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Abstract—Results of the systematic study of the synthesis of highly dispersed framework zirconium phos-
phates stabilized by ammonium, lanthanum, aluminum, manganese, and cobalt cations are summarized. The
synthesis involves the mechanochemical activation of amixture of solid reactants (salts) or the sol—gel process
each followed by the hydrothermal treatment (HTT) of obtained precursors in the presence of surfactants. The
genesis of dispersed systems under investigation is studied by modern physical methods providing information
on the state of the bulk and surface of the systems. It is found that the local structure of sol nanoparticles and
zirconium phosphate crystalline nuclei arising from mechanochemical activation products depends on the
nature of initial substances. This, in its turn, makes different crystallization mechanisms possible during the
HTT process: the dissol ution/precipitation mechanism or the mechanism of oriented mating of primary parti-
cles. The crystallization mechanismin HTT and the reaction system composition influence the nature of result-
ing complex zirconium phosphate phases, their thermal stability, dispersity, and porous structure parameters.
The relationship between the bulk structure parameters of framework zirconium phosphates, which are con-
trolled by varying the chemical composition and conditions of synthesis, and the surface characteristics of the
systems (the strength and concentration of different Lewis and Brgnsted sites) is studied. It is shown that sys-
tems based on framework zirconium phosphates are promising catalysts for paraffin (pentane and hexane)
isomerization, the selective oxidation of methane by oxygen into synthesis gas at short contact times, and the

oxidative dehydrogenation of propane into propylene.

INTRODUCTION

Currently, complex inorganic phosphates attract
growing interest from specialists in the area of hetero-
geneous catalysis as promising catalytic systemsin var-
ious acid (isomerization and hydration [1-3]) and
redox (the selective oxidation of paraffins to olefins or
oxygen-containing products [4-6]) processes. Among
such systems, framework zirconium phosphates of the
NASICON (NZP) type with the base composition
M,Zr,P,0,, are of great interest owing to their flexible
structure, which enables the heterovalent substitution at
both cation and anion sites of the lattice without its
destruction [7-10]. Materials based on these com-
pounds have a high cation and proton conductivity;
high resistance to irradiation and corrosion and extra
low thermal expansion coefficients [11-13]. These
properties make them suitable for radionuclide immo-

bilization. The heterovalent substitution provides a
means for varying the redox and acid-base properties
of systems based on framework zirconium phosphates
over broad limits. In addition to practical importance,
this also makes these systems suitable for use as model
objectsin the devel opment of scientific foundations for
the synthesis of catalysts.

In this article, we discuss the genesis of highly dis-
persed systems based on framework zirconium phos-
phates with the chemical composition, the nature of ini-
tial substances, and synthesis conditions varied over
broad limits.

A traditional method for synthesizing framework
zirconium phosphates is the sol—gel (SG) process. Dis-
advantages of this method are the poor reproducibility
of substance characteristics, the spatially nonuiniform
distribution of components, and the frequent amor-
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phous state of systems retained up to high annealing
temperatures, at which the agglomeration results in
materials with a low surface area. Therefore, in the
development of methods for synthesizing highly dis-
persed systems based on framework phosphates, which
are of interest for as commercial cataysts, in parallel
with the traditional sol—gel method, we also used was
the “soft” mechanochemical method involving the acti-
vation of asolid salt mixturein ahigh-energy mill [14].
Moreover, to reach the required dispersity and structure
stability of systems based on framework zirconium
phosphates and to provide ameansfor controlling their
porous structure, the sols and mechanical activation
(MA) products were subjected to hydrothermal treat-
ment (HTT) [15, 16], in particular, in the presence of
surfactants. This approach alowed understanding the
genesis of these systems, including the structure of
nanoparticles serving as nuclei of framework phos-
phates and the process of their mating to yield mesos-
copic aggregates and then micron particles. At the
present time, studies along theses lines are among the
most intensively progressing fields in material science
and solid-state chemistry.

