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Thermal stability and redox behavior of the surface Cr-oxo structures supported upon sil-
ica were investigated by: TPR, TPO, XRD, IR and XPS techniques. During reduction in
hydrogen, the surface Cr(VI) oxide phase is completely transformed into the Cr(III) oxi-
dation state. For low loaded Cr/SiO, samples almost fully reversible interconversion
Cr(VI) <> Cr(III) was found during TPR — TPO cycling up to 900°C. For higher loaded
samples, temperature depended oxygen — hydrogen cycling strongly influences the rela-
tive composition of chromium oxide phase supported on silica. The coexistence of three
major forms of chromium oxide phase in supported CrO5/SiO, system has been con-
firmed: monomolecularly dispersed chromates strongly bonded to silica surface, rela-
tively inactive stable crystallites of a.-chromia and intermediate metastable amorphous
aggregates of CrO;. The relative contribution of each form strongly depends on the chro-
mium content, method of preparation, treatment conditions (temperature, atmosphere
and water traces). The anchoring of chromate-like species requires suitable support ad-
sorption sites and their concentration is governed by hydroxyl group population. Mobile
hydroxo species of CrO; may migrate on the silica surface, anchoring to preferable ad-
sorption sites and forming stable chromate-like species. It was also found that water is in-
volved in the hydrolytic process of monochromated species destabilization, resulting in
partial transition Cr(VI) — Cr(III). Thermodynamically favored chromium sintering
process, chromates CrO;” — crystalline a.-Cr, 03, requires water as destabilization agent
for hydrolytic splitting of Cr — O — Si linkages and chromium oxide agglomeration.

Key words: chromium oxide species, Cr/silica oxidation, temperature-programmed
reduction (TPR), IR, XPS spectroscopy

The industrial importance of silica supported chromium oxide catalysts devel-
oped by Phillips Petroleum has generated much interest in their physicochemical
properties [1-5]. Chromia-based catalysts have been devoted not only to the poly-
merization activity, but also to other important applications, e.g. hydrogenation and
dehydrogenation of hydrocarbons, dehydration and dehydrogenation of alcohols to
produce aldehydes, ketones and alkenes, water gas shift reaction, dehydrocyclization
of paraffines, and the automotive exhaust purification [6—9]. Supported chromium
oxide system has recently been applied for the deep oxidation of chlorinated volatile
compounds [10].

Although many chromium compounds are used as catalyst precursors (e.g. CrOs,
Cr(NO3);-9H,0, Cr(OH);, Cr0;), chromium trioxide is frequently applied for the
preparation of chromia supported catalysts [11-15]. During the preparation in an oxi-
dative atmosphere, CrOs; is transformed on the catalyst surface into chromate-like



species CrO; . The required catalyst activity is acquired during the reduction of
Cr-oxygen species, what is crucial for certain catalytic reactions, e.g. for ethylene
polymerization [9]. Although the structure of the supported and the unsupported
chromium oxide phases was investigated in detail, the nature of chromium oxide spe-
cies remained in many cases under discussion. When chromium is supported on sil-
ica, alumina and other oxidic supports, more than one single oxidation state is
observed in most cases, depending on the Cr loading, preparation procedure, and
treatment conditions applied (see, e.g., [16-21] and literature cited therein). In gen-
eral, every oxidation state of chromium between Cr(II) and Cr(VI) was postulated or
proven as surface species.

The unsupported bulk CrOj; is not stable at higher temperature. After melting
above 200°C [22] it starts to decompose, forming chromium oxides Cr
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such as: nature of support and conditions of catalyst preparation and oxidation, tem-
perature, contacting gas and the presence of water vapor.

Low loaded 0.6-2.6% Cr/silica system was investigated by Ellison et a/. [5] using
TPR method. They have found that samples of CrO; supported on silica, when acti-
vated in dry air, consisted mainly of chromate-like surface species with aggregates of
CrOj; and dichromate-like surface species present in varying proportions, depending
upon chromium loading, method of preparation and activation conditions. Their as-
signment was based on comparison with TPR profiles for bulk CrO;, Na,CrO4 and
Na,Cr,07 compounds. Such approach may be misleading, taking into account defec-
tive amorphous character of silica surface, which could result in less or more dis-
turbed chromate-like tetrahedra linked to silica surface and finally differing in their
reducibility.

