich) was used after distillation
and purification with a column of alumina previously cal-
cined at 573 K for 3 h.

RESULTS AND DISCUSSION

TGA/DTA Measurements

The DTA profile for the APZr-35 sample is shown in
Fig. 1. The remaining APZr samples displayed almost the
same behavior. The TGA profile was characterized by
weight loss up to 823 K. Below 823 K the weight loss (which
was accompanied by an endothermic band at 425 K in the
DTA profile) can be attributed to the desorption of weakly
adsorbed water. Between 823 and 1473 K, a slight weight
loss is observed, due mainly to the condensation of sur-
face hydroxyls, together with two exothermic DTA peaks
(without a corresponding TGA peak). The first exothermic
transition (1206 K) corresponded to crystallization of the
amorphous ZrO; into the ZrO, tetragonal phase (see XRD
results below). The position of this band depended on the
zirconia loading of the APZr system. Thus, as zirconia load-
ing increased, the exothermic peak shifted to slightly lower
temperatures. The second exothermic transition (1344 K)
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FIG.1. DTA curve for APZr-35 sample. Static air atmosphere; 10 K
min~! scan.
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FIG.2. Powder XRD profiles (CuKa, A =1.5405 A) of zirconia sam-
ples: (a) amorphous zirconia, ZrO,-873; (b) tetragonal zirconia, ZrO,-
1273; (c) commercial monoclinic zirconia (ceramic grade, Aldrich).

corresponded to crystallization of the amorphous AIPO,4
into the AIPO,- tridymite form (see XRD results below).
The position of this band also depended on the zirconia
loading of the APZr system and, thus, as zirconia loading
increased, the exothermic peak shifted to higher tempera-
tures (in the absence of zirconia, AIPO, crystallized in the
tridymite form at 1055 K).

So, the presence of ZrO; delayed the transformation of
the amorphous AIPOy into the tridymite AIPO,. Likewise,
the presence of AIPO, also delayed the crystallization of
zirconia into the tetragonal modification.

XRD Measurements

ZrO; materials. Zirconium oxide had three well-de-
fined polymorphs: the monoclinic baddeleyite phase, which
is stable up to about 1373 K; the tetragonal phase, which ap-
peared during annealing treatment up to 1473 K; and the
cubic phase, which the compounds adopted at about 2643 K
(34). Inaddition, amorphous ZrO, was frequently observed
when it was prepared by sol-gel processes (35). In our case,
the powder X-ray diffraction patterns of zirconia samples
obtained in phosphate-buffered solution and calcined in the
range 873-1273 K are presented in Fig. 2. This showed that
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the Zr0O,-873 sample has a very low degree of crystallinity
as revealed by the broad band centered at approximately
260 = 30° (Fig. 2a). Moreover, ZrO, samples calcined at 1073
and 1273 K (Fig. 2b) showed the characteristic peaks of
the well-crystallized tetragonal phase, as revealed by its in-
tense [111] line at 26 = 30°. It is interesting to note that the
characteristic peaks corresponding to the monoclinic phase
[linesatd =3.16 A (20 =28.2°),d =2.83 A (26 = 31.6°), and
d=2.62 A (20 = 34.2°)] were suppressed (Fig. 2c) when zir-
conia was obtained in phosphate-buffered solution (pH 7).

Thus, when zirconia samples are obtained by precipita-
tion of the gel, but in the absence of a phosphate-buffered
solution (pH 7), the crystallization process takes place at
around 623 K (36). The predominant phase is the tetrag-
onal one with slight participation of the monoclinic phase.
This later phase developed with calcination temperature,
becoming predominant for calcination temperatures higher
than 873 K (monoclinic molar fraction: 0.95). So, the tetrag-
onal phase was predominant only over a limited range of
temperatures (between 573 and 723 K).