Ammonium, lanthanum, aluminum, manganese,
and cobalt cations were used for stabilizing the struc-
ture of framework zirconium phosphates.

The genesis of actual structures of zirconium phos-
phates at key synthesis stages was studied using mod-
ern physical methods of studying the structure and tex-
ture of nanoparticles, such as EXAFS, high-resolution
transmission electron microscopy (HRTEM), 3'P and
YAl MASNMR, small-angle X -ray scattering (SAXS),
and IR spectroscopy. The dependence of the surface
characteristics of highly dispersed framework zirco-
nium phosphates on their composition, bulk properties,
and synthesis conditions was studied using the IR spec-
troscopy of adsorbed probe molecules (CO) and the
ESR of spin probes (the TEMPO nitroxyl radical and
aromatic molecules like benzene).

The catalytic activity of the systems was measured
for the reactions of pentane and hexane skel etal isomer-
ization, hexane dehydroaromatization, and methane
selective oxidation into synthesis gas at short contact
times.

The synthesis of samples and procedures of their
investigation were described in detail earlier [17-28].

1. GENESIS OF THE STRUCTURE OF COMPLEX
ZIRCONIUM PHOSPHATES

1.1. The Structure of Primary Particles

It was shown that even at the stage of mechanical
activation of the solid salt mixture (the mixture of
ammonium phosphates of different composition, zirco-
nyl nitrate or chloride, and lanthanum, a uminum, man-
ganese, and cobalt nitrates as stabilizers), crystalline
hydrates are partially decomposed to yield a supersatu-
rated solution film on solid particles. Reactant interac-

KINETICS AND CATALYSIS  Vol. 42

No. 3 2001

391
NH,H,PO,
(NH4),HPO,
(NH4);PO,
40 20 0 -20 —40 -60 -80
o, ppm

Fig. 1. 3"MASNMR spectraof MA productsobtained using
ammonium phosphates of different composition.

tion in this heterogeneous system results in crystaline
ammonium chloride or nitrate [20, 22]. Besides, the
interaction between zirconium cations and phosphate
groups results in primary products, whose structure
depends in large measure on the nature of the initia
ammonium salt. For example, with triammonium phos-
phate, the nuclei most probably correspond in their
structure to arising fragments of lamellar phosphates.
This is seen from the phosphorus NMR spectrum
(Fig. 1) involving four equidistant bands in the chemi-
cal shift range from +1 to —15 ppm, which isindicative
of stepwise changes in the cationic environment of
phosphate during the reactant interaction. With diam-
monium phosphate, the spectrum of the MA product
involves a broad band at —15.5 ppm characteristic of
lamellar  zirconium hydrophosphates [29]. With
monoammonium phosphate, the spectrum (Fig. 1)

involves a broad band at —25.7 ppm attributed to POZ_

groups in a symmetrical environment closely resem-
bling that for high-temperature samples of framework
zirconium phosphates with the NZP-like structure [17].
In agreement with these data, IR spectra of MA prod-
ucts obtained from mixtures based on hydrophosphates
involve near-symmetrical bands in the range
1020-1050 cm! closely corresponding to those typical
of amorphous samples obtained using the sol-gel pro-
cess [21, 22]. At the same time, with triammonium
phosphate, phosphate groups in arising structures have
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Fig. 2. Evolution of the integra intensity of small-angle
X-ray scattering on particles of (1) MA products without
admixed ions and (2) MA products with admixed AI°* ions
and also on (3) sol particles during their hydrothermal treat-
ment at 175°C with polyethylene oxide agueous solutions
with pH 1 (SG) and 7 (MA products); the particle sizeisin
the range 0200 A.

a distorted tetrahedral coordination (the doublet at
1000-1100 cm™).

Thus, the use of hydrophosphates intensifies the
reactant interaction during their mechanical activation
probably due to the more intensive hydrolysis of
hydroxyl bridges between zirconium cations in poly-
meric/oligomeric complexes present in the hydrated
zirconium salt [30].