In this paper the temperature programmed reduction in hydrogen was used for the
elucidation of Cr/silica redox reversibility. The redox behavior plays an important
role not only in activation procedure but also in other applications, such as automo-
tive exhaust purification or high temperature combustion catalysts. To this purpose
reduction-reoxidation cycles were performed for samples of different Cr content and
for different reoxidation temperature. Additionally, XRD, XPS and IR spectroscopy
were used to characterize the chromium oxide structures supported on silica gel.

EXPERIMENTAL

Preparation of catalysts. For the silica sol-gel preparation, as a parent substance, the tetra-
methoxysilane (Fluka manufacture, purity >98%) was used. The catalysts were prepared by incipi-
ent-wetness method, in which a high specific surface area silica (535 m%g, BET, pore specific volume —
0.58 cm’/g) was impregnated with aqueous solution of CrO;. After impregnation step, the catalysts were
dried at room temperature and then samples were slowly heated at a rate of 2°C per minute from 25 to
110°C and finally held on at this temperature through 5 hours. Care was taken during this procedure, since
too rapid drying may lead to chromatography of the chromic acid on support surface with subsequent het-
erogeneity of the samples. Applying this method samples containing 0.5, 1.25,2.73, 5.07, 6.5 and 8.5 wt
% chromium were prepared. Additionally, CrO; — SiO, mechanical mixture (1 wt % Cr) was prepared by
dry mixing and used for comparison. Determination of the chromium content was verified by atomic ab-
sorption spectroscopy (ICP-AES).

Surface area measurements. The BET method was applied to the 77 K adsorption of nitrogen on a
Carlo Erba Sorptiomatic 1900.

Thermogravimetric [TG] measurements. They were made in a Thermo-analyzer TG - DTA-
SETSYS 1618 apparatus applying computed technique. Sample of 20 mg was heated from 20°C up to
1100°C with linear growth 5°C-min”" in dry argon stream at a flow rate of 45 cm®-min~". The amount of
water adsorbed on silica surface was taken into account in the quantitative interpretation of TG curve.

Hydrogen reduction. Temperature programmed reduction (TPR) measurements were carried out
with a commercial temperature-programming system, Altamira Instruments, model AMI-100 equipped
with a thermal conductivity detector. As reducing agent purified gas mixture 10% H, —90% Ar at the volu-
metric flow rate of 50 cm®-min~"' was used. The catalyst bed containing approximately 0.1 g sample was
heated in a quartz reactor from 25 up to 900°C with linear growth of 20°C-min". At the beginning the
sample was calcined at 400°C in a stream of purified gas mixture of 10% O, — 90% He for two hours, fol-
lowed by TPR run. Then succeeding TPR runs were carried out in a similar way by previous reoxidation (2
h) treatment of sample at: 500, 600, 700 and 900°C, respectively. The effect of reduction was determined
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through comparison the area enveloped by the TPR profile with that obtained for the signal corresponding
to the introduction of a known amount of hydrogen into the gas stream.

X-ray diffraction (XRD) measurements. Diffraction patterns were performed with a polycry-
stalline D 5000 Siemens X-ray diffractometer. It was operating with a scanning speed of 0.03° per 10 s.
Diffraction patterns were recorded in the range of 20 = 10-90°, using nickel — filtered CuKa radiation.

Infrared technique: FTIR diffuse reflectance measurements were carried out using FTIR Shimadzu
Spectrometer. For monitoring the surface hydroxyl groups stretching region at 4000 to 3000 cm ' was ap-
plied and 40 scans were averaged. Before IR analysis the samples were subjected to high temperature
treatment (600°C, 2 h) in dry oxygen atmosphere.

