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Abstract—The formation of the phase composition, dispersion, pore structure, and surface state of binary zir-
conium-contai ning systems was examined depending on the nature and concentration of the second component,
preparation conditions and procedures, and thermal treatment conditions. Various types of interactions were
found, which are governed by the nature of the second component and the treatment temperature. The effects
of surfactants on the physicochemical properties of precipitates depend on the conditions of synthesis: the sur-
factant amount retained by a precipitate at pH 34 is greater than that at pH 9 by an order of magnitude. The
thermolysis of samples synthesized at acidic pH, along with dehydration and dehydroxylation, is accompanied
by the decomposition and degradation of surfactants. Because of this, certain compounds and their fragments
capable of reducing corresponding phases are removed stepwise. Highly dispersed compositions were obtained
at 110-400°C with aminimum particle size of 2.5-16 nm; at 700°C, the particle size was no higher than 20 nm.
The ratio between the ionic radii of added and main components is a factor determining the dispersion of
formed phases. In this case, changes in the nature of surfactants and in the conditions of a particular synthesis
make it possible to prepare highly dispersed systems with monomesoporous structures. The total volume and

the average diameter of pores can be controlled over wide limits.

INTRODUCTION

Zirconium-containing oxide systems are widely
used in catalysis, ceramics, and refractories industry
and as solid electrolytes. According to Burch [1], zirco-
nium-containing catalysts are used in the dehydration,
isomerization, alkylation, selective oxidation, and
full oxidation of hydrocarbons; polymerization; oxy-
chlorination; steam reforming; Fischer—Tropsch syn-
thesis; etc.

This widespread use of zirconium-containing oxide
systems results from the diversity and structure pecu-
liarities of ZrO, modifications. Individual ZrO, occurs
as the following modifications [2]: amorphous, |ow-
temperature tetragonal, low-temperature cubic, mono-
clinic, high-temperature tetragonal, and high-tempera-
ture cubic. The first three modifications are metastable
phases, and they are readily converted into monoclinic
ZrO,, which is characterized by a stable structureand a
low specific surface area. Thus, in particular, hydroxide
samples calcined at 700°C consisted of monoclinic
ZrO,, whose specific surface area varied within the
range 10-30 m?/g [3]. Therefore, various studies of zir-
conium-containing systems are primarily oriented to
(2) the stabilization of low-temperature ZrO, modifica-
tions (cubic and tetragonal) and (2) the possibility of
preparing ZrO,-based compounds with the perovskite
(M(11HZrO;) and pyrochlore (M(l11)),Zr,0,) structures.

According to published data [4-10], the low-tem-
perature cubic ZrO, modification, which is character-
ized by higher dispersion compared with the mono-
clinic modification, is stabilized by the addition of

either cations (Mg**, Ca*, Y3, Sc**, etc.) or anions
(SOF, and POS"). In particular, many studies (see, for
example, thereviews[9, 10]) were devoted to the phys-
icochemical and catalytic properties of sulfated ZrO,,
which exhibits unigue acid properties. Thus, most
attention was focused on the stabilization of ZrO, with
various cations. In this case, the statement by Naumov
et al. [11] that the stability of cubic ZrO, is possible
only in the presence of the anionic vacancies ZrO,
was taken into consideration.

Notethat interest in the production and use of highly
dispersed systems and nanocrystaline materias,
among them ZrO,-based materials, has quickened in
the past few years. A procedure for controlling the dis-
persion of binary oxide systems may consist in chang-
ing the ratio between the ionic radii of added and main
cations [12]. Another feasible procedure for changing
the particle size of hydroxide and oxide systems can be
the sol—gel synthesis, which makes it possible to vary
broadly precipitation conditions[13, 14].

A cyclic tetramer is the main Zr(IV) speciesin an
aqueous solution; it undergoes hydrolysis according to
the reaction [15]

[Zr,(OH)g(H,0),6]** + 4H,0 —»
— [Zr,(OH),,(H,0),,]* + H;0".

Polynuclear hydroxo complexes and colloid particles
of ahydroxide phase are formed as aresult of this pro-
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cess. Thus, Baes and Mesmer [16] noted that stepwise
complexation and the formation of complexes of the
composition [Zr(OH),]*~" takes place at low Zr(1V)
concentrations. More recently [17], the following
regions of preference were determined for complexes
of specific compositions:

0<pH <20 [Zr(OH)]®*, 4.6<pH<6.3 Zr(OH),;

2.0<pH<34 [Zr(OH),]%, 6.3<pH<8.1 [Zr(OH)s];

34<pH<4.6 [Zr(OH)g*, 8.1<pH [Zr(OH)s]*.
Consequently, the properties of precipitates, in particu-
lar, the particle size, depend on pH at which the precip-
itation of components was completed.