Our results indicated that the presence of a phosphate-
buffered solution (pH 7) stabilized the tetragonal phase,
even at 1273 K. The hindrance in the crystallization of the
ZrO, samples obtained in phosphate-buffered solution was
probably due to the presence of PO?[ species onthe surface,
as occurred on other ZrO, samples modified by phosphoric
acid impregnation (37, 38). In this sense, oxides of hexava-
lent ions, such as WO3, MoQOs, and other transition metal
oxides, were reported to delay the crystallization of zirco-
nia and to stabilize the tetragonal structure (39). Forma-
tion of metastable tetragonal zirconia was attributed to the
structural similarity between an amorphous and the tetrag-
onal structure in which the interatomic distances Zr-O
and Zr-Zr were similar (40, 41). Thus, a small deforma-
tion of the short-range structure was required for the crys-
tallization to the tetragonal modification. Parallel to the
crystallographic changes reported above, there are textu-
ral modifications (see below). However, the most striking
feature of the present results was that zirconia remained
amorphous even at calcination temperatures of 873 K.

AIPO4s~ZrO; (5-50 wt% ZrO;) materials. All APZr
samples calcined at 873 and 1073 K (except APZr-5-1073)
have a very low degree of crystallinity as revealed in Fig. 3,
where, as an example, appear the X-ray diffraction patterns
of the APZr-35 sample thermally treated at different tem-
peratures. Thus, from Fig. 3a, it can be seen that thermal
treatment at 1151 K resulted in only two very broad bands
in the 26 ranges 20° to 40° and 40° to 65°, indicating that
the derived APZr-35 sample has a very low degree of crys-
tallinity. From Fig. 3b, it can be seen that the thermal treat-
ment at a higher temperature (1263 K) developed bands
corresponding to the ZrO; tetragonal phase. Thermal treat-
ment at 1473 K (after DTA measurements) did not alter the
ZrO, XRD pattern phase of the sample, although the peaks
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FIG. 3. Powder XRD profiles (CuKe, A =1.5405 A) of APZr-35 sam-
ple thermally treated at increasing temperatures.

became sharper and stronger, indicating that ZrO, was well
crystallized in the tetragonal phase (Fig. 3c). In addition,
AIPO, crystallized in the tridymite form. The transition of
the tetragonal ZrO; into the monoclinic phase did not take
place.

Moreover, the thermal behavior of the APZr-5 sample
was parallel to that of the AP-0 sample. Thus, even at
1273 K, AIPO, crystallized in the tridymite form. There-
fore, taking into account that the crystallization tempera-
ture of AIPO, in APZr gels showed a general tendency to
increase with ZrO, content, the presence of ZrO,, in an
amount higher than 5 wt%, delayed the transformation of
the amorphous AIPO, into the tridymite AIPO,, which re-
flected the higher thermal stability of APZr gels. Likewise,
the presence of AIPO,also delayed the crystallization of zir-
conia into the tetragonal modification. Accordingly, APZr
materials were still amorphous after calcination at 1073 K
unlike pure components. Also, formation of the tetragonal
modification appeared at 1273 K and was complete at 1423
1473 K without any monoclinic zirconia being formed at the
same time.

Laser-Raman Analysis

Figure 4 shows the Raman spectra of some representa-
tive ZrO;, and APZr samples. The spectrum of ZrO,-1273
(Fig. 4b) reveals six bands at 190, 270, 315, 455, 602, and
645 cm™. Ishigame and Sakurai (42) measured the Raman
spectra of the ZrO; tetragonal phase at a high tempera-
ture and also found six bands (at 190, 270, 315, 456, 610,
and 645 cm™1), as predicted by the group theory. Thus, the
bands observed in Fig. 4b were assigned to the tetrago-
nal ZrO, phase (space group P4,/nmc) (43, 44) and their
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FIG. 4. Typical laser-Raman spectra of different ZrO, and AIPOs+
ZrO, samples: (a) amorphous zirconia, ZrO,-873; (b) tetragonal zirconia,
Zr0,-1273; (c) APZr-35-1273; (d) APZr-50-1273; (e) commercial mono-
clinic zirconia (ceramic grade, Aldrich).

average size was in fair agreement with the Raman spectra
of ZrO, tetragonal single crystals (45) and of a stabilized
crystalline sample of ZrO, containing 4.6 mol% Y03 (46).

