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An analysis of recent molecular�level studies of the
transformations of precursors in the synthesis of
adsorption�type catalysts, including the H2[PtCl6]–
Al2O3 system, has revealed an interesting circum�
stance. In the study of the multistep synthesis of the
catalysts, main attention has been focused on the ini�
tial stage (fixation of metal complexes on the support
surface [1–7]) and on the final synthesis processes
(calcination for converting the precursors in their
oxide phase [8–12] and the reduction of the metal ions
yielding a dispersed metal phase [13–17]). The drying
of the catalysts, which is an indispensable step in cata�
lyst preparation, has almost not been considered from
the standpoint of chemistry. Thus, researchers have
unintentionally ignored the possibility of controlling
the molecular composition of the precursor at the dry�
ing stage and have disregarded the significance of the
chemical composition and structure of metal com�
plexes and the nature of their bonding with the support
before the high�temperature heat treatment stage
forming the properties of the finished catalyst.

Even in present�day publications, the drying of a
material with a supported precursor compound in the
temperature range from 25 to 200°С is often consid�
ered only as solvent removal from the pores of the sup�
port [18]. It is believed that the drying stage may play
an important role only in the preparation of catalysts
in which the precursor compound interacts weakly
with the support. In this case, the removal of the sol�
vent during drying causes transport of the compounds
of the active metal to the evaporation surface, i.e., to
pore mouths and to the outer surface of the granule.
This may lead to the coarsening of the supported metal

particles and to their nonuniform distribution in the
granule bulk [16].

Only in a few studies was it demonstrated that the
platinum complexes adsorbed on the oxide surface
undergo further transformation at the drying stage.
For example, using EXAFS and 195Pt NMR spectros�
copy, Shelimov et al. [1, 2, 19] established that, as
model high�percentage [PtCl6]

2–/Al2O3 samples are
dried at 20°С, two chloro ligands of the chloroplati�
nate adsorbed on the alumina surface are replaced by
two OH groups belonging to the support:

(I)

The formation of these inner�sphere complexes
was indicated by the disappearance of the NMR signal
as a consequence of the increase in chemical shift
anisotropy caused by the heavy distortion of the octa�
hedral symmetry of the environment of the central
ion, Pt(IV). Raising the drying temperature to 90°С
accelerates this process, which, according to Shelimov
and his colleagues [1, 2, 19], is a thermally activated
ligand substitution reaction. The results reported by
these authors unambiguously indicate that the sup�
ported complexes undergo chemical conversions dur�
ing drying. However, the processes occurring at this
stage were described only at a qualitative level and par�
ticular chemical reactions were only postulated.

In our previous publications [20–23], we consid�
ered the transformations of platinum(IV) complexes
in their interaction with the alumina surface at the
impregnation stage. Here, we report quantitative data
concerning the inner�sphere transformations of the
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adsorbed platinum species and the mechanism of their
binding at the catalyst drying stage and elucidate the
role of chemical processes in the formation of the dis�
persed state of the supported metal.

EXPERIMENTAL

Sample Preparation

Samples containing 0.1–1.4 wt % metal were pre�
pared by chemisorption of platinum(IV) complexes
from an aqueous Н2[PtCl6] solution onto alumina.
The solution�to�support volume ratio was 10. Chloro�
platinic acid solutions (0.5 × 10–3–10.0 × 10–3 mol/L)
for deposition of the complex onto the support were
prepared from the crystalline hydrate Н2[PtCl6] ⋅ 6Н2О
(AURAT Co., Soviet Specifications TU 6�09�2026�87).

The γ�Al2O3 used in the experiments, purchased
from Condea, had a particle size of 0.1–0.2 mm, a
specific surface area of SBET = 196 m2/g, an effective
pore diameter of Deff = 11.1 nm, and an adsorption
pore volume of Vads = 0.51 cm3/g. The sodium and
iron content was 0.003 and 0.021 wt %, respectively.
The textural characteristics of the support were
derived from nitrogen adsorption–desorption iso�
therms (77.4 K) recorded on an ASAP 2020
(Micromeritics) volumetric vacuum surface area and
porosity analyzer. Differential pore size distribution
curves were obtained by using the Barrett–Joyner–
Halenda (BJH) method for the desorption branch.
The unconnected cylindrical pores model was used in
the calculations.