The dispersion of oxide systems synthesized by the
sol—gel method can also be controlled by the addition
of surfactants [18]. Thisis possible because, as arule,
the presence of surfactants decreases the surface ten-
sion of anintermicellar liquid and affects the size, mor-
phology, and the spatial orientation of resulting crys-
tals.

Onthisbasis, the binary oxide sysems M—Zr-O (M =
Ca, Sr,Ba, Y, Fe, La, Sm, Yb, and Ce) differring in their
preparation conditions and procedures, aswell asin the
nature of present surfactants, were chosen as test mate-
rials.

The limits of pH at which the system components
can be coprecipitated should be determined before the
synthesis of the M—Zr-O systems. For example, in
accordance with the titration curves of 0.5 mol/l solu-
tions of zirconyl, calcium, iron, and samarium nitrates,
which were given in [19], the precipitation of iron and
zirconium hydroxides begins at somewhat different pH
values of 1.5 and 2.0, respectively. The precipitation of
zirconium, samarium, and calcium hydroxides begins
at considerably different pH values (2.0, 7.0, and 11.5,
respectively). Consequently, the degree of sample
homogeneity can be lower in this case. On the other
hand, analysis of thetitration curves provides an oppor-
tunity to choose a pH value at which the maximum
completeness of precipitation and the homogeneity of
synthesized precipitates are achieved.

Formation of zirconium-containing oxide sys-
tems prepared by precipitation a constant pH.
It was found [13, 20-28] that the introduction of
<25 mol % MO, into ZrO, followed by thermal treat-
ment at 400-1000°C causes a loss of oxygen as a
result of the isomorphous replacement of Zr** with
M?2+G+, The coordination numbers of introduced cat-
ions are changed, and the highly symmetrical and

highly dispersed solid solutions (Zrl_XM§+)02_x

and (Zr,_,M{")O, ,, are formed on the basis of
cubic zirconium dioxide. Taking into account the struc-
ture peculiarities of fluorite (cubic ZrO, crystallizes as
this structure), in the treatment of these structures, it is
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common practice to consider a disordered distribution
of polyhedrons typical of particular cations because of
an irregularity of oxygen vacancies rather than a disor-
der in the population of cations. It is believed that the
statistically disordered distribution of polyhedrons in
the structure stabilizes ZrO, in a more symmetrical
strained form. The unit-cell parameters of the above
solid solution depend on the nature and concentration
of introduced components and, to a smaller extent, on
the treatment temperature.

In the M—Zr-O (M = Ca, Sr, and Ba) systems, the
above parameters could not be determined for the
majority of compositions because a mixture of tetrago-
nal and monoclinic ZrO, isformed at the concentration
[MQO] < 10 mol % and a mixture of cubic and mono-
clinic ZrO, isformed at 10 < [MQ] < 25 mol %. Con-
sequently, the determination of the a parameter would
be incorrect because of the overlapping peaks of the
above phases in X-ray diffraction patterns. In the
M-Zr-O (M =Y, La, Sm, andY b) systems, the unit-cell
parameter of a solid solution obtained at 700°C
increases from 5.144 to 5.190 A in the order Y —»
Sm — Lain accordance with the ionic radii.

After the introduction of ~33-35 maol % MO,
into ZrO,, new phases are formed in addition to the
above solid solution based on cubic ZrO,: excessive
M, O,, asolid solution on itsbasis, or acompound with
the pyrochlore structure. This is illustrated by the fol-
lowing reaction scheme:

Yb-zr-0 =% (zr,_ . Yb)O,_ . oy, =1.00A;
Y-Zr-0 %€ (Zr, Y )0,z + Y05,

ry =106 A;
Sm-Zr-0 0 (zr,_ . Sm)O,_ o + (SM,Zr),05,

re =1.13A;

800-1000°C
—_—

La—Zr—O0 "~ Amorphous phase La,Zr,0,,

rt =122A.

The following two factors are responsible for the
presence of a second phase in anumber of samples: the
restricted solubility of the added component in a ZrO,
matrix (the amount of an excessive phase increases
with the ionic radius of the introduced cation) and the
incompleteness of reaction between components (this
reaction can be enhanced by increasing the treatment
temperature) [29, 30]. A compound with the pyrochlore
structureisformed only inthe La—Zr—O system. Thisis

due to the fulfillment of the condition ri5/rz > 1.2,

which is necessary for the stability of the pyrochlore
structure [31].