1.2. Crystallization during the Hydrothermal
Treatment

It was found [20, 22] that, even at pH 7, the hydro-
thermal treatment of MA product agueous suspensions
(with or without polyethylene oxide (PEO)) obtained
from neutral ammonium phosphate resultsin a crystal-
line product largely composed of cubic ammonium zir-
conium phosphate [31, 32] with admixed orthorhombic
phases, such as 3-Zr(OH)PO, or Zr,O(PO,), [33]. The
formation of crystalline phases in the conditions pre-
cluding the dissolution of MA primary products sug-
gests that the crystallization occurs by the mechanism
of the oriented mating of primary particles. At the same
time, the fact that the MA products yield solely zirco-
nium pyrophosphate upon mere annealing suggests that
the hydrothermal treatment is accompanied not only by
primary particle mating but also by a change in their
structure.

In sols obtained by the coprecipitation of zirconium
salts and ammonium phosphates from their solutions,
crystalline phases arise only upon the hydrothermal
treatment at 175-200°C in acidic media (pH~1). Inthis
case, in the presence of PEO, along with a-ZrPO,(OH)
[33, 34], the NH,Zr,(PO,), cubic phase was also found
[22]. These results suggest that the sol crystallization
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Fig. 3. Evolution of the average particle size (in the range
0-200 A) for (1) MA products without admixed ions,
(2) MA products with admixed AI®* ions, and (3) sols
during their hydrothermal treatment at 175°C with poly-
ethylene oxide agueous solutions with pH 1 (SG) and 7
(MA products).

occurs by the dissolution/precipitation mechanism.
This is probably due to the hindered rearrangement of
sol particles into the structure of framework phosphate
nuclel under these conditions.

This conclusion was supported by data on the crys-
tallization dynamics studied in detail by SAXS[21].

According to the SAXS data, before hydrothermal
treatment, sol or MA product particles have a rather
narrow size distribution, about 15 (MA) or 18 (SG) A,
and only a small proportion of particles is as large as
60-70 A in diameter. However, during the heating and
subsequent exposure at the treatment temperature, par-
ticlesizesin samples obtained by the MA and SG meth-
ods change quite differently. During the hydrothermal
treatment of samples obtained by the MA method, in
the particle size distribution curve, new maximums arise
and are growing at 30, 45, 75, 105, 130, and 165 A. All
these sizes can be obtained by combining several pri-
mary particle sizes, which is evidence for the crystalli-
zation mechanism by oriented particle mating. Thisis
also supported by the facts that the integral intensity of
the small-angle X-ray scattering remains constant with
the particle size varying in the range 0-200 A (Fig. 2)
and that the average particle size increases with time
(Fig. 3).

The introduction of aluminum cations into the sys-
tem subjected to activation markedly increases the
average size of crystalline nuclei, which suggests that
these cations are mostly localized in the second coordi-
nation sphere of oligomeric zirconium hydroxy com-
plexes with phosphate groups in the first coordination
sphere. The oriented crystallization in the system con-
taining aluminum cations remains much the same;
however, nonmonotonic changes with time in the aver-
age particle size and the integral intensity of the small-
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angle scattering (Figs. 2 and 3) are indicative of amore
complex nature of changes in the local structure of
nuclei during HTT (see below).

The crystallization of solsin acidic media occursin
a different fashion. The heating of a suspension to
175°C is accompanied by the aggregation of sol pri-
mary particles giving rise to new maximumsin the par-
ticle size distribution curve at 40, 70, 110, and 165 A.
During the subsequent hydrothermal treatment, all
these maximums decrease and then disappear. A
decrease in the average particle size (within the range
0-200 A; Fig. 3) with time points to the dissolution of
particles and their aggregates. However, the integral
intensity of X-ray scattering on the sol particles shows
more complex time dependence. The intensity initially
increases probably due to the disintegration of large
(larger than 200 A) aggregates into small primary par-
ticles and then decreases due to the primary particle
dissolution.

