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Abstract—The formation of a hydroxyl cover and acid-base sites on the surfaces of electrochemically copre-
cipitated binary aluminum and zirconium oxides is studied. It is found using IR probe spectroscopy that the
surface electron-donor and electron-acceptor properties of binary aluminum—zirconium oxide systems depend

on the synthesis conditions.
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The effect of supports on the catalytic properties of
systems is a key problem in heterogeneous catalysis.
Recent studies have demonstrated that the structure and
texture characteristics of oxide supports is of impor-
tance because they are mainly responsible for the cata-
lytic activity and physicomechanical characteristics of
catalysts. Systems based on zirconium dioxide are used
as promising heterogeneous catalysts, thermally stable
supports, and composite materials. This wide use of zir-
conium-containing supports is a result of the wide vari-
ety of available ZrO, modifications and their structure
peculiarities. The composition, texture, and crystal
structure of zirconium dioxide are sensitive to prepara-
tion conditions; this is reflected in changes in the cata-
lytic properties. Membrane technologies are of theoret-
ical and practical interest for the production of highly
efficient supports with predictable properties. Previ-
ously, the structure, electron-acceptor properties, and
hydroxyl covering of aluminum hydroxides and alumi-
num oxides synthesized in a membrane electrolyzer
were studied [1-4]. It was noted that, in the course of
hydroxide structure formation upon precipitation in an
electrochemical reactor, the effect of an electric field
made a considerable contribution. This effect was
responsible for a set of nonequilibrium electrical sur-
face phenomena, which resulted in a change in the
qualitative characteristics of a heterogeneous phase.
Polynucear species formed under real conditions were
responsible for the structure and surface characteristics
of the resulting sparingly soluble hydroxides. Experi-
mental results demonstrated that the structure and acid—
base properties of hydroxides precipitated in the anode
chamber of an electrolyzer were much different from
those of aluminum hydroxides prepared in accordance
with traditional technologies.

The aim of this work was to study the surface acid—
base properties of aluminum-zirconium oxides pre-
pared by coprecipitation in a membrane electrolyzer.

EXPERIMENTAL

The surface acid—base properties of aluminum-zir-
conium oxides were studied by IR spectroscopy. The IR
spectra were obtained on a Shimadzu 8300 Fourier
spectrophotometer with a resolution of 4 cm™ and a
number of accumulated spectra of 50. (The measure-
ments were performed at the Boreskov Institute of
Catalysis, Siberian Division, Russian Academy of Sci-
ences, Novosibirsk (head of laboratory E.A. Pauksh-
tis).) Lewis acid sites (LASs) were determined with the
use of carbon monoxide as a probe. The concentration
of LASs was determined from the integrated intensities
of corresponding absorption bands in the spectrum of
adsorbed CO using published integrated absorption
coefficients [5]. These integrated absorption coeffi-
cients depend on the position of the absorption band of
CO complexes (v(CO)) in accordance with the equa-
tion Ay = 0.13 v(CO) (2130). The site detection limit
was 0.2 umol/g. For the determination of base sites, the
spectra of a sample before and after CDCIl; adsorption
at the saturation vapor pressure of deuterochloroform
until the complete saturation of the base sites were mea-
sured in the region 2000-2300 cm™! at room tempera-
ture. The concentration of base sites was determined
from the integrated intensity of the bands v, of corre-
sponding deuterochloroform complexes with base sites
of different strengths [5]. The strength of base sites was
characterized using the scale of proton affinity (PA). The
values of PA for the ith base site were determined from the
correlation equation logAv(CD) = 0.0066PA — 4.36,
where Av(CD) is the shift of the ith band of CD vibra-
tions from the position v(CD) in a gas phase. The con-
centration of OH groups in arbitrary units was evalu-
ated from the intensity of absorption bands at corre-
sponding maximums separated after decomposing the
spectra into components in the region of OH vibra-
tions.
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Table 1. Preparation conditions and composition of electrochemically coprecipitated aluminum hydroxide and zirconium

hydroxide
Precipitation conditions Na,O*
Sample no. . 7Zr0,/Al,03/H,0 | MO, /H,0O R
T,K pH Preclllll’litl‘";‘w“ % ptmol/g wmol/m
1 303 6 400 1:1.53:9.81 1:3.81 0.226 73 -
2 303 9 415 1:1.53:10.3 1:4.03 0.089 29 0.101
3 323 8 140 1:1.31:6.73 1:2.87 0.088 28 -
4 323 9 255 1:1.61:8.31 1:2.99 0.090 29 0.115
5 343 6 297 1:131:593 1:2.44 0.155 50 0.158
6 343 9 320 1:1.26:7.13 1:2.99 0.275 89 0.342
7 343 10 220 1:1.41:7.08 1:2.83 0.208 67 0.263
* }“{1263N1220 content was calculated based on aluminum-zirconium oxide prepared after the calcination of the corresponding hydroxide at
The coprecipitation of aluminum-zirconium electrolysis and varied over a range from 0.088 to