356
Ssp7 mZ/g
@) 250
A13+
1
(b)
A13+
S~ o
|
()
A13+
Q |
-0.2

Fig. 1. Specific surface areas of M—Zr—O samples contain-
ing 10 mol % M0, calcined at (a) 400, (b) 700, and
(c) 1000°C as functions of the difference between theionic
radii of added (M) and base (Zr) components.

After the introduction of ~50 mol % MO, into
Zr0O,, the phase composition in M,0;-ZrO, remains
amost the same as that at [M,O,,] =33 mol %; aLa,0O;
phase appears only in the La—Zr-O system. Perovskite
is formed in the MO-ZrO, systems [32]. This forma-
tion consists in the ordering of a metastable phase
based on cubic ZrO, with the ratio M?*/Zr*+ ~ 1 in the
range 350-800°C followed by its transformation and

decomposition to (Zr,_,M2")O,_, and M>*ZrO, at
805-810°C:
550°C

Ca—Zr-O —= (Zr,Ca)0,

B0 (zr,_,Ca)0,_, + CaZrOs.

IVANOVA

The Ce-Zr—-O system holds a particular position:
because the ionic radii of cerium and zirconium are
similar and the oxide structures are isomorphous over a
wide concentration range, a mixture of solid solutions
based on cubic zirconium and cerium dioxides is
formed [13], namely:

Ce0,(10-90 mol %) + ZrO,

A0I0C (Zr,_,Ce)0, + (Ce,_,Z1,)Os.

A special feature of the above zirconium-containing
binary systemsistheir high dispersion because the par-
ticle size of the corresponding phasesis no higher than
30-50 nm even in the temperature range 700-1000°C,
whereasthe particle size of individual ZrO, ishigher by
an order of magnitude.

Accordingly, the specific surface areas of binary
samples containing 10 mol % M,O,, and calcined at
400°C was higher than the surface area of pure ZrO, in
all cases (Fig. 1a). The greater the difference between
the ionic radii of added and main components, the
higher the surface area of binary samples. That is, the
condition observed for auminum-containing binary
systems [12] is also fulfilled for zirconium-containing
binary systems. The character of the dependence
remained unchanged as the treatment temperature was
increased (Figs. 1b and 1c); only the absolute value of
the specific surface area decreased.

Formation of zirconium-containing oxide sys-
tems prepared by precipitation at variable pH. It
iswell known [33, 34] that, on the addition of abaseto
salt solutions, hydrolysis and polycondensation reac-
tions occur to form polynuclear hydroxo complexes,
which, in turn, affect the properties of the resulting pre-
cipitates. According to Fedotov et al. [33, 35], on the
addition of a base to concentrated (=0.1 mol/l) solu-
tions of Al**, F&**, and Cr3* sdlts or their mixtures, the
above reactions occur by the scheme M3* —
[MOHJ** —> [My(OH),]*" —= [M(OH), ]~ —»
M, —= precipitate, where M, is a polynuclear hydroxo
complex (p>2) and M isacolloid particle (coordinated
H,O molecules are omitted in the above scheme).

The concentration of mononuclear species (M3 +
[MOH]?*) in solutions with paramagnetic ions (Fe'*,
Cr*) can be evaluated by the 2D NMR line width of
water. The contribution to the line width from polynu-
clear paramagnetic species is small because of a
decrease in the effective magnetic moment of ions
because of the spin—spin interaction. The formation of
colloid particles causes adramatic linewidening in “N
and »Cl NMR spectra. This fact makes it possible to
detect the M, particles in solution.

It wasfound in 2D and *N NMR studies of zirconyl
nitrate sol utions with the addition of abase[36] that sol
particles insignificantly contribute to the line widths of
water and NOj; in the spectra of the above nuclei.
Therefore, a more sensitive indicator of the formation
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of colloid particles—chloride ions—was added to the
solution. These ions made it possible to reliably deter-
mine the value x([OH]/[Zr]) at which colloid particles
appear. They were detected in a solution of individual
zirconyl nitrate at x = 2.50 [36], whereas the formation
of colloid particles in mixed zirconium-containing
solutions depends on the nature and concentration of
the other component. Thus, the changes observed in
iron—zirconium nitric acid solutions depend on theratio
between the components y([Fe**]/[Zr*]). It was found
that an increase in y from 0.02 to 0.60 leads to an
increasein the rate of hydrolysisand polycondensation,
as evidenced by the values of x, which decreased from
2.20to 1.38, respectively.