The platinum concentration in the solution before
and after sorption was determined spectrophotometri�
cally via a standard procedure [24]. Platinum was
sorbed for 20 min. This time was sufficient for extract�
ing the entire platinum from the solution. The dissolu�
tion of the surface layer of the support and the passage
of Al3+ into the solution could be neglected owing to
the very low rate of this process [25]. Next, the gran�
ules were thoroughly washed with water for removing
non�chemisorbed components of the solution from
the pore space of the support.

Water content data for samples dried for different
times were obtained using a halogen moisture analyzer
(Mettler Toledo). The sample weight for moisture
determination was 1.0 g.

Sample Characterization Techniques

Gradient elution (GE). The GE method was used to
quantitatively differentiate the surface complexes
according to their chemical composition and the
character of their interaction with the alumina surface.
Two variants of this technique were used, which are
detailed in our earlier publications [20–23]. In the first
variant, the eluent consisted of acids differing in basic�
ity and in strength of sorption on alumina (perchloric,
oxalic, and citric acids). In the second variant, the

bound anionic complexes of platinum were desorbed
by varying the acidity of the support surface by treating
the sample with an eluent with a progressively increas�
ing pH value. This was done by gradually adding an
alkaline agent (0.5 M sodium carbonate solution) to
0.2 M acetic acid. In the desorption experiments, we
sampled the solution leaving the column to determine
its platinum content. The platinum concentration
data were used to plot desorption curves showing how
platinum complexes are eliminated from the sample
surface as the eluent passes through the column. After
the desorption experiments, all samples were analyzed
for residual, undesorbed platinum.

Diffuse reflectance electronic spectroscopy (DRES).
The electronic spectra of powders were recorded on a
UV�2501 PC spectrophotometer (Shimadzu) with an
ISR�240A diffuse reflectance attachment. The spectra
were measured against a BaSO4 reflectance standard in
the 11000–54000 cm–1 range with a resolution of 2 nm
(500 cm–1). Diffuse reflectance spectra were presented
as the Kubelka–Munk function versus wavenumber.

195Pt magic angle spinning (MAS) NMR spectros�
copy. The 195Pt MAS NMR spectra of solid samples
were recorded on an Avance�400 NMR spectrometer
(Bruker) with an SB4 (MAS) multinuclear probe at a
frequency of 86 MHz. The sample was placed in a zir�
conia rotor 4 mm in diameter and was spun at the
magic angle (54°44') at a frequency of 104 Hz. The
external standard was an aqueous 0.03 mol/L
H2[PtCl6] solution. The pulse duration was 13 µs;
delay time before data digitization, 16 µs; pulse repeti�
tion interval, 0.7 s; sweep width, 70 kHz; number of
data points per spectrum, 16000; total number of
pulses, 4096.

Temperature�programmed reduction (TPR). Н2 and
CO chemisorption technique. The hydrogen uptake
and evolution processes were studied on an AutoChem
II 2920 precision chemisorption analyzer with a ther�
mal�conductivity detector. TPR experiments were
carried out using a 10% Н2 + Ar mixture. The disper�
sion of supported platinum was determined using
hydrogen or carbon monoxide as the probe molecule
(D(H2) and D(CO), respectively). The probe mole�
cules were chemisorbed after TPR was complete and
the catalyst was cooled to the preset temperature in a
flowing inert gas. Pulses of a 10% H2 + Ar or 9% CO +
He mixture were introduced in the carrier gas (argon
and helium, respectively) at regular time intervals. The
mixtures were dosed at room temperature until the
detector signal was constant. Calculating the disper�
sion of the metal, we accepted that the sorption stoichi�
ometry is Н : Mе = 1 : 1 and СО : Ме = 1 : 1 [26–28].