XPS technique. XPS measurements were run on a Quantum 2000 spectrometer using a pass energy
0f23.50 eV. The AlKa photons were applied to excite the photoemission. All the samples were measured
as powders spread on a double-side scotch tape.

RESULTS AND DISCUSSION

Silica surface stabilizes chromium oxo species as a result of esterification reac-
tion between chromic(VI) acid and silica surface hydroxyl groups, taking place dur-
ing catalyst dehydroxylation. Higher temperature oxidation leads to molecularly
dispersed chromate-type species, which are precursors for catalytically active sites.

The thermogravimetric method of measuring the hydroxyl population on silica
was applied and typical TG profile are presented in Fig. 1. The analysis of this curve
confirms, that physically absorbed water is completely removed from silica heated at
about 200°C. Further heating up to 1100°C led to evolution of water equal 3.49 wt %
of silica mass. Referring this value to surface dehydroxylation and comparing with
silica surface area (535 m?/g), the total monolayer concentration of surface hydroxyl
groups on silica surface was evaluated as 4.36 OH /nm?. This value is in a good agree-
ment with the literature value 4-5 OH/nm? [33]. The decrease of silica sample weight
from 200 to 1100°C, represented by TG curve a in Fig. 1, is assigned to dehydro-
xylation of the silica surface. The quantitative evaluation of this process is given in
Table 1 and the dependence of the concentration of hydroxyl groups on silica surface
in function of temperature is also presented as curve b in Fig. 1.

Table 1. The effect of temperature on silica surface hydroxyl group concentration.

Temperature [°C] OH /nm?
200 4.37
300 3.95
400 3.07
500 2.26
600 1.73
700 1.41
800 1.20
900 0.89

1000 0.39
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Figure 1. Results of thermogravimetric analysis for SiO,. Curves a and b denote weight loss (%) and the
OH/nm’ ratio, respectively.