hydroxides was performed in the anode chamber of a
membrane electrolyzer by continuously supplying
sodium aluminate to a solution of ZrO(NQO;),. Platinum
was used as an anode, and Kh18N9T steel was used as
a cathode. An MK-40 cation-selective membrane was
used for separating the anode and cathode compartments.
The conditions of precipitation were varied over the range
of pH 6-10 and the temperature range 303-353 K. After
precipitation, the resulting suspension was electro-
chemically purified for the removal of sodium ions and
aged in the mother liquor for 48 h. The concentrations
of sodium and aluminum were determined using flame
photometry and chelatometry, respectively. The deter-
mination of zirconium was performed by X-ray fluores-
cence analysis on a VRA-20 instrument. The sample
was mixed with an inert substrate in aratioof 1 : 15 and
pelletized. Reagent-grade boric acid was used as the
inert substrate. Standard samples with known zirco-
nium concentrations were prepared in an analogous
manner. Zirconium dioxide of high-purity grade was
used for preparing standard samples. The water con-
tents of the samples were determined from the results of
calcination at 1123 K (see Table 1 for sample specifica-
tion).

RESULTS AND DISCUSSION

Table 1 summarizes the preparation conditions and
characteristics of the synthesized samples. It follows
from the data in Table 1 that the composition of alumi-
num-zirconium hydroxides prepared in the anode
chamber of an electrolyzer depends on precipitation
conditions. The samples differed in the concentrations
of sodium impurity ions, which affect the catalytic
properties of oxide systems. In the precipitation of
binary aluminum-zirconium hydroxides, the residual
concentration of sodium depended on the conditions of
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0.275 wt %. The character of changes in Na,O concen-
tration, depending on the temperature and pH of precip-
itation for aluminum-zirconium hydroxides, differed
from that for individual oxides. This suggests a more
complicated mechanism of the mass transfer of sodium
ions from a suspension of binary hydroxides to the
cathode chamber. In the samples synthesized at 303 and
323 K, minimum concentrations of Na* ions were
found at pH 9 and 8, respectively, whereas sample no. 5
(PHrecipitation ©) corresponded to a lower concentration
of impurity ions in aluminum-zirconium hydroxides
prepared at 343 K. It is likely that the observed behavior
was due to the formation of a heterogeneous phase with
a minimum sorption capacity for ions (in this case, Na*)
under these conditions; this is consistent with currently
available concepts of the zero-charge point of a surface
[6, 7].

Figure 1 shows the IR spectra of carbon monoxide
adsorbed on aluminum-zirconium oxide samples at liq-
uid-nitrogen temperature and various pressures. The
spectra of CO adsorbed on the samples at ~0.1 Torr
(Fig. 1a) allowed us to detect the strongest Lewis sites,
which correspond to absorption bands with maximums
in the range 2200-2250 cm!. Figure 1b shows the
spectra obtained at a CO pressure of 10 Torr; in this
case, carbon monoxide formed complexes with both
weak and strong Lewis sites.

Table 2 characterizes the LASs of aluminum-zirco-
nium oxide samples and individual aluminum oxides.

Several LAS structures can occur on the surface of
aluminum oxide [2, 5, 8]. It is believed that the most
likely of them are hexacoordinated (Al,) and pentaco-
ordinated (Al,) aluminum atoms, in which one coordi-
nation site is vacant and the others are occupied by oxy-
gen atoms. Sites of four types have actually been iden-
tified [1, 5]. In the spectra of adsorbed CO, absorption
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Fig. 1. IR spectra of CO adsorbed on the samples of alumi-
num-zirconium oxides at 77 K and pressures of (a) 0.1 and
(b) 10 Torr: (/) sample no. 2, (2) sample no. 1, (3) sample
no. 4, (4) sample no. 7, (5) sample no. 6, (6) sample no. 5,
and (7) sample no. 3.