Another behavior was observed in yttrium—zirco-
nium and lanthanum-—zirconium solutions on the addi-
tion of abase. Thisis due to the fact that the pH values
for the precipitation of added components are much
higher than that for zirconium: yttrium and lanthanum
are precipitated at pH = 6.95 [37] and pH = 8.35 [3§],
respectively. Therefore, zirconium and yttrium (lantha-
num) ions are hydrolyzed separately, and the formation
of colloid particlesis observed at high pH values.

The formation of the phase composition in the
M-Zr—O binary systems (M = Fe, Y, or La) precipitated
at final pH 9 takes place in the same manner [36] asin
the samples prepared at constant pH [13, 28]. Over the
range 110-400°C, the compositions under consider-
ation are mainly amorphous to X-rays. Only in the
Fe-Zr-O samples with y =0.60, an a-Fe,0; phase is
formed starting from 110°C. It islikely that the crystal-
lization of hematite at this|ow temperature depends on
the temperature of aging (~100°C). Lukachina et al.
[37] reported on a possible effect of this factor. An
increasein the temperature to 700°C facilitates crystal-
lizationin all samplesof asolid solution based on cubic
ZrO,. Its unit-cell parameters increase on the replace-
ment of the second component in the order Fe —
Y — La, al other factors being the same; thisis also
consistent with the ionic radii. Only in the Y-Zr-O
sampleswith y =0.60, an Y,0O; phase was not detected,
which was observed in the sampl es prepared at constant
pH [28]. It islikely that the Y,0; phaseis present in a
highly dispersed state, which is not detected by X-ray
diffraction analysis, or the synthesis procedure in use
increases the degree of Y3+ incorporation into ZrO,.

The Fe-Zr—O samples with y = 0.12 different in the
treatment temperatures were studied by electron
microscopy [39]. The structures of these samples were
found to be almost identical (Fig. 2): the particleswere
dense aggregates ~100 nm in size with a disordered
polycrystalline structure that consists of chaotically
disoriented primary crystallites of sizes no greater than
1-1.5 nm. Inthis case, crystallite lattice planes with an
interplanar spacing of about 0.3 nm, which corresponds
to the interplanar spacing d,; of the cubic structure of
ZrO,, can be observed. The crystallites exhibit micro-
distortions, which manifest themselvesin warped (111)
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planes. Thus, it may be concluded that even at
110—400°C the fragments of a cubic ZrO, phase occur in
the structure of the sample despite of a strong disorder.

Phase transitions are changed on going to composi-
tions prepared at acidic pH. Thisisreflected in the fact
that, first, a solid solution based on cubic ZrO, is
formed even at 400°C [36] and, second, its unit-cell
parameter is greater than that in samples prepared at
pH 9. The reason is that the fraction of low-molecular
Species containing an amount of anions [39, 40] suffi-
cient for the stabilization of a cubic ZrO, modification
increases in the region of low pH values.

The crystallite size found by X-ray diffraction anal-
ysisin samplescalcined at 700°C varied within thelim-
its 3.5-16.0 nm for the phase of a solid solution based
on cubic ZrO, and 2047 nm for a-Fe,O;. Thehigh dis-
persion of the samples was also supported by adsorp-
tion data.

The specific surface areas of binary samples pre-
pared at final pH 9 and dried at 110°C decreased from
500 (+20) to 350, 200, or 150 (£50) m*/g with an
increase in the fraction of the second component in
iron—, yttrium—, or lanthanum-zirconia samples,
respectively (Fig. 3a). In particular, the surface area of
Fe—Zr—O samples prepared at pH < 7 islower than that
for pH 9. Thisis due to the presence of nitrates [36], in
the presence of which the specific surface areas of the
majority of hydroxide systems decrease [41].

Anincrease in the temperature of sample treatment
resulted in a decrease in the specific surface area
(Figs. 3b and 3c). In this case, the character of the
dependence of the specific surface area on the fraction
of the second component was retained in the samples
synthesized at pH 9. In the Fe-Zr—O samples prepared
at pH < 7, the specific surface area increased with y
(Fig. 3b) and reached a value typica of the samples
synthesized at pH 9.

Effects of surfactants on the formation of the
phase composition, dispersion, and pore structure.
These effects were considered using the Fe—Zr-O sys-
tem with y = 0.12 as an example. The solutions of glyc-
erol, polyvinyl alcohol (PVA), carboxymethyl cellulose
(CMC), sodium ethylenediaminetetraacetate (EDTA),
and sodium stearate were used as surfactants.