TPR studies. The examples of representative experimental TPR profiles for 1.25
wt % Cr/Si0; catalyst, and for 1 wt % CrO; — SiO, mechanical mixture in function of
the reoxidation temperature are shown in Fig. 2 and 3, respectively. For the low chro-
mium loading (0.5-2.73 wt % Cr) TPR profiles were characterized by a single rela-
tively broad reduction peak with its temperature of maximum located at 465—-490°C.
These profiles were assigned to a single step reduction of monochromatic species,
stabilized on silica surface. The increase in the reoxidation temperature led to gradual
decrease of the surface area enveloped by the TPR curves, shifting the maxima to tem-
peratures slightly higher than 500°C after final reoxidation at 900°C. Such behavior
confirms the interaction of the chromate species on the support surface, induced by
Si0,, and a partial lack of full chromium redox reversibility of Cr(VI) <> Cr(IlI). The
last effect is attributed to the sintering process of chromium, leading to formation of
crystalline Cr,0; on silica surface and confirmed by XRD method (see also Fig. 9).
Crystalline a-chromia is the most stable chromium compound, highly resistant both
for reduction and oxidation treatment. The TPR profiles for mechanical mixture of
silica and chromium trioxide CrO; (1 wt % Cr) are similar to those representing the
impregnated low loaded Cr/silica catalyst (compare Figs. 2 and 3). The only differ-
ence is represented by a significant decrease of the sample reducibility after reoxi-
dation at 500°C in comparison with the first oxidation treatment at 400°C. This effect
is related to a rather poor dispersion of chromium in CrO; — Si0, mechanical mixture,
despite the fact that the melting of CrO; at about 210°C should facilitate the interface
contact between CrO; and SiO,.
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Figure 2. H, TPR profiles for 1.25 wt % Cr/SiO, catalyst after 2 h in stream of 10% O, —90% Ar gas mix-
ture, initially oxidized at 400°C, then reoxidized at 500, 600, 700 and 900°C, respectively.
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Figure 3. H, TPR profiles for CrO;—SiO, mechanical mixture containing 1.0 wt % Cr after 2 h in stream
0of 10% O, — 90% Ar gas mixture, initially oxidized at 400°C, then reoxidized at 500, 600, 700
and 900°C, respectively.
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For higher chromium loaded samples (5.07-8.5 wt % Cr), TPR profiles for sam-
ples reoxidized at different temperatures are illustrated by the representative profiles
of'the 5.07 wt % Cr sample in Fig. 4. The reduction profile for a fresh sample, after its
oxidation at400°C, is characterized by one reduction peak similarly like in the case of
the low-loaded samples. Surface chromate like macrostructure anchored to silica
seems to be responsible for this reduction effect. The H, uptake for this sample, being
reoxidized at temperature 500°C, is represented by a rather broad TPR profile, con-
sisted of two partly overlapped reduction peaks, attributed to the reduction of CrO;
aggregates and surface chromates, respectively. Further increase of the reoxidation
temperature led to gradual diminishing of reduction effects and simultaneously
caused the relative decrease of the first peak and the growth of the second one. Using
the computer aided deconvolution, the position and relative proportion of each over-
lapping component was estimated. The appropriate program of calculation was based
on the assumption of a Gaussian peak shape and permitted the detection of individual
components. For highly loaded samples two kinds of chromium species, with their
maxima located at 385—400°C and 470-490°C, were assigned to aggregates of CrO3
and chromate-like surface structures [28]. The relative proportion of the individual
constituents can be calculated with an error of about 5%. Illustration of this approach
is showed, for example in Figs. 5 and 6 for 5.07 and 8.5 wt % Cr/Si0O,; catalysts, re-
spectively. Enhancement of reoxidation temperature up to 700-900°C corresponds to
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Figure 4. H, TPR profiles for 5.07 wt % Cr/SiO, catalyst after 2 h in stream of 10% O, —90% Ar gas mix-
ture, initially oxidized at 400°C, then reoxidized at 500, 600, 700 and 900°C, respectively.
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Figure 5. The deconvolution of the TPR profiles for 5.07 wt % Cr/SiO, sample reoxidized at 500°C for
two hours. 1 —experimental profile, 2 — calculated profile, 3 and 4 — individual profiles of com-
ponents.
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Figure 6. The deconvolution of the TPR profiles for 8.5 wt % Cr/SiO, reoxidized at 600°C for two hours.
1 — experimental profile, 2 — calculated profile, 3 and 4 — individual profiles of components.

the appearance of broad one peak rather independent of chromium loading. The
disappearance of the low temperature constituent is assigned to the irreversible trans-
formation of amorphous CrO; aggregates into crystalline Cr,0;, which does not parti-
cipate in redox cycle [3]. The reduction degree of CrO5/Si0O; catalysts was evaluated
on the basis of TPR profiles, such as those in Figs. 2—4, according to:

2CfO3 +3H, > CI'203 + 3H20 (1)
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The computed values depended on chromium loading and the reoxidation tempera-
ture are presented in Table 2.

Table 2. Degree of reduction for CrO; supported on gel-silica.

% Cr Cr atomg Temp. o o, o Clexp.
Crerynm [°Cl [%e] (%] [%] (%]
0.5 0.0986 400-900 0 100 100 100
1.25 0.246 400-700 0 100 100 100
900 71.7
400 98
500 72
2.73 0.538 600 71
700 64.4
900 38
400 96.2
500 34.9 26 60.9 62.5
5.07 0.999 600 20.5 399 60.4 62
700 60.4
900 30.1
400 94.5
500 31.1 20.4 51.5 53.5
6.5 1.28 600 15.9 323 48.2 49.4
700 43.6
900 16.1
400 88
500 314 18.8 50.2 52.3
8.5 1.67 600 18.6 27.1 45.7 46.9
700 40.2
900 15.8
400 66.7
1.0 500 27.5
mech. mix. 0197 600 27.5
B 700 21.5
900 10.3

where: Cr(r) expresses the total quantity of chromium atoms per nm? of silica.

a1, o, — Denote degree of reduction calculated by deconvolution of the TPR profiles for CrO; agglomerates
and monochromate-like species.

o= 0o +a,— Total degree of reduction for CrO; agglomerates and monochromate-like species together.
Oexp — Degree of reduction for CrO;/SiO; catalysts obtained experimentally.