With respect to APZr samples, laser-Raman spec-
troscopy detected some bands only when the thermal treat-
ment reached 1273 K. These bands corresponded to the
ZrO, tetragonal phase (Figs. 4c, 4d). In addition, as ex-
pected, the bands increased in intensity with the ZrO, con-
tent of the APZr sample. In no case, even after DTA mea-
surements (1423-1473 K), did laser-Raman spectroscopy
detect the presence of monoclinic ZrO,, characterized by
bands at 180, 192, 223, 306, 335, 347, 382, 476, 503, 538, 560,
617, and 638 cm~! with the main feature at 476 cm~* (35, 42,
44,46), as can be seen in Fig. 4e, where the Raman spectra of
commercial monoclinic ZrO; (Aldrich, ceramic grade) are
shown. These results are in line with those reported above
concerning XRD analysis.

2Al and 3P MAS NMR Spectroscopy

The ¥ Al MAS NMR spectra (not shown) of AIPO, and
AIPO4~ZrO, (5-50 wt% ZrO,) exhibited a broad peak
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at around 39 ppm, typical of tetrahedral aluminum with
phosphorus in the second coordination sphere, i.e., shar-
ing oxygens with four tetrahedra of phosphorus [AlI(OP)4]
(47, 48). The strong upfield shift observed with respect to
other aluminum oxides was attributed by Muller et al. (47)
to the influence of P atoms located in the second coordi-
nation sphere of Al. Moreover, the 3P MAS spectra (not
shown) also exhibited one single broad component whose
isotropic chemical shift value appeared at around —26 ppm.
This chemical shift corresponded to P atoms in tetrahedral
coordination with P-O-Al bonds [i.e., P(OAl), environ-
ments]. In addition, it appears that the chemical shifts of
P at different sites were similar, resulting in a broadened
peak. Furthermore, the incorporation of zirconia did not
change the isotropic chemical shift value of the ?’Al and
31p peaks so that the local structure of the AIPO, support
was not changed by zirconia.

XPS Measurements

Table 1 summarizes the information about the elemental
surface composition and XPS binding energies (in paren-
theses) of the elements present on the surface of APZr
samples. As can be seen from Table 1, the surface concen-
tration ratio [P]s/[Al]s of APZr systems varies from 1 to 1.5.
Since the P/Al ratio of the blank reference sample AP-0-873
is 0.88 and our results show that the surface concentration
ratio P/Al of APZr systems varies from 1 to 1.5, one other
possible explanation of the excess of phosphate ions is to
assume that this excess could come from the phosphate-
buffered solution. At the same time, a simple calculation of
the [Zr]/[Al] ratios indicates that the surface concentration
ratio [Zr]s/[Al]s is greater than the ratios corresponding to
the expected theoretical stoichiometric composition. More-
over, the ratios of oxygen to cations (Al + P + Zr) for the
APZr samples slightly exceeded the expected value of stoi-
chiometric composition ([O]/[cations] =2) and seemed to
increase as the zirconia content increased. This may be due
to the presence of hydroxyl groups linked to the surface
cations. This fact could be interpreted as the incorporation

TABLE 1

Elemental Surface Composition and XPS Binding Energies?
of the Elements Present on the Surface of APZr Systems Calcined
at873 K for3h

Surface concentration (at.%)

System P (2p) Al (2p) Zr (3d) O (1s)
AP-0-873 14.4(133.5) 16.3(74.1) — 67.1(531.5)
APZr-5-873 14.6(133.3) 14.6(74.1)  1.8(182.0)  65.5(531.5)
APZr-10-873 15.2(133.3) 12.5(74.1)  2.8(182.2)  66.5(531.3)
APZr-25-873 13.2(133.2) 12.4(74.1)  3.4(182.2) 67.1(531.2)
APZr-50-873 10.8(134.6) 7.2(75.2)  9.4(183.6)  65.3(532.4)

2 In parentheses, eV.
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of zirconia content on the AIPO,4 matrix leading to a mod-
ification of the surface Brgnsted acidity by an effect on the
degree of surface hydroxylation.

Furthermore, the various core lines investigated for dif-
ferent samples were very similar and they all appeared as
single symmetrical lines indicating a homogeneous distribu-
tion of the electron densities around the atoms throughout
the solid. Table 1 also lists the XPS binding energies of ele-
ments present on the surface. As indicated before, all values
are referenced to the C(1s) peak.