bands at 2178-2182, 2185-2195, 2203-2210, and
2235 cm™! correspond to the first-fourth types, respec-
tively. It is most likely that the first three types of sites
belong to the structure of Al,, and differences in the
positions of absorption bands are due to differences in
the second coordination sphere of aluminum. For
example, we can suppose the occurrence of neighbor-
ing tetrahedral aluminum or assume the presence of the
OH group in the coordination sphere, etc. The absorp-
tion bands in the region 2210-2235 cm™! correspond to
“defect” hexacoordinated aluminum atoms Al (d),
which structurally differed only in the second coordina-
tion sphere of aluminum. Previously [5, 8], the occur-
rence of a much greater number of Lewis site types
including tricoordinated, tetracoordinated, and penta-
coordinated aluminum atoms and paired Lewis sites
(with the possibility of adsorption at two aluminum
atoms), which are formed on the removal of the oxygen
atom from a bridging position, was considered. The

structure of the Al, type corresponds to a stronger acid
site than Al, and Al (d), and it can occur at a crystal
edge. The concentration of acid sites in aluminum
oxides is sufficiently high and varies from 2.6 to
5.2 umol/m? (1.5-3.0 x 107 site/A?). In this case, the
greatest is the fraction of sites of the Al type.

According to published data [9-11], two types of
LASs occur on the surface of zirconium dioxide.
Absorption bands at 2204 and 2180 cm™ in the spec-
trum of adsorbed carbon monoxide correspond to these
LASs. The results of studies performed with other
oxides [1-5, 8], in particular, Al,O5, demonstrated that
the strongest LASs are defects—coordinatively unsat-
urated cations resulting from the removal of terminal
OH groups. A correlation between the intensities of
absorption bands due to terminal OH groups and the
concentration of LASs was also observed in zirconium
dioxide. Thus, an additional amount of zirconium oxide
supported on the surface of parent ZrO, by impregna-
tion, that is, surface enrichment in extralattice cations,
increased the concentration of terminal OH groups.
Simultaneously with this, the concentration of the
strongest aprotic sites increased by a factor of ~1.5. The
presence of a modifying element noticeably changed
the electron-acceptor properties of the surface of ZrO,.
For example, the presence of La** cations on the sur-
face significantly decreased the number of the strongest
LASs on the ZrO, surface, and sites of the second type
(V(CO) = 2180 cm™) became predominant. Moreover,
new sites appeared, and the adsorption of CO at these
sites resulted in a decrease in the vibration frequency of
the C-O bond with respect to the frequency in a gas
phase: 2111 and 2126 cm™!. Data obtained for different
populations of surface adsorption sites suggest that new
adsorption sites were occupied simultaneously with the
strongest Lewis sites on the surface of ZrO, [10]. All of
the previous publications considered the surface elec-
tron-acceptor properties of individual aluminum
hydroxides and zirconium hydroxides or those modi-
fied with individual elements or metal oxides (M = Sc,
Y, and La). The surface acid properties of binary alumi-
num—zirconium systems were not studied previously.

The positions of the absorption bands due to
adsorbed CO at 2180-2185 and 2203-2210 cm™ coin-
cided for individual zirconium dioxide and aluminum
oxide, whereas the absorption bands at 2173-2178 and
2185-2195 cm™ were characteristic of only Al,O;
[1-5, 8-12]. Consequently, the IR absorption in the
former two regions can be due to the presence of vari-
ous LASs in the individual phases of aluminum and zir-
conium oxides. However, as follows from reported
data, the concentration of LASs in aluminum oxide is
higher than that in zirconium dioxide by a factor of
10-50. Therefore, we can conclude that the absorption
in the coincident regions of the spectrum primarily
characterizes the y-Al,O; phase.

All of the test samples exhibited absorption in the
region 2173-2178 cm™!, which corresponds to the first
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Table 2. Characteristics of Lewis sites in aluminum-zirconium hydroxide samples and individual oxides

Characteristics of Lewis sites
Sample
v(CO), cm™! N, umol/g ZN, umol/g N, umol/m? =N, umol/m?
2217 2.0
1 2185 348.0 444.0 - -
2178 94.0
2233 0.3 0.001
2212 8.9 0.031
2 2197 37.0 542.2 0.129 1.893
2186 313.0 1.093
2173 183.0 0.639
2241 0.3
2212 11.0
3 2205 2.6 4423 - -
2195 40.4
2185 284.0
2174 104.0
2220 1.6 0.006
2211 7.8 0.031
4 2196 42.0 417.4 0.166 1.653
2186 259.0 1.026
2175 107.0 0.424
2216 7.7 0.024
5 2196 38.5 588.2 0.121 1.855
2179 542.0 1.710
2216 1.2 0.005
6 2200 23.9 439.1 0.092 1.687
2189 150.0 0.576
2177 264.0 1.014
2215 3.0 0.012
2208 21.0 0.082
7 2196 42.0 581.0 0.165 2.282
2185 378.0 1.485
2174 137.0 0.538
o 5] 2182 42.0 420 4.286 4.286
v [5] 2178 140.0 280.0 1.333 2.666
Alumi 2186 140.0 1.333
R 2185 400.0 400.0 5.263 5263
n [5] 2190 650.0 680.0 2.708 2.833
2235 30.0 0.125
Alumina [1] 2207 80.0 788.0 0.195 1.918
(pH9, T=323 K) 2192 708.0 1.723
Alumina [1] 2206 93.0 757.0 0.296 2411
(pH9, T=353 K) 2190 664.0 2.115
ZrO% [17] 2200 2.52 10.76 0.056 0.239
(Teatcination = 773 K) 2188 8.24 0.183
ZrO¥ [17] 2197 1.02 3.61 0.085 0.301
(Teatcination = 873 K) 2185 2.59 0.216
ZrO% [17] 2196 1.69 3.68 0.141 0.307
(Teqicination = 873 K) 2188 1.99 0.166