A better insight into the crystallization mechanism
was gained using high-resolution electron microscopy,
EXAFS, IR spectroscopy, and NMR on phosphorus
and aluminum nuclei [21, 22]. It was shown that the
mating of MA primary particles in neutra media
occurs anisotropically to yield initially extended fila-
ments as thick as primary particles. During the hydro-
thermal treatment, the filaments combine into ribbons
and then into rather wide (to 250 A) lamellas aslong as
several thousands of angstréms. At the final stages of
crystallization, lamellas are randomly superimposed to
give isotropic particles of cubic ammonium zirconium
phosphate or lamellar particles of the B-Zr(OH)PO,
orthorhombic phase. We believe that the anisotropic
mating of primary crystalline particles is due to the
anisotropy of their properties, which might be expected
to be characteristic of lamellar fragments similar in
structure to lamellar phosphates (see the NMR data
presented above). Indeed, basal planes in lamellar
phosphates carry negatively charged phosphate groups
[1], and their mating is excluded for electrostatic rea-
sons. At the same time, lateral sides containing coordi-
natively unsaturated zirconium cations nonshielded by
phosphate groups can participatein the primary particle
mating. The mutual superposition of particles occurs
only latein the hydrothermal treatment, when the three-
dimensional structure of crystalline particles is rear-
ranged into the framework structure of zirconium phos-
phates (see below).

The considered crystallization mechanism charac-
teristic of neutral solutions suggests that the surface of
cubic ammonium zirconium phosphate particles is
largely composed of coordinatively unsaturated basal
planes and, consequently, is dominated by phosphate
groups. Indeed, this suggestion is supported by IR
spectra of surface groups (see below).

Although the hydrothermal treatment of sols at
pH 57 gives no crystalline phases detectable by XRD,
the electron microscopy study of X-ray amorphous
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samples revealed needle-shaped crystalline particles
with the morphology typical of the rhombohedral phase
of ammonium zirconium phosphate [18, 19, 22]. This
suggests a nonuniformity in the properties of sol parti-
cles due to the spatially nonuniform distribution of
components both during the reactant interaction and in
the resultant sol (gel), which istypical of the coprecip-
itation method. Asaresult, some sol particles may have
surface characteristics similar to those for the MA
products, which enables their oriented mating.

According to the EXAFS data [21], during the
hydrothermal treatment of solsin acidic mediaup to the
closing stage, the Zr-O, Zr—Zr, and Zr—P distances
remain virtually constant (R ~ 2.06, 2.8, and 3.6 A,
respectively), as well as their corresponding coordina-
tion numbers. According to the data of MNR and IR
spectroscopy, the characteristics of phosphate groups
also remain unchanged. Thus, the crystallization of sols
in acidic mediais not accompanied by changesin their
structure characteristics, specifically in coordination
spheres of zirconium and phosphorus, which is consis-
tent with the dissolution/precipitation mechanism. By
contrast, during the hydrothermal treatment of MA
products in neutral media, the zirconium-oxygen and
zirconium—phosphorus coordination numbers mono-
tonically increase, which is consistent with the model
of oriented mating of primary particles [20, 22]. More-
over, a progressive change in characteristics of phos-
phate groups evident from *!P NMR spectra (Fig. 4a) is
indicative of an increase in the number of their coordi-
nated multicharged (mostly zirconium) cations. Judg-
ing from EXAFS data, upon the hydrothermal treat-
ment, the number of phosphate groups coordinated to a
zirconium cation approaches six, which, at the given
stoichiometry, suggests that each phosphate group in
the bulk is coordinated to four zirconium cations.