SEM-EDX Studies

SEM revealed a very nonhomogeneous distribution in
morphology and particle size for all APZr samples. In ad-
dition, no changes were observed either in morphology or
in particle size when the amount of zirconia increased. A
selected micrograph of an APZr sample is shown in Fig. 5a.
The average size of the larger particles was around 50 um,
although in all samples a great population of very fine parti-
cles was observed. At the same time it should be mentioned
that treatment of AIPO,4 with the buffer solution certainly

10phm BOBE13

26kU %1,508
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produced a modification in the surface texture as shown in
Figs. 5b and 5c, where it can be observed that the surface
of AIPO, treated at pH 7 (Fig. 5¢) was smoother than the
nontreated one (Fig. 5b).

On the other hand, it was observed that all samples had
particles with a thin and smooth external surface contain-
ing small deposits covering an internal sponge-like struc-
ture; this last observation is shown in Fig. 5d. Microanalysis
(EDX) of the surface of the particles revealed a nonho-
mogeneous distribution of zirconium not only in the par-
ticles but also between the particles, probably associated
with the preparation procedure. However, the acquisition
of a general micrograph field showed values for the atomic
percentage of zirconium similar to those obtained by XPS.

DRIFT Measurements

Several series of DRIFT experiments were completed
to understand the effects of zirconia on the AIPO, sup-
port. The influence of zirconia on the support was studied
by examining the hydroxyl and skeletal regions. The spec-
trum of pure amorphous AIPO,, recorded after thermal

20kUV K756 18Kkm BABA9

FIG.5. Scanningelectron micrographs of the surface particles: (a) APZr-10-873; (b) original AIPO,4sample; (c) AIPO, buffered treated (AP-0-873);
(d) a detail of a APZr-50-873 particle showing the differences in texture between the external smooth surface and the spongy internal part.
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FIG.6. DRIFT spectra of AIPOy, ZrO,, and AIPO4-ZrO, samples

recorded at 573 K in the nitrogen stream. (a) AP-0-873; (b) APZr-7-873;
(c) APZr-10-873; (d) APZr-35-873; (e) APZr-50-873; (f) ZrO,-873. All
spectra were displaced for presentation.

pretreatment at 573 K for 1 h under a nitrogen flow (10 cm?
min~1), is shown in Fig. 6a. In the OH stretching vibra-
tion region (40002500 cm~1) two isolated hydroxyl peaks
were found, a weak one at 3786 cm~! and a strong one at
3670 cm™%, which were due to aluminum (with aluminum
atoms in tetrahedral coordination) and phosphorus surface
hydroxyl groups, respectively (1). Also a very broad band
around 3538 cm~! was found. This band is due to surface
hydroxyl groups, most likely phosphorus ones, perturbed
by a hydrogen bridge bond from a surface hydroxyl band.

The DRIFT spectra of the hydroxyl region of some APZr
samples are shown in Figs. 6b to 6e. The incorporation of
zirconiaresults in the gradual disappearance of AlI-OH and
P—OH bands. Likewise, the band around 3538 cm™! be-
comes broader as in amorphous zirconia (Fig. 6f), indicat-
ing a larger number of hydrogen-bonded hydroxyl groups,
most probably between P-OH and Zr-OH groups. How-
ever, some of the isolated P-OH groups were still present
at 50 wt% ZrO,.

The DRIFT spectra of the skeletal region (below
1700 cm™!) showed that in the prepared APZr systems,
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the phosphorus atom remains as in the AIPO, support
and, thus, it is surrounded by tetrahedra of oxygen atoms:
bands due to triply degenerate P-O stretching vibration
(~1069 cm~Y) v3 mode of tetrahedral POi‘, triply degen-
erate O-P-O bending vibration (~480 cm~) v, mode of
PO3" tetrahedra, and stretching vibration of Al-O bonds
in combination with P-O bonds (~691 cm~!). DRIFT data
were in accordance with the XRD and #’Al and 3P MAS
NMR data.