It was found [42] that the presence of surfactants
inhibits the formation of colloid particles. Depending
on the nature of surfactants, the following order was
observed:

Surfactant: 0
X: 177

< PVA < Glycerol < CMC
1.80 2.04 2.27

It is likely that added surfactants participate in the
hydrolysis of iron and zirconyl nitrates. This was sup-
ported by the fact that glycerol in an aqueous solution
was readily detected by *C NMR signals, whereas it
was hot detected in iron—zirconium solutions. Taking
into account that, according to [15], the hydrolysis of
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Fig. 2. Electron micrographs of Fe—Zr—O samples calcined at (a) 400 and (b) 700°C. Arrowsindicate clusterswith disordered struc-

tures.

zirconium-containing solutions is accompanied by the
release of protons, we may believe that protons are
associated with the added surfactants to inhibit the
hydrolysis.

The mechanism of action of surfactants on the phys-
icochemical properties of precipitates depends on the
synthetic conditions. According to the mass-spectro-
metric studies of thermal desorption (Fig. 4), the inten-
sities of all peaksin the mass spectrum of asample pre-
pared at pH 3 are higher than the peak intensitiesin the
spectrum of a sample prepared at pH 9 by one or two
orders of magnitude. Hence, it follows that a surfactant
was fixed in the sample with low pH, whereas only sur-
factant traces were present in the sample with high pH.
This is due to the fact that, as demonstrated above, the

state of components and the behavior of surfactants, in
particular, EDTA, in solution depend on pH values.

Thedisodium sdt of EDTA insolution may exist inthe
form of various anionic species [43], the presence of
which depends on pH of the solution. Thus, at pH 2-3,
carboxy! groups at which hydrogen (sodium) ions are
most labile undergo dissociation [43]. At pH = 5,
hydrogen atoms are detached from the betaine nitrogen
inthe structure of EDTA. At pH 9 or higher, the formed
complexes become unstable and undergo degradation.
Consequently, at pH 3, complexes with the hydroxo
complexes of both iron and zirconium can be formed.
However, according to Dyatlovaet al. [43], the interac-
tion of an anionic EDTA specieswith the hydroxo com-
plexes of iron, which are formed at the specified pH, is
preferable.
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at fina pH (1, 2) 9, (3) 7, and (4) 5 and aged for (1, 3, 4) 2 and (2) 5 h followed by the treatment at (a) 110, (b) 400, and (c) 700°C.

Thus, the thermolysis of samples prepared in the
presence of surfactants, along with the dehydration of
Fe—Zr—O compositions, is accompanied by the decom-
position and degradation of surfactants. As a result of
this, certain compounds and their fragments (CH,NH, ,
CH,, CO, NO, CH;NH,, etc. [44]) are eliminated step-
wise, and this elimination can affect the formation of
the phase composition.

It can be seen in Table 1 that the phase composition
of samples prepared at pH that corresponds to the com-
plete precipitation of the components is identical
regardless of the nature of surfactants, all other factors
being the same. The samples calcined at 400°C are
amorphousto X-rays. Only a prolongation of the aging
time facilitates the formation of a highly dispersed
state. The (Zr,_,Fe)O,_4, solid solution is formed
after the treatment of samplesin air at 700°C. The unit-
cell parameter of this solid solution is 5.074-5.079 A.
This value is somewhat lower than that of pure ZrO,;
thisfact indicates that Fe’* enters the structure of ZrO,.
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The samples prepared at acidic pH exhibited consid-
erable differences in the phase composition. First, at a
specified ratio between components (y = 0.12) in the
presence of surfactants, samples calcined at 400°C con-
tained a-Fe,O; and a solid solution based on cubic
ZrO, with aunit-cell parameter of 5.090-5.111 A. This
fact suggests that in the presence of surfactants the
crystallization of a-Fe,O, takes place. Thisis likely a
conseguence of the interaction between the hydroxo
complexes of iron and EDTA at pH 3, which prevents
the interaction with the hydroxo complexes of zirco-
nium. Second, after calcination at 700°C, the samples
contained magnetite (Fe;O,) and ZrO, in cubic and
monoclinic modifications (Table 1). The presence of
magnetite can be considered as a result of a-Fe,O;
reduction by compounds or their fragments released on
the decomposition of surfactants.