Additional valuable information on the rearrange-
ment of the atomic structure of primary particlesduring
the crystallization of cubic zirconium phosphate from
neutral solutions of MA products was obtained using
NMR on aluminum nuclei (Fig. 4b). Data suggest that,
inthe MA product, aluminum cationsarein at least two
coordination environments—tetrahedral (the signal at
+46 ppm) and distorted octahedral (—10 ppm)—similar
to those for phosphated aluminum oxide [27]. As noted
above, in nuclel produced by the MA method, phos-
phated aluminum cations are most likely to be located
in the outer sphere of fragments with the structure of
lamellar zirconium phosphates. During the hydrother-
mal treatment, the signal from the tetracoordinated alu-
minum cation first accumulates slightly, which can be
assigned to a stronger interaction between aluminum
and phosphate groups giving rise to the local structure
of auminum phosphates [27] and then, later in the
hydrothermal treatment, the signal from the tetrahedral
cation disappears, and the signal at a stronger field
shiftsto 20 ppm. This points to an increase in the coor-
dination number of the substituent cation probably due
toitsintroducing into the structure of cubic framework
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Fig. 4. Evolution of (a) 3P and (b) 2’Al MAS NMR spectra of the aluminum-containing MA product during its treatment.

phosphate at the zirconium position or most likely at
the position with a coordination number of ninein oxy-
gen usualy occupied by akali or akaline-earth cat-
ions.

1.3. The Influence of the Chemical Composition
of the System and the Nature of Initial Salts
on the Crystallization Process during the
Hydrothermal Treatment and on the Nature
and Sability of Resultant Phases

Theschemes 1 and 2 illustrate the dependence of the
nature of phases formed by the hydrothermal treatment
of MA products and sols on their chemical composi-
tion, the nature of initial substances, and the synthesis
conditions.

The influence of the nature of the initial zirco-
nium compound. With zirconyl chloride as an initial
substance, the samples obtained by HTT at pH 7 fol-
lowed by annealing at 400°C contain much less
admixed orthorhombic phase and zirconium pyrophos-
phate then the samples obtained under the same condi-
tionsfrom zirconyl nitrate. Thisfinding is explained by

theinfluence of the crystal matrix of the MA solid prod-
uct (ammonium salts) on the structure of new nuclel.
For example, the cubic structure of ammonium chloride
favors the formation of cubic ammonium zirconium
phosphates, whereas the orthorhombic structure of
ammonium nitrate favors the formation of orthorhom-
bic zirconium orthophosphate. A decrease in the zirco-
nium pyrophosphate content of annealed samples is
explained by the known inhibiting effect of chloride
anions on the formation of condensed phosphates [35].

Theaddition of polyethylene oxideto MA product
agueous suspensions subjected to the hydrothermal
treatment at neutral pH favors the formation of a cubic
phase.

The addition of lanthanum and aluminum
nitrates and ammonium fluoride to initial compo-
nents exerts the same effect. The influence of lantha-
num cations, taking into consideration their large size,
can be assigned to their tendency to occupy positions
with high coordination numbers present in the structure
of cubic zirconium phosphate. However, similar influ-
ence of aluminum cations suggests that triple-charge
cations can stabilize the cubic phase due to effects of
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Scheme 1. The main types of phases obtainable by the hydrothermal treatment of MA products under different conditions.
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Scheme 2. Main types of phases obtainable by the hydrothermal treatment of solsin different conditions.

charge disordering of the system with these cations at
zirconium positions. The charge balance in the lattice
can be attained due to large hydroxonium cations addi-
tionally introduced into the lattice. The influence of flu-
oride anions can also be explained by the charge disor-
dering but in the anionic sublattice.

The introduction of manganese and cobalt into
zirconium phosphates produces the monoclinic dis-
tortion of their structure, most pronounced in samples
annealed at a high (800—-900°C) temperature favorable
to the removal of residual water. According to EXAFS
data, cobalt cations occupy positions with a low coor-
dination number in oxygen (the cobalt—oxygen coordi-
nation number is~4). The presence of atriplet (~15000,
17000, and 19000 cm™) in diffuse-reflectance elec-
tronic spectra, which is assigned to electronic transi-
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tions of Co?* in a coordination of the tetrahedral type,
agreeswith the EXAFS data. This suggeststhat thedis-
tortion of the structure of framework zirconium phos-
phates due to the presence of cobalt isdetermined by its
tendency to occupy positions with a low coordination
number in oxygen. The structure distortion in manga-
nese-containing samples is probably due to the same
reason.