A degree of reduction close to 100% was obtained for all CrO;/Si0, catalyst sam-
ples (0.5 up to 6.5 wt % Cr) oxidized at 400°C. Only in the case of a highly loaded
sample (8.5 wt % Cr) or a mechanical mixture CrO; — (1 wt % Cr) the degree of reduc-
tion was considerably lower than 100%. The reoxidized samples show lower degrees
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of reduction, depended strongly on the temperature of reoxidation (500-900°C) and
the chromium loading. In the case of low loaded samples (0.5-1.25 wt % Cr), the re-
duction was complete in temperature range of reoxidation 500-900°C. This proves
the presence of a highly stable population of monochromate, like species on silica
surface, which are involved in the reversible interconversion Cr(VI) <> Cr(III). The
monochromate-like species are stable up to 900°C in oxidative and inert atmosphere
and as Cr(III) oxo-species they are not destabilized in hydrogen.

Although the stoichiometry based on (1) is widely accepted when hydrogen is
used for reduction of bulk Cr(VI) oxo compounds [3], equation (1) itself may be mis-
leading for molecularly dispersed CrOs/Si0; system, because Cr,0O; cannot be a re-
duction product of the isolated tetrahedral CrO; species containing two oxygen
bridges with silica surface and two terminal oxygen atoms. The mechanism of such
reduction, involving the removal of two terminal oxygen atoms, would result in the
non modified two oxygen linkages with silica, what should lead to Cr(I1)O3™ species.
Such unstable Cr(II) species may be expected when carbon monoxide is used as re-
ducing agent [22,30], but in the case of water being the product of reaction with hy-
drogen one would rather infer the oxidation of Cr(II) to Cr(III) species. In order to
explain the apparent discrepancy, we propose that the neighboring hydroxyl group
may be involved in hydrogen reduction of the isolated tetrahedral CrO;” species, ac-
cording to:

O O
N

Cr(V) H+ 1.5 H, = Cr(Ill) + 2H,0 2)
N \ RN

silica silica

Such mechanism is in accordance with (1) and can be envisaged taking into ac-
count the expected concentration of hydroxyl groups located in the direct vicinity of
the anchored chromium on silica surface (see Table 1). The Cr(III) oxo species are of-
ten regarded as the catalytic sites on silica surface in many reactions. The excessive
amount of chromium (above saturation of silica surface) is inevitably transformed in
the final stable form of crystalline chromia. This process is clearly visible for highly
loaded chromium supported silica catalysts. More than 80% of chromium undergoes
this final transformation. One can anticipate the third type of chromium oxide struc-
ture on silica surface, which is even more easily reducible than chromate-like
structure and reversibly reoxidized between range 500—700°C. This agglomerated chro-
mium oxide structure is rather amorphous and relatively weakly bonded to silica sur-
face.

A general scheme of CrO; — SiO, system transformation may be postulated:
chromate <> amorphous agglomerate — a-chromia on the basis of hydroxyl groups
concentration on silica surface (Table 1) and the degree of reduction of CrO5/SiO,
catalysts (Table 2). The applied procedure of TPR curves deconvolution allows the
evaluation of the different chromium structures population in function of the reo-
xidation temperature. Denoting the chromate type structure population as o, and ag-
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Figure 7. The calculated Cr./OH ratio versus reoxidation temperature for examined samples.