* The samples of zirconia were prepared by the calcination of commercial zirconium hydroxide of high-purity grade at specified temper-
atures for 6 h.
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Fig. 2. IR spectra of OH groups in the samples of alumi-
num-zirconium hydroxides: (/) sample no. 2, (2) sample
no. 1, (3) sample no. 4, (4) sample no. 7, (5) sample no. 6,
(6) sample no. 5, and (7) sample no. 3.

type of aprotic sites in individual y-Al,O;. Note that

absorption bands at 2178, 2179, and 2177 cm™' were
distinguished in the samples synthesized at 303 (pH 6)
and 343 K (pH 6 and 9), respectively. In the other sam-
ples, the frequency of this absorption band was shifted
by 3-5 cm! toward the region 2173-2175 cm™!. The
absorption at 2185-2195 cm™!, which corresponds to
the second type of LASs, was also present in the
absorption spectra of all of the synthesized aluminum-—
zirconium hydroxides except for sample no. 6, which
was prepared at 343 K and pH 9. Of the aluminum-zir-
conium hydroxides, only sample nos. 3 and 7 exhibited
absorption bands and 2208 and 2205 cm™!, respectively,
which are characteristic of the third type of LASs. Note
that the numbers of sites of this type in the samples
were small and different. Thus, in sample no. 7, which
was synthesized at 343 K and pH 10, the number of
these sites was much greater (21 wmol/g) than that in
sample no. 3 (2.6 wmol/g), which was prepared at a
lower temperature (323 K) and pH 8. Note that alumi-
num—zirconium hydroxides with a minimum set of
LASs were formed at pH 6; only three absorption bands
were distinguished in the spectra of CO adsorbed on
these samples. All of the samples other than sample
nos. 1 and 3 exhibited an absorption band in the region
2196-2200 cm™!, which is uncharacteristic of individ-
ual oxides. Sample no. 3, which was synthesized at
323 K and pH 8, should be emphasized; this sample
exhibited the greatest number of absorption bands at
2174, 2185, 2195, 2205, 2212, and 2241 cm™. The
amount of strong sites in this sample was much lower
than that in the other aluminum—zirconium hydroxides.
In this case, it is likely that the synthesis conditions
were favorable for the formation of the particles of a
heterogeneous phase with an uncharged surface (zero-

charge point); as a result of this, the precipitate rapidly
coagulated. In this sample, the rate of precipitation
reached a maximum (Zyccipitation = 140 min); this facili-
tated the formation of a heterogeneous structure under
these conditions.

The strongest sites were easily detected in sample
nos. 1 and 2 by the appearance of an absorption band at
2230-2240 cm™!. This band was absent from the spec-
tra of the other samples, or the concentration of sites
was very low (Table 2). As can be seen in Table 2, the
test binary systems exhibited a number of absorption
bands that are uncharacteristic of the individual oxides
(2196-2200 cm™). It is likely that these absorption
bands belonged to a heteronuclear phase and were due
to the following mixed-type electron-acceptor centers:

i i
o 0
/
BV NIl Y
VA | —Zr— /\

In general, the test oxides exhibited a decrease in the
Lewis acidity, as compared with the samples of individ-
ual aluminum oxide and zirconium oxide, in terms of
both the amount and the strength of acid sites. It is
likely that a decreased acidity of electrochemically
coprecipitated aluminum-zirconium hydroxides was
due to the removal of defects, which can also exhibit
Lewis acidity [5], from the surface of alumina. It is
most likely that, in the course of formation of the sur-
face of aluminum-zirconium hydroxides, zirconium
ions were incorporated into the defect sites of the crys-
tal lattice of alumina to form an “ideal” structure. Thus,
the experimental studies demonstrated that LASs that
occurred on the surface of the synthesized alumina—zir-
conia samples could be formed by both individual
oxides and a complex heteronuclear phase.