The texture characteristics of the samples also
depend on the synthetic conditions and the nature of
surfactants. The addition of 1% surfactant increased the
specific surface area of samples dried at 110°C and
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aged at room temperature for 0.5 h by afactor of ~3-4.
An increase in the temperature or in the duration of
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aging of the samplesto 100°C or 2 h, respectively, also
increased the specific surface area:

Surfactant: 0 < Glycerol <CMC <EDTA <PVA
Ssp (Trooms Ta = 0.5 h) m%/g: 80 230 270 300 330
Sep (I'=100°C, 1,=2h) m?/g: 300 480 480 500 570

Inthis case, the specific surface area of samples con-
taining PVA also increased with the duration of aging;
however, this increase was not so significant as that in
the first hours:

T,, h: 2
570

24
605

48
610

120

Sgp m?/g: 650

The surface of dried samples prepared at low pH is
formed in a different manner. The samples containing
EDTA are coarsely dispersed (S, = 0.5 m%g). The
replacement of EDTA with sodium stearate increased
the surface area; however, it was only 110-120 m?/gin
this case. Thisis due to the fact that at low pH consid-
erable amounts of low-molecular species are present

P, arb. u.
1.0 -

—o0—pH9

05 — ¢ —PH3

0 200 400 600 800

T, °C

along with hydroxide species [45]. Moreover, the sur-
factant retained by the sample up to 250-450°C (Fig. 4)
blocks the porous space, and the surface of particles
becomes inaccessible to adsorbate molecules.

An increase in the temperature to 400°C was
accompanied by a decrease in the specific surface area
to 320400 m?/g in the samples prepared at pH 9. In
this case, differences due to the nature of surfactants
almost disappeared. In the samples synthesized at pH 3,
the specific surface area insignificantly increased; it is
likely that this results from the removal of surfactants.
A subsequent increase in the temperature to 700°C was
accompanied by a decrease in the specific surface area
in al samples. However, the specific surface area of

P, arb. u.
15 —o— pH9

| —e— pH3

|
800
T, °C

(=)

200 400 600

Fig. 4. Mass-spectrometric pesk intengties observed on thermal desorption from Fe-Zr—O sampleswith EDTA added as a surfactant.

KINETICS AND CATALYSIS Vol. 42 No.3 2001



HIGHLY DISPERSED ZIRCONIUM-CONTAINING OXIDE SYSTEMS 361

2001 @ 101 (b)
= ag
2 1501 3
o 100 S
S 54
8 8
g 0 32
o ©
< <
1 1 1 1 ] ¥

0 0.2 0.4 0.6 0.8 1.0 0
) PPy
= 0.04r TE
= © £ (d
| -
" 0,03 o4
=
5 5
<
2 0.02 5
= X 2k
3 )
2 001r 2z
3 3
s \_ 2

0 N 1 Ll ..|"OO i L ol vl

1 10 100 1 10 100

Pore diameter, D, nm

Fig. 5. (a b) Nitrogen adsorption isotherms and (c, d) pore-size distribution for Fe-Zr—O sampl es prepared in the presence of EDTA
at pH (a ¢) 9and (b, d) 3.

samples prepared a pH 9 or 3 was 80-100 or 5-50 m?/g,  Figure 5a demonstrates a typical adsorption isotherm,
respectively. and Fig. 5b illustrates the pore-size distribution calcu-

The isotherms of nitrogen adsorption on samples lated from thisisotherm for asample containing EDTA.

synthesized at pH 9 and calcined at 400°C exhibited It can be seen that the sample is monomesoporous, and
identical shapes regardless of the nature of surfactants.  the average pore diameter is 3.6 nm. Changes in the

Table 1. Phase composition of iron—zirconia samples

Preparation conditions Surfactant Phase composition; unit-cell parameter
No- PHfina | T,°C| T,h | nature |amount, wt % Tosnaton, °C
400 700
1 9 100 2 |PVA 10 Amorphous (Zry_Fe)O,_,» (5.074, 75)
2 " " 24 " " Amorphous "
3 " " 120 " " Highly dispersed state "
4 9 100 2 |EDTA 1.0 Amorphous (Zry _Fe) O, _y2 (5.079, 70)
5 " " 24 " " Amorphous "
6 3 100 | 24 " " o -Fe,0O5; solid solution (5.111, 90) | Fe;0,; ZrO, (cubic)
(5.112, 125) + monoclinic
7 3 100 | 24 |Sodium 5.0 a-Fe,05; solid solution (5.096, 120) | Solid solution (5.102, 120)
Stearate

8 3.8 " 48 " " o -Fe,03; solid solution (5.090, 105) "

Note: (1) Samplesdried at 110°C are amorphous to X-rays. (2) The unit-cell parameter a and the coherent-scattering region in angstrom
units are given in parentheses.
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Fig. 6. Pore-size distribution in Fe—Zr—O samples prepared
in the presence of PVA at pH 9: (1) aging for 2 h and calci-
nation at 400°C, (2) aging for 120 h and calcination at
400°C, and (3) aging for 120 h and calcination at 700°C.