glomerate type structure as o; and taking into account the total chromium content
Crr, one can calculate Cr¢ value for chromate like structure on silica surface, using
the amount of hydrogen consumed in TPR run according to (1). The sum of a; and a,
gives o, and represents the reducible chromium oxide population on silica surface.
These values and also the total concentration of supported chromium per square
nanometer of silica Crr are presented in Table 2. The concentration of chromate like
species can be calculated using Crc = a,, Crr/100. For low loaded samples (0.5-2.73
wt % Cr) when a, = o, = 100% the almost entire chromium population is engaged in
chromate like structures Crr = Crc. The applied procedure of TPR curves decon-
volution allows for the evaluation of the different chromium structures population as
a function of the reoxidation temperature. The calculated ratios between chromate
like population Cr¢ and hydroxyl group concentration in function of reoxidation tem-
perature are presented in Fig. 7. As each TPR run was terminated at 700°C, the calcu-
lated Crc/OH ratios were based on the value 1.41 OH/nm? for sample reoxidation at
500, 600 and 700°C. For a fresh sample, after its first oxidation at 400°C, the value
3.07 OH/nm? was used (Table 1). The upper limit of chromate like monolayer on sil-
ica surface depends on hydroxyl group concentration and the theoretical value of
Cr¢/OH ratio equal to 0.5 can be inferred according to:

CrO; + 20H — CrO? + H,0 3)
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The experimental value, close to monolayer coverage, was obtained for 8.5 wt %
Cr/Si0, sample after its oxidation at 400°C (Fig. 7). A dramatically lower reducibility,
observed for highly loaded Cr/SiO, samples after their reoxidation at 500°C, was at-
tributed to transformation of chromate like species into amorphous and crystalline
chromia phases during the first TPR run up to 700°C. The partial recovery of
chromate-like species, as a result of chromium redispersion, was observed at a still
higher temperature of reoxidation 600 and 700°C [3]. For low loaded Cr/SiO, sam-
plesup to 2.73 wt % Cr, almost the entire population of chromate like species was pre-
served in the redox cycling up to 700°C (Fig. 7). The above interpretation is based on
the deconvolution procedure, applied for TPR profiles enabling the quantitative re-
cognition between chromate and amorphous phases.

IR studies: The IR diffusion-reflectance spectra for 0.5, 1.25 and 2.73 wt %
Cr/Si0O, samples and silica alone after heating in stream of oxygen at 600°C for 2 h are
shown in Fig. 8. These spectra represent the stretching region of SiO, hydroxyl
groups. They show a sharp band at 3740 cm ™', which has been assigned to the isolated
OH groups. The partial disappearance of this band for 0.5 and 1.25 wt % chromium
loading samples indicates that the chromium oxide interacts with the silica by
removal of the surface hydroxyl groups simultaneously, creating a surface phase as def-
inite compounds, which partially occupies silica surface (equation 2). The disappear-
ance of the 3740 cm ' band on account of addition of chromium oxide was already
reported [27]. However, in the case of greater chromium loading 2.73 wt % Cr, one

Transmittance [A.U.]
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Figure 8. FTIR diffuse-reflectance spectra of hydroxyl region for silica and CrOs/Si0O, catalysts after
temperature treatment in stream of oxygen at 650°C, 2 h. Curves: 1 —silica alone, 2, 3 and 4 for
0.5, 1.25 and 2.73 wt % chromium loading samples, respectively.
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did not observe a further decrease of hydroxyl band and this observation is attributed
to saturation coverage of silica surface by chromate like species formed during oxida-
tion at 600°C. The presence of OH group population on silica, even for highly loaded
chromium catalysts, may be proposed as a source of hydrogen involved in the very be-
ginning step of ethylene initiation on Cr/silica surface [4,34].