Testing the catalysts in low�temperature benzene
hydrogenation. Benzene hydrogenation was carried
out in a flow circulation reactor at an Н2: benzene
molar ratio of 19 in the temperature range from 50 to
90°С at atmospheric pressure. Under these condi�
tions, the only product of the reaction is cyclohexane
and there is no noticeable coking of the catalyst sur�
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face. Before catalytic tests, the samples were heat�
treated in an oxidative medium and in a reductive
medium at 450°С. The results of these tests were pre�
sented as the dependence of the reaction rate on the
partial pressure of benzene. From measurements
taken at several temperatures, we estimated the activa�
tion energy of the reaction. The kinetic and adsorption
data array enabled us to calculate the specific activity
of the catalysts (turnover number, TON) as the num�
ber of benzene molecules converted on one surface
atom of platinum per second. The number of surface
platinum atoms was calculated from the percentage of
the supported metal and its dispersion determined
from CO or Н2 chemisorption data.

RESULTS AND DISCUSSION

Drying at 25°С (Aging)

Drying time effect on the chemical composition of
adsorbed platinum complexes and on the strength of
their interaction with the support. The objects of inves�
tigation were platinum(IV) complexes adsorbed on
the γ�Al2O3 surface as a result of the interaction
between alumina and an aqueous H2[PtCl6] solution.
The platinum content of the catalysts examined was
0.3 wt %, equal to that of the commercial platinum
catalysts. The samples were dried at 25°С, and the dry�
ing time effect was studied. The sample numbers and
the corresponding times of drying under daylight condi�
tions are indicated in the sample designations (Table 1).
The sample 1�00, which was dried until friable (for
2 h) at room temperature in the dark, was taken to be
the reference sample. (It was demonstrated earlier that
exposure of a chloroplatinate solution to daylight
accelerates the hydrolysis of the complex [20].)

Under these drying conditions, the samples almost
stopped losing their water in 5 h. For samples 1�00 and
2�01, the amount of water lost at temperatures up to
150°С (physically adsorbed water) was 27 and 20 wt %,
respectively, and the water loss for the same samples
predried for 5 h was 5 wt %. The water content of the

sample dried for 24 h (3�24) was 4 wt % and remained
practically invariable as the drying time was further
extended.

The effect of the drying time on the chemical com�
position of the metal complexes on the surface was
studied by DRES. The diffuse reflectance spectra of
the samples (Fig. 1a) indicate that the adsorbed chlo�
roplatinate undergoes substantial transformations as
the time of its contact with alumina is increased. The
electronic spectrum of the reference sample 1�00 shows
charge transfer bands characteristic of the [PtCl6]

2–

[29, 30]. In the course of time, these bands shift to
higher frequencies. The most pronounced changes in
the spectrum take place in the first few hours, and
almost no changes are observed after 50�h�long drying
(Fig. 1b). This band shift is caused by the changes in
the nature of the ligands in the coordination sphere of
platinum, which lead to the formation of a mixture of
metal complexes differing in the degree of substitution
of Cl ligands by oxygen�containing ligands.

The changes in the chemical composition of the
adsorbed platinum species are accompanied by a
strengthening of the metal complex–support bonding,
as is indicated by the gradient elution profiles for the
adsorbed complexes under competing acid sorption
conditions (Fig. 2a). According to these elution data,
there are at least three platinum complex species
adsorbed on the surface. Earlier, based on chemical
analysis and spectroscopic data for the eluates and on
DRES and EXAFS data for the adsorbed complexes,
we determined the average chemical composition of
each species and hypothesized that these species inter�
act with the alumina surface in different ways [21].

It was established that, in the competing adsorp�
tion of anions [21], the most readily desorbable com�
plexes are those which are close in composition to
[PtCl6]

2– (first desorption peak). These ion�exchange�
able species, which are likely held on the alumina sur�
face by Coulomb forces, will be designated PtI. The
second desorption peak is due to the removal of par�
tially hydrolyzed complexes with the average compo�

Table 1. Sample designations and the results of the acid elution of the platinum complexes