The influence of the nature of ammonium phos-
phates. On the hydrothermal treatment in acidic media,
the MA products based on triammonium phosphate
yield rhombohedral ammonium zirconium phosphate.
The crystallization evidently occurs by the dissolu-
tion/precipitation mechanism.

The most interest finding is seemingly the fact that
the hydrothermal treatment of MA products based on



396

the dihydrophosphate without admixed lanthanum is
not accompanied by crystallization. At the same time,
sol samples obtained from ammonium hydrophos-
phates are readily dissolved in acidic media(pH 1-3) to
yield rhombohedral-framework phosphate or, in the
presence of lanthanum, a-ZrPO,OH. Thus, the absence
of dissolution cannot be attributed solely to the nuclei
composition. Note that, unlike the case with triammo-
nium phosphate (see above), these nuclei differ in the
structure from framework phosphates because of their
stronger interaction with phosphate groups during the
MA process. We believe that the use of ammonium
hydrophosphates favors the preferred concentration of
phosphate groups on the surface of crystalline nuclei
arising in the solid salt (ammonium chloride or nitrate)
matrix. This can be due to the binding of ammonium
cations, which stabilize the structure of framework
phosphates, in the solid sat (ammonium chlo-
ride/nitrate) matrix and the occupation of their sitesin
the lattice of nuclei by protons (hydroxonium cations).
Theresult isthe formation of anegatively charged layer
on the particle surface, which prevents zirconium cat-
ions from passing into the acidic solution. In this con-
text, the formation of crystalline phasesfrom MA prod-
ucts also obtained from hydrophosphates but with
admixed lanthanum is reasonably explained by an
increased concentration of cations stabilizing thelattice
of framework phosphates and, consequently, by a
change in the negative surface charge for positive
required for dissolution. In this case, judging from
MNR spectra on phosphorus nuclei, bulk structure
characteristics of crystalline nuclei with and without
admixed lanthanum were virtually the same.

The morphology and the nature of phases pro-
duced by HTT in acidic media. The nature of crystal-
line phases produced by the hydrothermal treatment of
solsor MA products depends on the cationic composi-
tion of the systems. Lanthanum, when present, favors
the formation of the cubic phase or a phase of the
a-ZrPO,OH type; thisis explained by the fact that lan-
thanum tendsto occupy positionswith higher coordina-
tion numbers in oxygen, which are present in these
structures.

The morphology of particles of rhombohedral
ammonium zirconium phosphate was found to be
strongly dependent on the method of preparing the ini-
tial X-ray amorphous system to be exposed to HTT in
an acidic medium. The hydrothermal treatment of sols
results in step-shaped crystalline particles arising by
the ariented mating of thin rectangular lamellasaslarge
as 500 A with a well-developed prismatic face. Sam-
ples obtained by HTT of MA products largely com-
posed of thicker lamellar particles typically 2000 A in
size with most-developed basal, prismatic, and rhom-
bohedral faces. These seemingly unexpected findings
from the standpoint of crystallization by the dissolu-
tion/precipitation mechanism can be explained as fol-
lows. It should be taken into consideration that a new
crystalline phase can arise by the heterogeneous nucle-
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ation mechanism instead of the formation of critical
nuclei, which is highly probable for sparingly soluble
substances like zirconium phosphates. During the long-
term HTT, sol or MA product particles with a higher
degree of crystallinity and hence remaining unsolved
can serve as nucleation centers in the formation of
framework zirconium phosphates. In this case, it
should be expected that the structure of nuclei and, con-
sequently, the morphology of crystaline particles
growing on them would depend on the history of the
product subjected to HTT.