Surface Area and Pore Properties

The adsorption—-desorption isotherms (not shown) of
AIPQy, ZrO,, and AIPO4~ZrO; (5-50 wt% ZrO,) were
of nearly the same type. From the shape of the curves it
can be assumed that samples calcined up to 1073 K consist
mainly of mesopores, showing isotherms as type IV in the
BDDT classification (49) and hysteresis loops of H1 type ac-
cording to the classification proposed by IUPAC (50). The
absence of microporosity, suggested by the shape of the
isotherms, was confirmed using the Harkins—Jura correla-
tion (51). Plots of multilayer thickness t versus volume of ad-
sorbed nitrogen (V) could be extrapolated through the ori-
gin. Moreover, after calcination at 1273 K, the adsorption—
desorption isotherms were invariably of type 11, showing
the nonporous nature of the samples.

The porous texture of the APZr samples was analyzed
following the BJH method and assuming a cylindrical pore
model (31). The analysis was applied to the adsorption
branch of each isotherm, which is preferred to the desorp-
tion branch for type 1V isotherms (52, 53). The cumulative
surface areaand pore volume were comparable to the corre-
sponding measured values of Sget and V. This agreement
indicates the correct choice of the pore analysis method.
The observed increasing slope of this t plot in the high-t
region also supports the above assignment of pore shape
(52).

The BET surface area (Sger), pore volume (Vp, p/po=
0.99), main pore radius (rp, rp=2Vp/SgeT), and pore
volume distribution of AIPO,4, ZrO,, and AIPO4,~ZrO,
(5-50 wt% ZrO,) are listed in Table 2.

As shown in Table 2, strong differences were apparent
in the textural parameters of APZr catalysts depending
on the zirconia loading and thermal treatment. Thus, the
AIPOy-treated support (AP-0) lost its surface area when
calcining at 1073 K. Again, the behavior of the APZr-5
sample paralleled that of AP-0. However, zirconia loadings
above 5 wt% stabilized surface area for calcination temper-
atures lower than 1273 K. Moreover, surface area increased
when zirconia loading reached 25-35 wt%. Notwithstand-
ing, the decrease in progressive surface area versus calcina-
tion temperature became smaller as the zirconia content of
the catalyst increased up to 25 wt% and thereafter showed
a strong decreasing trend, thus resembling those of pure
zirconia.
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TABLE 2

Textural Properties of AIPOy4, ZrO,, and AIPO4~ZrO, (5-50 wt% ZrO,) Systems

Pore volume distribution (% vol)
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SBET Vp Ip
Catalyst (m?/g) (cm®g) (nm) >20nm 10-20 nm 5-10 nm 2-5nm <2nm
AP-0-873 154 0.46 6.0 28.7 36.5 274 6.8 0.6
AP-0-1073 1 — — — — — — —
APZr-5-873 119 0.49 8.2 48.4 30.9 16.2 4.1 0.5
APZr-5-1073 4 — — — — — — —
APZr-7-873 114 0.58 10.2 61.9 255 10.0 24 0.2
APZr-7-1073 103 0.54 10.6 65.4 249 7.4 1.9 0.3
APZr-7-1273 10 0.11 21.9 92.1 2.9 14 3.6 —
APZr-10-873 101 0.61 12.2 75.3 17.3 5.6 1.6 0.3
APZr-10-1073 94 0.58 12.3 76.4 15.6 6.0 1.7 0.3
APZr-10-1273 25 0.20 15.9 88.4 7.7 2.0 1.6 0.3
APZr-25-873 190 0.41 4.3 14.0 27.9 38.6 185 0.9
APZr-25-1073 165 0.38 4.6 16.9 29.6 35.7 17.0 0.8
APZr-25-1273 10 0.06 10.9 62.3 29.3 7.4 1.1 0.1
APZr-35-873 186 0.15 1.6 51 2.8 14.0 67.8 10.2
APZr-35-1073 103 0.09 1.7 8.3 34 18.9 69.5 —
APZr-35-1273 2 — — — — — — —
APZr-50-873 79 0.06 14 16.6 2.7 6.0 56.8 17.9
APZr-50-1073 13 0.01 2.2 42.2 4.2 7.5 46.1 —
APZr-50-1273 2 — — — — — — —
Zr0,-873 104 0.08 15 8.3 2.7 9.6 65.3 141
Zr0,-1073 13 0.02 27.8 75 22.7 42.0 —
Zr0,-1273 1 — — — — — —

These results can be accounted for by the fact that AIPO,4
crystallization showed a general tendency to increase with
zirconia content, as shown by DTA and XRD measure-
ments (see above).