Sample Drying time in daylight, h
Desorbed Pt, wt %

Undesorbed Pt, wt %
first peak second peak

1�00 0 74 15 11

2�01 1 50 22 28

3�24 24 31 27 42

4�48 48 23 24 53

5�72 72 17 23 60

6�96 96 18 23 59

7�140 140 22 22 56

8�240 240 15 19 66

Note: The supported platinum content is 0.3 wt %. The sample weight in the elution experiment is 4.0 g.
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sition PtCl4O2 [21]. Here, the eluent contains anions
of oxalic (dibasic) and citric (tribasic) acids. Appar�
ently, both electrostatic and coordination binding take
place in the interaction of these platinum species
(PtIC) with the support surface. The average composi�
tion of the nondesorbable species was determined to
be PtCl2O4 [21]. The irreversibility of the sorption of
the platinum complexes having more than two oxy�
gen�containing ligands possibly indicates that the
adsorbed chloroplatinate undergoes chemical trans�
formation under the action of the surface hydroxo
groups of the support. This transformation yields

coordinatively bound metal complexes (PtC) that are
bonded to the support through bridging OH ligands.

The quantitative data of the desorption experi�
ments (Table 1, Fig. 2b) demonstrate that the propor�
tions of PtI, PtIC, and PtC depend on the drying time
and stop varying only after the sample is held for 50 h
at room temperature. During drying, the proportion of
the coordinatively bound chlorohydroxo complexes
PtC increases by a factor of about 5 to become 60%.
The PtIC complexes are likely intermediates in the
reaction sequence

(II)I IC CPt Pt Pt1 2 .⎯⎯→ ⎯⎯⎯→
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Provided that the amounts of all types of complexes
are known (from gradient elution data) and their com�
positions are deduced (from EXAFS data [21]), it is
possible to estimate how the average composition of
the complexes changes with time. For example, it fol�
lows from the data presented in Table 1 that, immedi�
ately after platinum sorption, the average composition
of the surface complexes is PtCl5O1 (74% PtCl6 +
15% PtCl4O2 + 11% PtCl2O4). After 48�h�long dry�
ing, the average composition of the complexes is
PtCl3O3 (20% PtCl6 + 20% PtCl4O2 + 60% PtCl2O4).
Note that the calculated average formula PtCl3O3 is
confirmed by direct determination of the composition
of the platinum complexes adsorbed on γ�Al2O3 by
EXAFS spectroscopy [21, 22].

The buildup of nondesorbable platinum species in
the course of drying was also indicated by desorption
experiments at an increasing pH of the eluent for the
samples with a higher platinum content of 1.4 wt %
(Fig. 3, Table 2). As in the case of acid elution, the pro�
portion of nondesorbable species in the elution exper�
iments at an increasing pH grows to 50% as the drying
time is extended (Table 2).

The finding that the outer�sphere complexes held
by Coulomb forces turn into inner�sphere complexes
coordinatively bound to the surface as water is
removed from the material is confirmed by the 195Pt
MAS NMR data. This method does not allow samples
with a low concentration of a supported precursor to
be examined, so we prepared samples of chemisorbed
platinum complexes with a Pt content of 4.5 wt %,
which corresponds to the limiting sorption capacity of
γ�Al2O3. The NMR data indicate that the binding of
the platinum(IV) complexes to the support in the
freshly dried sample (Fig. 4a) does not cause notice�
able distortions in the geometry of the complexes and
can be viewed as Coulomb interaction [31]. In this
case, the adsorbed platinum species are the chloro
complex [PtCl6]

2– (0 ppm) and the monosubstituted
chlorohydroxo complex [PtCl5(OH)]2– (640 ppm).
Further drying of the sample in daylight (Fig. 4b)
causes a marked decrease in the intensity of the second
signal. This indicates a high reactivity of the hydro�
lyzed platinum species in subsequent transformations
yielding strongly adsorbed species [22]. Prolonged
drying is accompanied by extensive hydrolysis of the
adsorbed chloro complexes, and this leads to an
increase in the proportion of coordinatively bound
complexes and, as a consequence, to the almost com�
plete disappearance of the NMR signals (Fig. 4c).

Thus, the spectroscopic and desorption data pro�
vide further evidence that the conversion of the
adsorbed platinum(IV) chloro complex during drying
consists in an increase in the extent of its hydrolysis
and in a change in the nature of the complex–support
bonding.