0 1 1 1 1 1 ]
-3.5 -30 -25 -2.0 -1.5 -1.0 =05
In(((MO*)/I(M™))

Fig. 7. Correlation between the reaction rate constant of
nitrogen oxide reduction with propane in the presence of
M-Zr-O catalysts and the logarithm of the ratio between
ion currents | (MOY)/I(M*) for M = (1) Ca, (2) Sr, and (3) Ba.

nature of surfactants and the aging time or an increase
in the treatment temperature only shifted the average
pore size to higher or lower values (Fig. 6).

The shape of adsorption isotherms is changed on
going to the samples prepared at low pH values in the
presence of EDTA (Fig. 5b): hysteresis is absent from
the desorption curve, and the samples exhibit abimodal
pore-size distribution.

The total pore volume calculated from the adsorp-
tion data for samples prepared at pH 9, in particular, in
the presence of PVA, increased from 0.19 to 0.35 cm®/g
with an increase in the duration of aging from 2 to 120 h.
The calcination of the sample at 700°C was accompa-

IVANOVA

nied by a decrease in the total pore volumeto 0.14 and
0.20 cm®/g, respectively.

The total pore volume of samples prepared at pH 3
and cacined a 400°C varied within the range
0.013-0.072 cm®/g. These values are lower than the
corresponding values for the samples prepared at high
pH by approximately an order of magnitude. Treatment
at 700°C has almost no effect on the pore-size distribu-
tion and the total pore volume.

Thus, the synthesis of Fe-Zr-O samples by the
addition of a base to salt solutions containing surfac-
tants to a specified pH value gives highly dispersed
compositions. The texture characteristics of Fe-Zr-O
compositions can be controlled over wide limits by
changing the preparation conditions and the nature of
surfactants; either monomesoporous or bimesoporous
systems can be formed.

The prepared zirconium-containing systems were
found to be efficient new catalysts for the reactions
given below.

The M-Zr-O systems (M = Ca, Sr, and Ba) at
MO < 25 mol % are active and selective catalysts for
the reduction of nitrogen oxide with propanein an oxi-
dizing atmosphere. The distinctive property of the pro-
posed catalysts[26, 46] isthat their activity increases as
the reaction temperature is increased above 500°C,
whereas the mgjority of known catalysts decreased
their activity under these conditions. The rate constants
of NO reduction, which were calculated by afirst-order
reaction rate equation, at 550°C depend on the nature
and concentration of MO in M—Zr-O samples. Figure 7
demonstrates the rate constant of NO reduction as a
function of the logarithm of the ratio between ion cur-
rents 1 (MOY)/I (M*), which is proportional to the disso-
ciation energy of the M—O bond in surface layers [48].
It can be seen that the rate constant linearly increases
with the bond dissociation energy in Ca—Zr—O and Sr—
Zr—0 and decreases in Ba—Zr-O. Thisis likely due to
the fact that the N—-O bond strength in intermediate sur-
face complexes depends on the surface state of the test
samples [47-50]. In particular, Kharlanov et al. [50]
found that theinsertion of Srinto ZrO, impairsthe elec-
tron-acceptor properties of the surface, whereas the
presence of Ba enhances these properties.

The Y—Zr-O compostion containing 10 mol %
Y ,0; was an appropriate carrier for nickel catalystsfor
the conversion of methane by steam [28]. Note that
there are many catalystsfor thisreaction. The proposed
catalysts are designed for performing the reaction
within afuel cell. For these catalysts, oxygen conduc-
tivity provided by the (Zr, _,Y,)0,_,,, solid-solution
carrier is one of the most important prerequisites.

It wasfound [28] that Ni/Y-Zr—O catalysts prepared
by impregnation, mixing, and precipitation of the active
component on the carrier (series 1-111) are the mixtures
of NiO and (Zr, _,Y )0, _,, phases, which do not inter-
act with one another. In the synthesis of samples by the
coprecipitation of components (series V), a portion of
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Table 2. Catalytic properties of M,,O,~ZrO, samplesin the oxidative coupling of methane
Catalytic properties**
MO |MrOmeomtent, | s meig
Treaction °C | Xcn,» % S0, % Ssc, % Yco, % Ysc,, %

Cao 48.6 70 700 6.8 40.4 9.7 2.8 0.7
CaOo* 484 100 700 9.3 52.3 6.0 49 0.6
Sm,0, 52.8 20 700 24 41.2 13.2 1.0 0.3
Yb,04 52.0 20 700 20 41.4 18.7 0.8 0.4

* The sample was precipitated with NH4HCOs.