The thermal stability of framework zirconium
phosphates. The stability of framework zirconium
phosphates depends to a large measure on the presence
of substituent ionsin their structure. However, it should
be noted that the cubic phase stabilized by ammonium
cations and water holdsits structure even upon calcina
tion at 800-900°C accompanied by the removal of
ammonia and water [18]. A plausible explanation is
that zirconium cations occupy positions left by substit-
uent cations thus stabilizing the structure. At the same
time, even with stabilizing cations, amorphous phases
obtained by the sol-gel method followed by the hydro-
thermal treatment under conditions precluding crystal-
lization remain amorphous upon the calcination at
900—-1000°C. Hence, to obtain stable phases with a cer-
tain structure and reproducible properties, they should
be formed in soft conditions.

Porous structure. For samples with a specific surface
arearanging from 40 to 200 n?/g (see the table), the totdl
pore volume was in the range 0.1-0.5 cm?®/g, and the aver-
age pore diameter was in the range 40-260 A [21]. Thus,
dispersed framework zirconium phosphates synthe-
sized by the hydrothermal treatment in the presence of
polyethylene oxide are mesoporous systems, which is
of particular importance for the long-chain hydrocar-
bon conversion.

2. ACID PROPERTIES OF SURFACE SITES
OF FRAMEWORK ZIRCONIUM PHOSPHATES
AND THEIR CONTROL VIA THE
HETEROVALENT SUBSTITUTION
IN THE LATTICE

It was found [18, 21, 24, 25] that surface groups of
framework zirconium phosphates are largely repre-
sented by weakly acidic P-OH groups (the IR band at
3670 cm™), which experience disturbances by the low-
temperature adsorption of CO. Samples synthesized
using the MA method are characterized by ahigher sur-
face density of these groups probably due to the more
devel oped close-packed basal faces (see above). Rather
strong Bronsted acid sites were aso found, which are
represented by Zr—-OH groups (the IR band at 3740 cn?).
Lewis acid sites represented by coordinatively unsatur-
ated Zr#* cations were identified as complexes with CO
at 77 K (the IR band at 2180-2200 cm™2). The total sur-
face concentration of all acid sites does not exceed 10%
of the monolayer capacity, which allows their assign-
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Methods of synthesis, phase compositions, and acid properties of the surface of framework zirconium phosphate samples

. o HTT condi- | SPecific Intensity Zr*, Phase composition
Sample* Initial substances tions, pH/T,°C wrf?ncggr &a, Ofozfrt_thRannS_ 9 um[ol CC])/m2 (XRD daFa)***
MA-2 LaN + ZrCl + N3P 7/200 60 - 0.27 cub + rhomb
K-6 0.3%Pt + 10%W/MA-2 - 50 - - cub + rhomb
MA-3 LaN + N3P+ ZrN 7/200 67 20 0.24 cub + rhomb
MA-5 ZrCl + N3P 7/200 40 - 0.13 cub + rhomb
MA-6 ZrCl + N3P+ F 7/200 19 - - cub + rhomb + lamel
K-17 0.3%Pt/MA-6 - 19 - -
MA-7 ZrCl + N3P +B 6/200 56 - - cub + rhomb (trace)
K-18 0.3%Pt/MA-7 - 50 - - -
SG-1 LaN + ZrN + N2P 5/200 166 50 0.63 amorph
SG-6 ZrN + N2P 6/200 130 35 0.92 amorph + cub (trace)
SG-7 ZrN + N2P 1/200 28 - 1.3 rhbdr
SG-8 ZrN + N2P 3/200 114 25 1.18 amorph + rhbdr
SG-20 ZrBu 7/200 180 45 0.37 amorph
SiSG-21 |ZrBu+ TES 7/200 187 160 0.37 amorph
K-19 0.3%Pt/SISG-21 - 180 66 0.27 amorph
SiSG-25 |ZrBu+ TES 7/100 158 71 114 amorph
SiSG-26 |ZrBu+ TES 7/200 165 76 0.97 amorph
K-26 0.3%Pt/SiSG-26 - 145 43 0.49 amorph
SiSG-30 |ZrBu+ TES+B 7/100 225 89 0.89 amorph
K-27 0.3%Pt/SISG-30 - 193 - - amorph
SiSG-31 |ZrBu+TES+F 7/100 29 — 0.79 lamel
K-28 0.3%Pt/SISG-31 - 29 - - lamel

* Obtained by mechanochemical activation (the MA type), by the sol-gel method (the SG type), and by supporting noble metals onto

MA.- or SG-type samples (the K type).