Special�purpose measurements demonstrated that
the amount of physically adsorbed water removable at
Т < 150°С in the reference sample (1�00) is about

0.3 cm3/g. This amount of water can fill up to 60% of
the pore space of the support. The interaction of the
platinum complexes with the surface under these con�
ditions is likely Coulombic in nature, and the com�
plexes adsorbed owing to this interaction may be in the
same state as they are in solution [21]. These com�
plexes are likely ion�exchangeable ones (PtI). They are
hydrolyzed to a small extent, and their composition
can be determined by 195Pt MAS NMR spectroscopy.

The release of the greater part of physically
adsorbed water as a result of 5�h�long drying at 25°С
(with the water content of the sample decreasing from
30 to 5 wt %) causes the most significant changes in
the interaction of the adsorbed complexes with the
surface: the proportion of hydrolyzed, coordinatively
bound complexes PtC increases sharply (Fig. 2b).
According to our pore size distribution data, only alu�
mina pores smaller than 6 nm in diameter, which
account for at most 10% of the total pore volume of
the support, can be filled under these conditions. As
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Table 2. Results of the elution of the platinum complexes at
a varying pH of the eluent

Drying time 
in daylight, h

Desorbed Pt, wt % Undesorbed 
Pt, wt %first peak second peak

1 63 10 27
48 11 42 47

Note: The supported platinum content is 1.4 wt %. The sample
weight in the elution experiment is 4.0 g.
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the drying time is extended to 48 h, the release of phys�
ically adsorbed water slows down, the water content of
the support remains at the 3–4% level, and the pro�
portions of the different types of bound complexes

change to a lesser extent. Drying for a still longer time
does not cause any noticeable changes in the water
content, platinum desorption data, or spectral charac�
teristics of the adsorbed complexes.

As the amount of physically adsorbed water
decreases, hydrolysis takes place just in the near�sur�
face layer, increasing the probability of the aquation of
the adsorbed complexes. It is believed [32] that
hydrolysis in the near�surface layer occurs more
readily than hydrolysis in the solution bulk owing to
the fact that the water molecules coordinated to the
surface are more reactive as attacking ligands in the
replacement of the acido ligand of the complex. It is
the formation of these platinum aqua complexes that
is considered to be the rate�determining step in the fix�
ation of the complexes on the oxide surface [32]:

(III)

The final step of the fixation of the complexes is
rapid ligand exchange between the adsorbed aquated
complexes and OH groups of the Al2O3 surface, which
yields platinum complexes coordinatively bound to
the surface, PtC:

(IV)

The consecutive reaction scheme (II) implies the
following expressions for the disappearance of each
particular type of complex [33]:

(1)

(2)

(3)

where C(PtI), C(PtIC), and C(PtC) are the concentra�
tions of the ion�exchangeable, intermediate
(aquated), and coordinatively bound platinum spe�
cies, respectively, at the point in time t; C0(PtI),
C0(PtIC), and C0(PtC) are the initial concentrations of
the ion�exchangeable, intermediate (aquated), and
coordinatively bound platinum species, respectively;
k1 is the aquation rate constant; k2 is the rate constant
of the formation of coordinatively bound platinum
species.

The rate constant of the first step of the conversion
of the adsorbed complexes (aquation), k1, can be
determined from Eq. (1) under the assumption that
the entire platinum is initially in the form of chlorine�
rich platinum complexes, provided that the concen�
tration of these complexes has been measured in the
desorption experiment. Under the assumption that
k1 < k2, which follows from the shape of curve 2 in

Fig. 2b, it is possible to drop the term  in Eq. (2)
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Table 3. Effective rate constants k1 and k2

Drying time, h k1, s–1 k2 (mean), s
–1

0–3
3–50

70–240

6.3 × 10–5

2.2 × 10–6

2.8 × 10–7

3.3 × 10–4

8.6 × 10–6

1.4 × 10–6
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and to estimate the k2 value. The calculated values of
the rate constants are listed in Table 3.

It follows from the data presented in Table 3 that
the transformations of the Pt(IV) chloro complexes
adsorbed on the alumina surface are much faster than
the transformations of the same complexes in a homo�
geneous medium. There are no quantitative kinetic
data for [PtCl6]

2– hydrolysis in aqueous solution
because of the very low rate of the process [30, 34].
Kinetic data available on the binding of platinum(IV)
complexes to oxide surfaces are also scanty and are
mostly qualitative [35]. However, the rate constant of
[PtCl6]

2– hydrolysis on the yttrium oxyhydrate surface
at 80°С is 8.85 × 10–5 s–1 [32] and is close to the values
obtained by us for the [PtCl6]

2––γ�Al2O3 system.