On the other hand, pore volume increased with zirconia
up to 10 wt% ZrO, and then decreased, especially above
25 wt% ZrO,. Moreover, the decrease in progressive pore
volume as zirconia loading and/or calcination temperature
increased followed the same trend as the surface area. Also,
the pore size distribution was displaced toward larger pores
when zirconia loading increased up to a value of 10 wt%.
Above thisamount, the pore size distribution was displaced
toward smaller pores so that APZr-35 and APZr-50 sam-
ples exhibited almost the same pore size distribution as
zirconia.

The most striking feature of the results shown in Table 2,
however, is that the presence of zirconia strongly influenced
the development of textural properties with temperature
when compared with AIPO,4. The protective effect of the
addition of ZrO, to the surface area of the APZr systems,
heated in air at different temperatures, was evident, espe-
cially at zirconia loadings in the range 7-25 wt% and at a
calcination temperature of 1073 K.

These facts are important because the modification of
the surface texture of AIPO,4 by ZrO, was accompanied by
a rise in surface acidity and hence in catalytic activity for
cyclohexene skeletal isomerization (see below).

Surface Acidity Measurements

The surface acidity of APZr catalysts (5-25 wt% ZrO,)
is given in Table 3 as the amount of pyridine chemisorbed
at saturation at the given temperature. As expected, the
surface chemical interaction in all APZr catalysts was de-
termined by the adsorption temperature. As the tempera-
ture increased, the surface acidity decreased since only the
stronger acid sites were able to retain PY. Thus, the PY
adsorption capacities at 573 K were taken as a measure of
strong acid sites, while those at 373 K accounted for the
total surface acidity (strong, medium, and weak acid sites).

TABLE 3

Surface Acidity versus Pyridine Adsorption and Apparent Rate
Constants (kj), Activation Parameters (E; and In A), and Selectivi-
ties to 1-Methylcyclopentene (o) for Cyclohexene Skeletal Isomer-
ization on AIPQy4, ZrO,, and AIPO4-ZrO; Catalysts

Pyridine
(;Lmol m—2) ka 107
(mol atm™! Ea
Catalyst 373K 573K  s'm™?) (kcalmol™) InA o
AP-0-873 13 0.03 0.02 138+1.6 -39 12
APZr-5-873 15 0.05 0.15 146+16 -27 12
APZr-7-873 2.2 0.06 0.39 89+04 —54 14
APZr-10-873 2.3 0.07 0.51 8.7+0.3 -51 15
APZr-25-873 1.6 0.17 1.62 10.0+£0.2 —24 24
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It is evident from Table 3 that APZr catalysts exhibited
not only an increased total acidity but also an increased
density of strong acid sites (titrated at 573 K) compared with
the AP-0-873 catalyst. The results in Table 3 also indicate
that the density of strong acid sites increased with zirconia
loading.

Catalytic Measurements

Model reactions were recommended as the best method
for characterizing acidic industrial catalysts (54, 55). Thus,
cyclohexene isomerization was one of the simplest reac-
tions in studying stronger acid sites (Bragnsted and Lewis)
onsolid catalysts (54-56). In the conversion of cyclohexene,
there are various possibilities: (i) skeletal isomerization to
methylcyclopentene isomers; (ii) hydrogen transfer reac-
tion to cyclohexane and methylcyclopentane (55, 57, 58);
and (iii) dehydrogenation to benzene (59). In this sense,
Parmaliana et al. (57) indicated that cyclohexene can be
considered a most reliable probe molecule for a number of
catalytic functions: isomerization, hydrogen activation, and
hydrogen transfer.

The results of this study indicate that cyclohexene con-
version proceeds simply by skeletal isomerization (CSl) to
1- and 3-methylcyclopentene on all AIPO4~ZrO; catalysts.