XRD studies: The XRD profiles for 0.5;2.73; 5.07 wt % Cr/Si0, samples and sil-
ica alone after their oxidation in stream of oxygen at 900°C for 2 hours are presented
in Fig. 9. The XRD spectrum of silica consists of a broad diffraction band with maxi-
mum intensity at 26 =22°, characteristic of amorphous silica and with a considerable
tailing towards higher diffraction angle. For supported Cr/silica samples additional
diffraction lines characteristic for crystalline Cr,O; phase were observed. For low
loaded 0.5 wt % Cr/SiO; sample, lack of crystalline chromia diffraction lines was ob-
served. Although, at such low Cr loading, the amount of the crystalline Cr,O; phase
may be below the detection limit of the XRD technique, its significant formation on
silica would be limited, taking into account redox interconversion Cr(VI) <> Cr(III)
(see Table 2). Also the characteristic yellow color of that sample was unaffected by
thermal treatment. In conclusion, it can be inferred that CrOj; is bonded to the silica
surface, forming a highly resistant to thermal destabilization surface phase as definite
chromates, being a major component up to 2.73 wt % Cr. For higher chromium load-
ing, the unstable CrO; undergoes decomposition when temperature is increased, giv-
ing finally crystallites of a-Cr,O5. The color of these samples changed from yellow
towards green one.

XPS studies: XPS study was undertaken to shed the light on the influence of water
on stability of surface chromium oxide phase formed under high temperature treatment
of sample and determination of chromium oxidation state as well. Measurements were
performed for 2.73 wt % Cr/SiO, sample, oxidized both in dry and wet stream of oxy-
gen and for 6.5 wt % Cr/Si0, in dry oxygen at 600°C for 2 hours and the XPS spectra
are shown in Fig. 10. XPS analysis of the catalysts showed two different oxidation
state of chromium Cr(VI) and Cr(I1I) supported on silica surface with binding energy

Intensity [c/s]
% -

0 15 2025 30 3540 45 50 55 60 6570 75 80 85 90
26/degrees

Figure 9. The XRD patterns after calcination in stream of oxygen at 900°C for two hours. Curves:
1 —silica; 2, 3 and 4 for 0.5, 2.73, 5.07 wt % chromium samples, respectively.
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Figure 10. The XPS spectra of CrOs/SiO; samples. Curve 1 refers to the 6.5 wt % Cr/SiO; catalyst at
calcinated 600°C, 2 h, in dry stream of oxygen. Curves 2 and 3 for 2.73 wt % Cr/SiO; catalyst
refer to the calcination at 600°C, 2 h, in wet and dry stream of oxygen, respectively

580.7 and 576.9 eV, respectively. The binding energy scale was referenced to BE
value 532.8 eV, representing the O 1s peak for the silica support. Our results are in
good accordance with literature data: BE Cr 2p;/, value for CrO; (580.1 eV) and for
Cr,05(576.6eV)[10]. For lower loaded sample 2.73 wt % Cr/SiO, the BE position of
Cr2ps,, peaks confirmed the dominant population of chromium(VI) species and rela-
tively small contribution of Cr(III) species stabilized by silica surface (see Fig. 10).
On the other hand, chromium(VTI) species appeared to be unstable in a stream of wet
oxygen under high temperature conditions, leading to partial transformation Cr(VI)
— Cr(III). Water is involved in the hydrolytic process of monochromates species
destabilization, resulting in a.-Cr,O; formation. In the case of 6.5 wt % Cr/Si0, sam-
ple, after high temperature treatment even in a dry oxygen, the XPS spectrum shows
the abundance of Cr(III) species. The additional TOF SIMS analysis of Ct/SiO, sam-
ples showed the most intense chromium clusters for CrO,, CrOj3, Cr,04, Cr,O5 and
CrO;0H, CrOOH fragments, originating from catalyst surface in dry and wet atmo-
sphere, respectively. The crystalline Cr,05 is the most stable among chromium ox-
ides with the enthalpy of formation 180 kcal-mol'. There is a widely held view that
prolonged exposure of the chromium oxides to elevated temperatures, even when on
the support surface, results in the increased amount of the highly crystalline phase of
a-Cr,03, which may be useless as a catalyst [35,36]. The crystalline a.-Cr,O3 does not
undergo bulk oxidation, but the surface oxidation takes place during the high-
temperature oxidation treatment [37]. On the other hand, the formation of a rather a
highly mobile and reactive surface Cr(VI) oxo-species has been proposed during the
high-temperature oxidation treatment [ 12,38—40]. They are able to migrate on the sil-
ica surface, simultaneously anchoring at the thermodynamically most favorable sil-
ica adsorption sites. Chromium trioxide CrO; alone is not a stable compound and can
be irreversibly decomposed to crystalline a-Cr,O; above 300°C even in oxygen at-
mosphere, according to:
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2CI‘O3 —> OL-CI'203 +1.5 02 (4)