In addition, it follows from the data presented in
Table 3 that the effective rate constants of both steps
decrease as the drying time is extended. This result can
be explained both by the decrease in the amount of
water coordinated to the surface (which is a reactant in
the first step of the process—aquation of the adsorbed
complexes) and in terms of the number and properties
of accessible OH groups on the surface (which are
involved in the second step—ligand exchange
between the alumina surface and the aquated com�
plexes).

Drying time effect on the reduction of platinum and
its dispersion. The drying time effect showed itself in
the TPR study of platinum reduction. For the freshly
dried sample 2�01, which contained 50% PtI, 22%
PtIC, and 28% PtC (Table 1), the TPR profile (Fig. 5a)
showed three distinct reduction regions. A consider�
able part of hydrogen was taken up at low tempera�
tures, with an uptake rate maximum occurring at
80°С. In addition, there were TPR peaks at 200°С and
at higher temperatures (350°С). Thus, we observed the
independent reduction of different platinum species,
which is a fairly rare case. The reduction of part of the
platinum began already during the formation of the
baseline, so it was impossible to precisely determine
the amount of hydrogen consumed in the reduction of
the low�temperature species. Extending the drying

Table 4. Results of chemisorption measurements

Sample
TPR data

D(H2)*, % D(CO)*, %
hydrogen uptake, μmol/g ΣH2/Pt

2�01 31.3 2.0 34 25

4�48 39.3 2.6 85 68

2�01 (dried at 120°C, 6 h) 50.5 2.8 86 56

2�01 (calcined at 400°C, 3 h) 28.2 1.6 85 63

Note: The supported platinum content is 0.3 wt %.
* D(H2) and D(CO) are the dispersions of supported platinum determined using H2 and CO chemisorption, respectively.
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Fig. 5. (a) TPR profiles for the platinum(IV) complexes in
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4�48. (b) The same for samples differing in their drying
time and temperature: (1) 25°C, 48 h; (2) 120°C, 12 h. The
platinum content of the samples is 0.3 wt %.
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time to 50 h (sample 4�48), which changed the pro�
portions of the platinum species to 23% PtI, 24% PtIC,
and 53% PtC, caused a significant decrease in the
intensity of the low�temperature hydrogen uptake
peak. The main hydrogen uptake region was between
150 and 300°С, and the maximum hydrogen uptake
rate was observed at 210°С. The amount of unreadily
reducible platinum species (which reduced above
300°С) was practically the same in both samples.
These results are evidence that the regularities of plat�
inum reduction are determined by the chemical com�
position of the metal complexes and by the complex–
support binding strength. The dispersion of the result�
ing platinum particles also depends on these parame�
ters (Table 4). The dispersion of supported platinum
was estimated after the reduction of the samples with
hydrogen at 450°С using pulsed hydrogen and carbon
monoxide chemisorption techniques. When the most
abundant species were the complexes bound via the
ion�exchange mechanism (PtI), the formation of
comparatively large particle took place (sample 2�01).
An increase in the amount of coordinatively bound
platinum complexes (sample 4�48) was favorable for
the formation of smaller supported metal particles in
spite of the increase in the reduction temperature. It
follows from chemisorption data (Table 4) that the for�
mation of coordinatively bound metal complexes dur�
ing prolonged drying at 25°С makes it possible to
obtain finely dispersed platinum without using high�
temperature drying (120°С) or calcination (400°С).

The observed difference in the dispersion of plati�
num between samples 2�01 and 4�48 led to a differ�
ence between their hydrogenating activities. The
results of our kinetic measurements are presented in
Table 5. Clearly, sample 4�48, which contains hydro�
lyzed complexes with the average composition
PtCl3O3 as a result of drying, is 2.5–3.0 times more
active. However, since these samples are similar in the
specific activity of platinum calculated with the dis�
persion taken into account and in the activation
energy of hydrogenation, it can be concluded that the
samples contain hydrogenation sites of the same
nature and differ only in the number of these sites.