The cyclohexene conversion reaction data in all APZr
catalysts were found to fulfill the Bassett-Habgood rate
equation (60) for first-order reactions in which the par-
tial reactant pressure is low and the adsorption rate is
faster than the rate of surface reaction, the latter being the
rate-determining step. In that sense, only the data below
20 mol% cyclohexene conversion (where the equilibrium
reaction can be neglected) were used for the calculation.
The Bassett—-Habgood (60) equation was in the form

In[1/(1 = X)] = kaRT(W/F), [1]

where X is cyclohexene conversion, k, apparent rate con-
stant of the surface process, W catalyst weight, and F flow
rate of carrier gas.

The In[1/(1— X)] versus F~* plots, according to Eq. [1],
for the conversion of cyclohexene on APZr catalysts at var-
ious flow rates of the nitrogen carrier gas (30-60 cm® min~1)
and different reaction temperatures are linear and also pass
through the origin, indicating a good fit of the data to Eq. [1]
and, so, the first-order process in the cyclohexene conver-
sion. Also, the data for different catalyst particle sizes be-
low 0.7 mm lie on the same plot; i.e., the reactions are not
influenced by internal diffusion for catalyst particle sizes
<0.7 mm. Furthermore, the catalytic runs have also been
carried out at different weight ratios of catalyst from the
cyclohexene introduced, showing that the fractional con-
version of a pulse of reactant to products was independent
of pressure, which determined the first-order reaction pro-
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cess. This behavior also ensured linear chromatography in
the pulse mode, i.e., ensuring equilibrium chromatography.

Under the above experimental conditions apparent rate
constants remained approximately constant after the first 15
pulses, when it decreased very slightly. Also, the selectivity
to 1-MCPE remained almost unchanged with pulse num-
ber. Thus, APZr catalysts were difficult to deactivate by
coke deposition, maintaining a relatively stable activity.
In fact, the use of a microcatalytic pulse reactor also con-
tributes to minimize the coke formation.

Table 3 gives, for all APZr catalysts, k, (at a reaction
temperature of 573 K) from linear plots of In[1/(1— X)]
versus W. Table 3 also includes activation parameters (E,
andIn A), obtained from the Arrhenius equation by plotting
In ka versus T ~L. The kinetic selectivity factors (o) for CSI,
obtained from the slope of Xj-mcpe-versus-Xs.mcpe plots,
are also included in Table 3.

The 98% confidence limits and the coefficient of deter-
mination (always over 0.99) for regressions were used to
check the adequacy of the data. A Student t test of signifi-
cance showed that these were significant at levels over 1%.
At least three measurements were used to calculate each
ka value. All values were reproducible to within ca. 8%.

Table 3 shows that the introduction of small amounts
of zirconia (5-25 wt%) into AIPO,4 produces catalysts that
exhibit increased activity (at all AIPO./ZrO, weight ratios)
in CSI as compared with AIPOy,, indicating an increase in
surface acidity with zirconialoading. Thus, activity increases
as zirconia content increases and, so, the catalytic activity
of the APZr-25-873 catalyst is 84 times greater than that of
AP-0-873. Moreover, the change in activity with the change
in zirconia loading is similar to the change in surface density
of strong acid sites also shown in Table 3. So, the catalytic
activity of APZr catalysts correlates well with the acidity
measured by gas chromatography through PY adsorption
at573 K.

Furthermore, with regard to the selectivity of the CSl re-
action we have applied the Wheeler criterion (61) on the
kinetic selectivity factor (o) or first-order processes by plot-
ting (Fig. 7) fractional conversion to 1-MCPE (X3) versus
that to 3-MCPE (X3). We have also constructed optimum
performance envelope (OPE) curves, which describe the se-
lectivity behavior of products, by plotting X; and X3 against
total conversion (X) for different weight ratios of catalyst
to cyclohexene (Fig. 7) for APZr-25-873 catalyst, such as
described by Ko and Wojciechowski (62). We have plotted
all the experimental data corresponding to different reac-
tion temperatures and contact times on the same diagram.
Using such a procedure, an insignificant scattering of the
data was evident on the selectivity diagrams and so clear
tendencies can be observed from these curves.