Chromium trioxide CrO; supported on SiO; surface by wetting impregnation method
is anchored to silica surface as chromate like structure formed as a result of:

H,CrO4 +20H — CrOy + 2H,0 5)

Tetrahedral coordination of Cr(VI) on silica surface leads to chromate species con-
sisting of two terminal oxygen atoms and two oxygen atoms forming strong chemical
bonds with silica surface. The strength of these oxygen bridges is responsible for ther-
mal stability of CrO; — SiO; system. The process of CrO; — o-Cr,O; transformation
is possible only when Cr—O-Si linkages undergo splitting. The only reasonable agent
responsible for this splitting is water, being the unavoidable component of the
Cr0O;/Si0, system. Water molecules can originate from three possible sources: sur-
face hydroxyl groups, water from gas phase and water being the product of CrO5/Si0,
reduction in hydrogen (1) and (2). The process of hydrolytic Cr—O-Si linkages
destabilization would be the first step in CrO; — a-Cr,0O; transformation. The
sintering of monomolecularly dispersed chromate like species, leading to crystalline
chromia supported on silica, would be a sequence of following events: hydrolysis of
Cr—0O-Si bonds, according to the reverse reaction (4), migration of Cr(VI) hydroxo
species and their agglomeration, leading to dehydration and reductive decomposition
towards crystalline a.-Cr,0O3, according to reaction (3). Depending on the water vapor
content, such mechanism would explain both the experimentally observed tendency
of Cr oxo species towards reductive transformation to a.-Cr,0O; and the surface stabi-
lization of CrOj; as stable chromate-like species. The above mechanism fits well to
oxidative or neutral gas atmosphere. The reduction process in hydrogen likely gener-
ates low-valence Cr(III) ions on silica surface and then their hydrolytic desta-
bilization and an activated rearrangement to higher coordination states takes place,
resulting in sintering of crystalline chromia phase dispersed on silica. Presence of wa-
ter in the CrO5;—Si0O, system may serve as an effective manner of the chromium
spreading on the silica surface through successive steps in the hydrolysis anchorage
mechanism ensuring attainment of thermodynamic equilibrium [2—3]. On the other
hand, an excess of water can lead to splitting of the Cr—O-Si linkages forming
a-Cr,03. Of course, the surface concentration of the durable either chromate or
polychromate species depends on both the origin of silica and the conditions of treat-
ment such as temperature and oxidative or reductive atmosphere containing tracers of
vapor water. Depending on the chromium content and the conditions of the catalyst
treatment, either the atomically dispersed chromate species for low chromium load-
ing or the bimodal distribution of chromium phase, consisting of surface chromate
species and crystalline a-Cr,O3 for higher chromium loaded samples, may be finally
expected.
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CONCLUSIONS

This work has shown the coexistence of three major forms of chromium oxide
phase in the CrO3/SiO, system: monomolecularly dispersed chromates strongly
bonded to silica surface, relatively inactive stable crystallites of a-chromia and inter-
mediate metastable amorphous aggregates of CrOs. The relative contribution of each
form strongly depends on the chromium content, method of preparation, treatment
conditions (temperature, atmosphere and water traces). The anchoring of
chromate-like species requires suitable support adsorption sites and their concentra-
tion is governed by hydroxyl group population. Thermodynamically favored chro-
mium sintering process chromates CrO;” — crystalline a-Cr,0O5 requires water as a
destabilization agent for hydrolytic splitting of Cr—O-Si linkages and chromium ox-
ide agglomeration. Temperature depended oxygen —hydrogen cycling strongly influ-
ences the relative composition of chromium oxide phase supported on silica.
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