** | f(NOg)3 - 6H,0 = LaN, ZrOCl, - 8H,0 = ZrCl, ZrO(NOg), - 8H,0 = ZrN, (NH,)3PO, - 3H,0 = N3P, (NH,),HPO, = N2P,
NH4F - HF = F, H3BO3 = B, ZrBu is zirconium butoxide, and TES is the tetraethyl orthosilicate.
*** Phases are abbreviated as follows: cub, cubic; rhomb, orthorhombic; rhbdr, rhombohedral; lamel, lamellar; and amorph, amorphous.

ment to surface defects. For all samples synthesized
from inorganic substances by HTT in the presence of
polyethylene oxide, the surface density of acid sitesis
much the same and higher than that for samples
obtained by the MA method and those containing lan-
thanum (see the table).

It was found that the strongest L ewis acid sitesion-
ize hexamethylbenzene molecules to yield radical cat-
ions detectable by ESR [21] but are inactive to more
electronegative molecules, such as benzene and tolu-
ene. According to [26], these results indicate that the
Lewis acid sites at the surface of framework zirconium
phosphates are stronger than respective sites of y-Al,O;
but weaker than those of sulfated aluminum oxide,
HZSM-5, and zirconium dioxide.

The use of the TEMPON nitroxyl radical as aprobe
for strongest Lewis acid sites showed that, for samples
obtained by the MA method, the proportion of these
sitesis greater than for samples obtained by the sol—gel
method [24].
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The influence of admixed ions in the structure of
framework zirconium phosphates on the surface con-
centration of acid sites was studied in detail using
organic precursors (see the table), because the con-
trolled hydrolysis of these precursors enables the mix-
ing of components at the atomic level. The introduction
of silicon into the structure of framework phosphatesin
place of phosphorus increases the concentration of
Bronsted acid sites (see the table), which can be
explained in terms of a mechanism similar to that for
the formation of acid sitesin zeolites. The introduction
of boron increases the Bronsted and Lewis acid site
concentrations. With admixed fluorine, the density of
Brgnsted acid sites increases, and the density of Lewis
acid sites decreases. The shielding effect of platinum and
tungsten is indicative of their preferred binding with acid
surface sites during the coating process [23, 25].

3. CATALYTIC PROPERTIES

In pulse-mode experiments, samples of framework
crystalline phosphates without surface promoters, such
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as tungsten and platinum, exhibit rather high activity
and selectivity in the pentane and hexane isomerization
reactionsin the temperature range 450-550°C (the con-
version is as high as 40-50%, and the selectivity with
respect to isomers is 50-100%) [19, 24]. The initia
activity correlates with the surface concentration of
strongest Lewis acid sites. However, at steady-state
conditions, these sites are deactivated due to the carbide
formation; the result isalow activity in the temperature
range 200—400°C, which is of practical interest.

The introduction of silicon into framework zirco-
nium phosphates, as well as the modifying of their sur-
face with tungsten and platinum, increases the steady-
state conversion (to 3040%) in the temperature range
250-350°C with retention of a high (about 80%) selec-
tivity with respect to isomers[23, 25].

Framework phosphates with supported platinum
metals promoted by transition metal oxides exhibit
high activity and selectivity in the reaction of methane
selective oxidation by oxygen into synthesis gas at
short contact times [17]. They aso show promise for
the oxidative dehydrogenation of propane into propy-
lene at short contact times [36].
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