The results (straight lines at origin in all cases) show that
1- and 3-MCPE are stable primary competitive products
from cyclohexene through a parallel process with first-order
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FIG.7. OPE selectivity curves [(®) Xi-mcpe (X1) and (H) Xzmcpe
(X3) versus Xt] and Wheeler selectivities [o; (A) X, versus X3] for cyclo-
hexene skeletal isomerization on APZr-25-873 catalyst.

kinetics. They are formed at a constant rate in relation to
feed conversion, and neither disappear nor accumulate due
to secondary products. A primary product is defined as that
produced from the reactant, no matter how many surface
intermediates are involved in its formation. So, o can be
expressed by

o =ki/ks = X1/ X3
= [A1exp(—Ea/RT)]/[Azexp(—Ea/RT)] = A1/ As,

since the o selectivities (Table 3) were measured at different
reaction temperatures and were found to be invariant with
temperature (the apparent activation energies for 1- and
3-MCPE are quite similar for each catalyst), as expected
for a mechanism involving a carbenium ion intermediate.
Thus, as the preexponential factor is a function of stronger
acid site number and these were different on each catalyst,
the o values are also different.

From Table 3, it is also evident that APZr-873 catalysts
exhibit increased selectivity to 1-MCPE as compared with
AP-0-873.

These results can be interpreted essentially as a conse-
guence of the heterogeneity of acidic sites due to the fact
that the catalytic reaction involves adsorbed species and
the surface heterogeneity of the catalysts affects the ac-
tivation energy for the reaction. Thus, the distribution of
acid strength determines the energy barrier for the reac-
tion to occur; the number of sites is also important. So, the
global rate will be the sum of the individual rates on each
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type of site, each one proceeding with a different activation
energy.

In this way, the differences in reaction rate originate in
changes in the energies and number of reactive species.
Moreover, the number of sites that are active for a given
reaction depends mainly on the activation energy. Thus,
strong acid sites are characterized by a lower activation
energy while the relative abundance of such sites can be
related to the relative activity.

Thus, the differences between the activities of APZr cata-
lysts are due to differences in the number and strength of
acid sites. The balance between (i) the amount of acid sites,
which affects mainly the frequency factor values, and (ii)
their activity, which affects mainly the activation energy, de-
terminesthe sequence of catalytic activity in APZr catalysts.

So, the previously proposed mechanism for cyclohex-
ene isomerization on AIPQ, (63) can also be applied to
APZr catalysts although the reaction intermediates ought
to be of higher carbocationic character than AIPO,. Thus,
as Bronsted surface acidity increases, the more the carbo-
cationic character of intermediates develops, the more the
ratios of rates for 1- and 3-MCPE formation are expected to
rise due to the higher stability of the 1-methylcyclopentyl
carbenium ion (I1) in relation to the 2-methylcyclopentyl
carbenium ion (111) (64).

CONCLUSIONS

In summary, the incorporation of zirconia gel into AIPO,4
yielded AIPO4~ZrO, materials that showed higher thermal
stability and larger surface area as well as pore volume than
pure components. Furthermore, they remained in the amor-
phous state at calcination temperatures up to 1073 K. Ther-
mal treatment at 1273 K induced crystallization into the
ZrO, tetragonal phase and into the AIPO4- tridymite poly-
morph. Moreover, the transition from the tetragonal to the
monoclinic phase did not take place. This higher thermal
stability was responsible for its large surface area as well as
pore volume in relation to pure components. SEM showed a
nonhomogeneous distribution in morphology, texture, and
particle size. Also, EDX and XPS indicated that the sur-
face concentration ratios were practically the same as the
expected values of stoichiometric composition. Moreover,
ZIAl and 3P MAS NMR showed that the local structure
of the AIPO, support did not change with zirconia. Fur-
thermore, the introduction of small amounts of zirconia
(5-25 wt%) into AIPO,4 produced catalysts that exhibited
improved catalytic activity for cyclohexene skeletal isomer-
ization. The catalytic activity results can be well interpreted
in terms of the differences in the number and strength of
acid sites, gas chromatographically measured in terms of
pyridine chemisorbed at 373 and 573 K. The results indi-
cate that the density of strong acid sites, and hence catalytic
activity, increased with zirconia loading.
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