** Xisthe conversion of CHy, Sisthe selectivity to reaction products, and Y isthe yield of products.

nickel enters (Zr, _,Y,)0,_,, to result in a change in
the unit-cell parameter and in an increase in the disper-
sion of the resulting phases. In this case, the surface
area of metallic nickel in the samples of series -1l is
1.0-1.6 m?/g Ni, whereas this value is much higher in
the samples of series|V.

The above catalysts exhibit a high activity per gram of
the catalyst. However, the sample activities per square
meter of Ni aredifferent for the samplesof series|-11 and
IV. The specific activity of the samples of series |11 var-
iesfrom 12to 22 cm?® CH, m2 Ni s atmr!, whichis con-
sistent with the specific activity of bulk nickel catalysts
[51, 52], whereasiit is lower by afactor of four to five
for the samples of series IV. The observed differences
result from the special features of the process. Accord-
ing to current concepts [52], the above reaction at
700-750°C occurs via a heterogeneous-homogeneous
mechanism and hence exhibits a deviation from the
Boreskov rule concerning the approximate constancy
of the specific activity. A similar relationship wasfound
in[53].

The M—Zr—O compositions (M = Ca, Sm, and Yb)
with approximately equimolar ratios were tested in
theoxidative coupling of methane. The MZrO; systems
(M = Ca, Sr, and Ba) and rare earth oxides were found
[54, 55] promising for this reaction.

The acid properties of the above systems were stud-
ied previoudly. At different phase compositions [32],
they are also characterized by nonadditive changes in
the acid properties [56]. Brznsted acid sites are absent
from the surface of M—Zr—O compositions calcined at
700°C; Lewisacid sites (LAS) are represented by three
types of L-sites the total concentration of which
decreases in the order given below.

System: Ca—Zr-O* < Ca—Zr-O > Sm-Zr-O > Yb—Zr-O

2[LAS]: 16.0 14.1 8.4 0.5
mmol/m?

*The sample was precipitated with NH4;HCOs;.

KINETICS AND CATALYSIS Vol. 42 No.3 2001

The main reaction products of the oxidative cou-
pling of methane at 700-850°C are C, hydrocarbons,
carbon oxides, hydrogen, and water [56]. The highest
and lowest conversions of methane were observed on
CaZr-0O and Yb—-Zr-O samples, respectively (Table 2).
However, the latter sample exhibited the highest selec-
tivity to al 3C, hydrocarbons. A maximum yield of all
2C, hydrocarbons was obtained on the Ca—Zr—O sam-
ple. Table 2 demonstrates that the activity of samples
(CH, conversion) is proportional to the specific surface
area. Thisislikely due to the fact that the test reaction
also occurs via a heterogeneous-homogeneous mecha-
nism [57, 58], and methane is activated by the interac-
tion with radical ionic oxygen species at the catalyst
surface. The selectivity to CO isalmost equal and inde-
pendent of the nature of the second component, al
other factors being the same. The selectivity to al ZC,
hydrocarbons is low, and it increases in the order
Ca—Zr-O* > Ca—Zr-O > Sm—Zr-0 >Yb-Zr-0O; that is,
acorrelation between Z[LAS] and the selectivity to all
2 C, hydrocarbons may be suggested.

The Ce—Zr—0O system is a constituent of a cata-
lyst for full oxidation of butane[25, 59]. Bulk M—Ce—
Zr—0 catalysts (M = Cr, Fe, and Co) calcined at 850°C
consist of a mixture of coarsely dispersed CeO,, cubic
ZrO,, and MO, phases. Correspondingly, the activity
of these catalysts in the full oxidation of butane a 400°C
was ~1.2 x 107 mol C,H,, m? s, In M—Ce-Zr-O sup-
ported on y-Al,O; or a-Al,O;, the dispersion of the
active component is increased, and the particle size of
the formed phases is no greater than 5 nm. Chromium-
containing samples were found to exhibit a maximum
activity equal to7 x 10”7 mol C,H,, m2 s’'. Cobalt-con-
taining samples are less active because of the formation
of CoAl,O,, which is inactive in the full oxidation of
hydrocarbons, at 850°C and of a-Al,O,;, which is
formed even on the deposition of an active component
onto y-Al,O;.

Because the active component is a complex compo-
sition, a highly active catalyst for the full oxidation of
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butane was prepared by varying the order of deposition
of the constituents. This catalyst exhibits enhanced
thermal stability and high mechanical strength.
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