Drying at an Elevated Temperature

The samples to be examined, which contained 0.1,
0.3, or 1.0 wt % Pt, were dried in air under daylight
conditions for 48 h. The drying temperature was varied
in the 50–120°С range. It is clear from the electronic
spectra presented in Fig. 6 that, as the platinum con�
tent is decreased, the ligand → metal charge transfer
band maximum in the high�frequency region shifts to
larger wavenumbers, occurring at 43000 cm–1 for the
1% Pt/Al2O3 sample and at 48000 cm–1 for the 0.1%
Pt/Al2O3 sample. This observation indicates that more
dramatic changes in the coordination sphere of plati�
num take place as a result of the replacement of chloro
ligands by oxygen�containing ligands [29, 30] as the
concentration of the complexes on the surface is
decreased [23]. At the same time, the data presented in
Fig. 6 demonstrate that, at a fixed platinum concen�
tration, variation of the drying temperature over the
25–120°С range does not cause any noticeable
changes in the electronic spectrum.

The drying temperature effect showed itself in the
investigation of platinum reduction. According to
TPR data for the sample containing 0.3% Pt (Fig. 5b),
raising the drying temperature from 25 to 120°С
caused a significant increase in the hydrogen uptake
near 350°С. The increase in the proportion of
unreadily reducible platinum species as a result of the
predrying of the sample at 120°С may be due to the
increase in the probability of the multisite coordina�
tion of the precursor. It is possible that, at the elevated
drying temperature, as in the case of hydrothermal
processing [22], the hydrolyzed platinum species con�
dense to yield polynuclear hydroxo complexes. We
demonstrated in our earlier study [36] that these com�
plexes undergo reduction at a higher temperature and
are likely capable of coordinatively binding to the sup�
port surface in a multisite mode.

This study has elucidated some chemical aspects of
the drying process as an indispensable step in catalyst
synthesis. It was demonstrated that the freshly dried
samples consist largely of chlorine�rich outer�sphere
complexes with the average composition PtCl5O.

Table 5. Results of catalytic tests of the samples in low�temperature benzene (B) hydrogenation

Sample

k, s–1 TON*, (molecule B) (atom Pt)–1 s–1

Ea, kcal/molreaction temperature, °C reaction temperature, °C

55 70 90 55 70 90

1�00 0.006 0.018 0.053 0.017 0.051 0.171 14.8

(TH2 = 450°C)

4�48 0.015 0.048 0.162 0.016 0.050 0.170 16.2

(TH2  = 450°C)

* Specific activity was calculated using dispersion data derived from CO chemisorption experiments.
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These complexes can be displaced from the surface by
competing anions and are reducible in the tempera�
ture range from 25 to 100°С, which is characteristic of
the reduction of bulk platinum chloro complexes [37].
As the drying time is extended to 50 h (25°С), the aver�
age composition of the surface complexes becomes
PtCl3O3, the proportion of nondesorbable complex
species increases to 50–60%, and the reduction tem�
perature of these species increases as well. The reduc�
tion process yields highly dispersed particles of sup�
ported platinum, obviating the need for high�temper�
ature drying and calcination.

Thus, after chloroplatinate is adsorbed on the alu�
mina surface and the impregnating solution is
removed, a sequence of chemical reactions involving
the adsorbed metal complexes, water molecules, and
surface groups of the support occurs in the adsorption
layer as the sample is held at room temperature. The
results of this study suggest that, as physically adsorbed
water leaves the surface, favorable conditions for the

interaction of the metal complexes with surface�coor�
dinated water molecules are established in the near�
surface layer of alumina. The resulting aquated species
of the complexes are capable of exchanging their
ligands for surface OH groups of alumina to yield
coordinatively bound complexes.

Drying at an elevated temperature (120°С) causes
a marked buildup of unreadily reducible platinum spe�
cies without significantly changing the extent of
hydrolysis of the bound complexes. This effect may be
due to the formation of polynuclear structures under
these conditions as a result of the oligomerization of
the hydrolyzed species of the bound platinum com�
plexes and the formation of multisite complex–sup�
port bonds.
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