Figure 2 shows the absorption spectra of surface OH
groups in binary aluminum-zirconium oxides prepared
upon the calcination of corresponding hydroxides,
which were synthesized in a membrane electrolyzer, at
823 K. The complex contour of the spectra suggests
that a variety of hydroxyl groups were formed in the
electrochemical coprecipitation of aluminum-zirco-
nium hydroxides. The test samples exhibited six
absorption bands due to the stretching vibrations of var-
ious types of hydroxyl groups (Table 3; Fig. 2).

To identify surface OH groups, we analyzed pub-
lished data on the IR absorption of individual and
binary aluminum and zirconium oxides in the region
3600-3800 cm™! of the spectrum and compared them
with the experimental results. We found a number of
differences by comparing the hydroxyl cover of the
synthesized samples with that of electrochemically pre-
cipitated alumina [1]. The spectra of the latter exhibited
absorption bands with maximums at 3670, 3680, 3700,
3730, 3765, and 3790 cm™!. In the binary aluminum-—
zirconium systems, absorption bands at 3670, 3700,
3730, and 3790 cm™! were retained and maximums at
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Table 3. Intensities (arb. units) of absorption bands due to surface OH groups (v(OH), cm™) in the samples of aluminum—
zirconium hydroxides

Absorption band intensity (fraction of corresponding OH groups, %)
Sample 3670 3700 3730 3758 3775 3790
no.
Al OHAI Al,OH Al OH Al,OH
ZrOHZr(Al), Al OHAL AlOHAL Z+OH Z{OH ZtOH
1 4.9(13.3) 4.9(13.3) 7.8(21.2) 7.8(21.2) 5.9(16.0) 5.5(15.0)
2 5.2(14.9) 6.2(17.8) 7.2(20.6) 7.2(20.6) 5.2(14.9) 3.9(11.2)
3 10.4(21.8) 11.7(24.6) 8.5(17.8) 7.5(15.8) 5.9(12.4) 3.6(7.6)
4 2.909.2) 3.9(12.3) 6.2(19.6) 5.2(16.5) 5.5(17.4) 7.2(25)
5 5.5(19.7) 5.2(18.6) 5.9(21.2) 5.9(21.2) 3.0(10.7) 2.4(8.6)
6 5.9(20.3) 5.2(17.9) 5.9(20.3) 6.8(23.6) 2.9(10.0) 2.3(7.9)
7 5.5(13.4) 4.6(11.2) 9.1(22.2) 10.1(24.7) 6.2(15.1) 5.5(13.4)

3758 and 3775 cm™!, which are uncharacteristic of indi-
vidual aluminum oxides, were also observed. Accord-
ing to Paukshtis [5], high-frequency absorption bands
in the region 3800-3755 cm™! belong to terminal OH
groups, whereas low-frequency absorption bands in the
region 3730-3670 cm™' belong to bridging hydroxyl
groups arranged between two aluminum atoms with
different coordination. Hydroxyl groups on the surface
of aluminum oxide exhibit various acidities, which are
characterized by PA values. Thus, according to Pauksh-
tis [5], OH groups that exhibit absorption at v = 3700-
3670 cm™ are the most acidic; for these groups, PA =
1380-1410 kJ/mol. Hydroxyl groups with absorption
bands at 3730-3710 cm™ exhibited a medium acidity
(PA = 1410-1440 kJ/mol), whereas hydroxyl groups
with v =3796-3756 cm™! exhibited a minimum acidity
(PA = 1440-1590 cm™).

In the test samples, the hydroxyl groups that corre-
spond to the absorption band at 3670 cm™ can be
related to aluminum ions in pentahedral and tetrahedral
coordination. At the same time, according to Kharlanov
et al. [10], the introduction of a modifier like M,0j5 into
zirconium dioxide resulted in a shift of the absorption
bands at 3675 cm™! to a lower frequency region. There-
fore, it is believed that, in the aluminum-zirconium
hydroxides, the absorption bands at 3670 cm™! corre-
spond to OH groups that belong to both zirconium ions
and aluminum ions in various coordination environ-
ments. Note that the intensity of absorption due to the
OH groups of this type is somewhat lower than that in
individual aluminum oxide [1].

It is most likely that the absorption band at 3700 cm™!
belongs to the vibrations of bridging OH groups bound
to aluminum ions in octahedral and pentahedral coordi-
nation in aluminum oxide. Note that the fraction of
hydroxyl groups of the Al,OHAL, type in the test sam-
ples was lower than that in individual aluminum
hydroxides prepared under analogous conditions.

KINETICS AND CATALYSIS Vol. 47 No.1 2006

According to published data [1, 5], sites of this type
were due to the presence of defects on the surface of
aluminum oxides. A decrease in the fraction of sites of
this kind in the test samples of aluminum-zirconium
hydroxides suggests the formation of a regular crystal
structure. This hypothesis was supported by a simulta-
neous increase in the intensity of the absorption band at
3730 cm™!, which is characteristic of hydroxyl groups
bound to aluminum ions in octahedral coordination.

Absorption at 3775 cm™' was not detected in electro-
chemically precipitated aluminum hydroxide [1]. How-
ever, Ivanova et al. [13] attributed this absorption band
to OH groups bound to a pentahedral aluminum ion in
boehmite and pseudoboehmite structures. On the other
hand, the absorption at 3775 cm™! was also characteris-
tic of an individual phase of zirconium dioxide. Analo-
gously, absorption at V(OH) = 3790 cm™! can be attrib-
uted to terminal OH groups bound to both the alumi-
num ion in tetrahedral coordination and zirconium ions.
However, in aluminum hydroxides electrochemically
prepared under similar conditions [1], the fraction of
hydroxyl groups of the ALOH type was much lower
than that in the test binary systems. Consequently, an
increase in the intensity of absorption in this region is
indicative of the predominance of terminal OH groups
bound to the zirconium ion. In general, the fraction of
terminal OH groups in aluminum-zirconium oxides is
higher than that in aluminum oxides by a factor of more
than 2. In this case, note that the aluminum—zirconium
hydroxides examined showed a trend toward an
increase in the fraction of terminal hydroxyl groups
with pH of precipitation. This behavior was most
clearly pronounced in the samples prepared at 323 and
343 K. As noted above, the formation of binary oxide
systems by electrochemical precipitation is a compli-
cated process, which can occur toward the crystalliza-
tion of both individual phases and heteronuclear spinel
structures. In this context, the formation of heteronu-
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Table 4. Characteristics of Brgnsted acid sites in alumi-
num-zirconium hydroxide samples

Sarlltcl)[‘)le V(CO), cm! Numﬁfrfocl)/fgsites, Nunl.lll:r)s(l; 1(;rfrl szites,

1 2159 129 -

2 2156 23 0.080
3 2157 175 -

4 2158 118 0.468
5 2157 63 0.199
6 2157 158 0.607
7 2157 162 0.637

clear structures can be responsible for the increase in
the fraction of terminal OH groups in aluminum—zirco-
nium hydroxides.

Bridging hydroxyl groups, which contain an active
proton and are Brgnsted acid sites (BASs), can form
hydrogen bonds with the molecules of weak bases. As
a result of this, the absorption spectrum changed in the
region 3500-3800 cm™'. As a rule, various weak bases
(H,, N,, CO, and NO), as well as Ar, O,, and hydrocar-
bons, have been used as probe molecules for the identi-
fication of BASs [5, 14-16]. The use of carbon monox-
ide, which forms complexes with both LASs and BASs,
as a probe molecule is of practical interest for studying
the proton-donor ability of oxide systems [5].
Silant’eva et al. [16] studied BASs on the surface of
aluminum oxide using the adsorption of CO molecules,
which corresponds to the line at 2155 cm™ in the IR
spectra. It was found that modifier additives practically
had no effect on the position of the absorption band at
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Fig. 3. IR spectra of OH groups in the samples of alumi-
num-zirconium hydroxides after CO adsorption: (/) sample
no. 2, (2) sample no. 1, (3) sample no. 4, (4) sample no. 7,
(5) sample no. 6, (6) sample no. 5, and (7) sample no. 3.

~2155 cm™!; however, they resulted in noticeable inten-
sity changes.

An absorption band at 2155-2159 cm™ was
observed in the spectra of the test samples of alumi-
num-zirconium hydroxides in the presence of gaseous
CO (Fig. 1b). This absorption band characterizes
hydrogen-bonded complexes of CO with BAS protons
on the oxide surface. Table 4 characterizes the BASs of
electrochemically precipitated aluminum—zirconium
hydroxides. These data indicate that the concentration
of BASs increased from 23 to 158 pumol/g in the order
of sample nos. 2, 4, and 6, which were synthesized at
pH 9, as the precipitation temperature was increased.
Note that, in the aluminum-zirconium hydroxides pre-
pared at 303 and 323 K, the concentration of BASs
decreased with pH of precipitation, whereas the behav-
ior was reverse in sample n0s. 5~7 (T ecipitation = 343 K.

To study the nature and strength of BASs, we ana-
lyzed changes in the spectra of aluminum-zirconium
hydroxides in the region 3500-3800 cm™', which
resulted from the formation of hydrogen bonds
between surface hydroxyl groups and carbon monox-
ide. The spectra after CO adsorption, which are shown
in Fig. 3, exhibit a complex character with broad max-
imums at 3570 and 3610 cm™!, which are indicative of
a shift of the absorption bands due to bridging hydroxyl
groups with v(OH) = 3670, 3700, and 3730 cm™! to the
low-frequency region. Consequently, the protons of
bridging hydroxyl groups with v(OH) = 3670-
3730 cm™ can be BASs on the surface of aluminum-—
zirconium hydroxides. It is believed that the shift of the
frequency of stretching vibrations of acidic OH groups
(Av(OH)) as a result of their interactions with weak
bases characterizes the strength of the resulting hydro-
gen bond: the greater Av(OH), the stronger the interac-
tion. In the test aluminum—zirconium oxides, the fre-
quency shift was ~100 cm™'; the small shift of the
absorption bands of bridging hydroxyl groups suggests
that the strength of BASs is small. In all of the samples,
absorption at 3758, 3775, and 3790 cm™!, which corre-
sponds to terminal OH groups with base properties, was
retained.

To study base sites, we obtained the IR spectra of
deuterochloroform adsorbed on the surface of the syn-
thesized aluminum-zirconium oxides. The absorption
spectra, which are shown in Fig. 4, exhibit a complex
contour, which suggests that base sites that form hydro-
gen bonds with deuterochloroform are nonuniform.
Table 5 summarizes the concentrations and absorption
band frequencies of base sites in aluminum—zirconium
hydroxides.

Currently available data on base sites are very lim-
ited; pyrrole, chloroform, deuterochloroform, carbon
dioxide, and benzoic acid molecules have been used as
probes for the IR-spectroscopic identification of base
sites [6, 14—19]. Paukshtis [5] detected two types of
sites with the use of deuterochloroform as a probe on
the surface of y-Al,O;. Strong sites are characterized by
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a band with v(CD) = 2220-2225 cm™', which corre-
sponds to the calculated value of PA =900 kJ/mol. The
second type of base sites corresponds to PA =
810 kJ/mol, v(CD) = 2250 cm™. It was hypothesized
that practically every oxygen atom acts as a base site;
strong sites are due to AI-O—Al bridging oxygen atoms,
whereas weak sites are due to the oxygen atoms of OH
groups. In the shape analysis of the contour of v(CD)
bands due to deuterochloroform adsorbed on aluminum
oxide, a band at 2240 cm™' was additionally distin-
guished [5]. This suggests a more complex heterogene-
ity of oxide base sites; however, it is difficult to study
experimentally because the observed v(CD) bands
show a great width. Quantum-chemical calculations
demonstrated a potentially wide range of base sites
with different properties: these are both oxygen atoms
bound to aluminum in an octahedron and tetrahedron
and the oxygen atoms of various OH groups.

Lamberov et al. [1] studied the base properties of alu-
minum oxides whose precursors were aluminum
hydroxides prepared by electrochemical precipitation. In
the samples synthesized at pH 11 and 7 and temperatures
of 323 and 353 K, respectively, three types of base sites
were observed: strong at v(CD) = 2200-2225 cm™!
(PA = 920-915 kJ/mol), medium-strength (v(CD) =
2230-2235 cm™}; PA = 880 kJ/mol), and weak with
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Fig. 4. IR spectra of deuterochloroform adsorbed on the
samples of aluminum-zirconium hydroxides: (/) sample
no. 2, (2) sample no. 1, (3) sample no. 4, (4) sample no. 7,
(5) sample no. 6, (6) sample no. 5, and (7) sample no. 3.

V(CD) = 2250 cm™ (PA = 820 kJ/mol). In the other
samples, medium-strength sites were not distinguished.
The predominance of strong base sites in the samples
was noted. In aluminum hydroxides prepared at various
pH values, the dependence exhibited an extremal char-

Table 5. Base properties of aluminum—zirconium hydroxide samples

Sample V(CD) of chloroform-D, cm™! of Sﬁfsr’nﬁgol /o =N, umol/g Nuﬁ?ﬁgf;;sgi s, s, umol/m?
1 2249 124 207 - -
2231 83
2 2248 276 431 0.963 1.504
2228 155 0.541
3 2249 117 288 - -
2232 171
4 2248 280 447 1.110 1.772
2225 167 0.662
5 2248 152 341 0.480 1.158
2231 189 0.678
6 2248 152 367 0.584 1.409
2231 215 0.825
7 2249 148 328 0.582 0.936
2230 90 0.354
v-AlL,O;5 [5] 2250 800 1800 3.478 7.826
2225 1000 4.348
Alumina [1] 2250 132 293 0.321 0.713
(pH 9, T=323 K) 2225 161 0.392
Alumina [1] 2250 174 657 0.554 2.092
(pH 9, T=353 K) 2225 483 1.538
KINETICS AND CATALYSIS Vol. 47 No. 1 2006
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acter with a maximum at pH 9-10. The concentrations
of base sites in aluminum oxides synthesized in an elec-
trochemical reactor (61-483 and 60—174 umol/g) were
much lower than those in aluminum oxides prepared by
traditional methods (1000 and 800 pmol/g, respec-
tively).

Published data on the electron-donor properties of
the surface of zirconium dioxide are limited. Thus,
Fionov et al. [15] used diffuse-reflectance IR spectros-
copy in order to analyze the surface acid-base proper-
ties of individual zirconium dioxide and, for compari-
son, ZrO, modified with yttrium oxide. It was noted
that the accumulation of base sites was observed as the
promoter concentration was increased above 0.5 wt %.
In this case, absorption bands at 2094-2100, 2110-
2114, and 2120 cm™! appeared in the IR spectrum of
adsorbed CO. These absorption bands correspond to
CO complexes in which donor—acceptor and dative
bonds occur simultaneously [15]. The intensity of
absorption bands in this region increased symbatically
with promoter concentration; this suggests a relation
between these bands and the presence of a modifying
element. An absorption band at 2096 cm™ corresponds
to the adsorption of CO in a molecular form with the
formation of a complex with the ion pairs M—O—M,
which consist of valence-unsaturated and coordina-
tively unsaturated metal (M) and oxygen (O") ions.
These centers can be formed as a result of the degrada-
tion of oxygen-containing surface structures, for exam-
ple, on the removal of two neighboring terminal
hydroxyl groups. It was hypothesized that absorption
bands at 2110 and 2120 cm™" belong to CO adsorbed at
adsorption sites like M—O—Zr.

The IR spectra of deuterochloroform complexes
with the test aluminum—zirconium oxides in the region
v = 2100-2320 cm™! are somewhat different from the
complexes with individual aluminum and zirconium
oxides. In this case, a considerable decrease (by a factor
of 4-8) in the concentration of base sites was observed.
A maximum concentration of base sites was detected in
sample no. 4, which was prepared at 323 K and pH 9.
This was the only sample that exhibited absorbance at
2225 cm™!, which characterizes the absorption of strong
base sites. Previously, it was noted that the fraction of
terminal groups in this sample was much higher and the
intensity of absorption bands due to bridging hydroxyl
groups was lower than those in the other samples. Note
that medium-strength electron-donor sites were pre-
dominant in sample nos. 3, 5 (7, precipitation = =343 K;pH6
and 9, respectively), and 6 (Tprecipitation = 323 K; pH 8).
In this case, the concentration of these sites increased
with increasing pH of precipitation. It was also found
that the precipitation time affected the amount of base
sites formed: the longer the electrochemical coprecipi-
tation process, the more base sites formed on the sur-
face of aluminum—zirconium hydroxides.

According to published data [6], the surface of a het-
erogeneous phase acquired a zero charge (zero-charge

point) in certain cases of hydroxide precipitation. For
zirconia gels prepared based on ZrO(NOs3),, the zero-
charge point strongly depended on the anionic compo-
sition of solution and occurred in the range of pH 8.8—
9.3. In the presence of an oriented electric field, the ori-
entation of particles along the external field vector and
polarization coagulation made a certain contribution.
Ultimately, these factors were responsible for the real
values of pH,¢;o charge point a1d, correspondingly, for the
rate of formation of a heterogeneous phase. Consider-
ing sample nos. 2, 4, and 6 precipitated at pH 9, in
which a zero-charge surface can be formed, note that
the qualitative and quantitative characteristics of base
sites at 30 and 50°C coincided (in sample no. 2, an
absorption band due to strong sites was shifted by 3 cm™).
The concentration of weak base sites in samples syn-
thesized at pH 9 was higher than that in other samples
prepared under analogous conditions.

Thus, the surface acid-base properties of alumi-
num-zirconium oxides and their qualitative and quanti-
tative characteristics mainly depend on synthesis con-
ditions. The hydroxyl covers and electron-donor and
electron-acceptor properties of binary systems based on
aluminum oxide and zirconium oxide synthesized with
the use of membrane technology elements differ from
the corresponding individual oxides prepared by tradi-
tional precipitation. Differences in the surface proper-
ties of binary and individual oxides can be due to the
formation of a complex heteronuclear phase along with
a phase of individual hydroxides.
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