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Model well-defined MoO3/Al,03 and MoOz3/SiO2 systems were rationally designed by anchoring
of MoOCl4 on the supports surface of fumed AlOs and SiO. nanoparticles. The subsequent
hydrolysis of the anchored groups by water vapours followed by thermal treatment resulted in
the formation of Mo(VI) oxo-species on the supports surface. By application of the anchoring —
hydrolysis cycles the model MoO3/Al>Os systems with the molybdena loading of 1.10, 1.92 and
2.34 Mo/nm? were synthesised. The synthesised MoO3/SiO, systems had a molybdena loading of
0.82, 1.05 and 1.21 Mo/nm?. X-ray diffraction patterns characteristic for MoOs crystallites were
not observed in the synthesised MoO3/Al,03 and MoQOz3/SiO> systems up to the highest achieved
molybdena loading of 2.34 and 1.21 Mo/nm? respectively. This confirms that the used
preparation route resulted in the formation of highly dispersed Mo(VI) oxo-species on the
surface of both Al,Oz and SiO. supports. The degree of aggregation of Mo(VI) oxo-species
depends on the nature of the support surface and molybdena loading. Increase of the molybdena
loading on the surface of both Al2Os and SiO. supports results in an increase of the degree of
aggregation of Mo(VI) oxo-species. On Al,Os support, at a molybdena loading which
corresponds to the population of surface hydroxyl groups, monomeric Mo(VI) oxo-species
appear to be predominant. At higher molybdena loading, the formation of polymeric Mo(VI)
oxo-species was detected. On SiO» support, at a molybdena loading which corresponds or
exceeds the population of surface hydroxyl groups, simultaneous presence of monomeric and
polymeric Mo(VI) oxo-species was observed.

Keywords: Alumina, silica, supports surface chemistry, molybdena, surface oxo-species, UV-Vis
spectroscopy.

INTRODUCTION

The in-depth study of the structure of surface Mo(VI) oxo-species is the subject of
standing interest using modern experimental techniques [1-5] and theoretical methods [6-9]. A
number of studies aiming at the development of new approaches to the synthesis of alumina and
silica supported molybdenum systems were undertaken. Anchoring of inorganic and
organometallic molybdenum compounds, namely MoCls [10-12], MoOCl4 [13], MoO2Cl> [14,
15], MoO>(acac). [16] and Mo(w-CsHs)4 [17] on the support surface was realised.

Catalytic activity of alumina and silica supported molybdenum oxide systems in the
reactions of selective oxidation, hydrodesulfurisation, oxidative coupling and metathesis are
widely known [18-21]. Commercial importance of these processes stimulates the basic studies
aiming at modelling of the active phase - support interaction at a molecular level which is
considered as one of the most significant factors influencing the dispersion of the supported
Mo(V1) oxo-species and consequently the structure of the catalytically active sites.

Anchoring of inorganic and organometallic molybdenum compounds is considered to be
the best alternative to the conventional impregnation technique for the synthesis of model
supported molybdenum systems [22] and their characterisation [23]. Firstly, anchoring is free of
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disadvantages from which impregnation suffers. If a solvent is used, its removal occurs when
molybdenum inorganic or organometallic compound is chemically attached to the support
surface and therefore aggregation of the Mo(VI) oxo-species is minimised. As a result, the
problems of samples inhomogeneity are overcome to a large extent. Secondly, anchoring creates
conditions under which a maximum spreading of Mo(V1) oxo-species on the support surface has
to be expected. Their concentration appears to be equivalent to the population of surface
hydroxyl groups of the initial support which are considered to be responsible for the formation of
the dispersed Mo(VI) oxo-species.

Upon anchoring of molybdenum inorganic or organometallic compound to the support of
well defined structure one may expect the formation of uniform surface species. Highly
dispersed fumed alumina and silica supports which possess a micropore free texture fit this
requirement and are suitable for studies aiming at modelling of the molybdena phase - support
interaction.

The aims of this work are to design model MoOs3/Al>0z and M0oOz/SiO> systems and to
investigate how the degree of Mo(VI) oxo-species aggregation depends on the nature of alumina
and silica supports.

In this study, model MoO3/Al>,03 and MoO3/SiO> systems were synthesised by anchoring
of MoOCl; followed by hydrolysis and subsequent thermal treatment that resulted in the
formation of Mo(VI1) oxo-species. The synthesised model systems were characterised by a
diffuse reflectance UV-Vis spectroscopy.

It is reasonable to expect that the preparation route based on anchoring of molybdenum
inorganic or organometallic compound on the surface of fumed alumina and silica has to result in
spreading of Mo(VI) oxo-species which is governed essentially by their specific interaction with
the supports.

EXPERIMENTAL

MoOs3/Al203 and MoOs/SiO2 samples were synthesised by using a highly pure, well-
defined alumina (Aluminium Oxide C, specific surface of 100 m?/g, average primary particle
size of 13 nm) and silica (AEROSIL 200, specific surface of 200 m?/g, specific surface of 12
nm) supports. Supports were pelletted by pressing, crushed and sieved. The fraction of 0.25—
0.50 mm was used.

About 1 g of the support dehydrated at 200 °C was treated with 30 ml of 0.01 M solution
of MoOCls (Aldrich) in dichloromethane (Baker) which was dried with molecular sieves.
Treatment was carried out at 40 °C for 1 h under a flow of dry nitrogen. In order to achieve the
maximum molybdena loading the supernatant was replaced by a fresh MoOCI, solution twice.

The synthesised samples were thoroughly washed with dichloromethane which was
removed by evacuation. For the removal of chlorine from the synthesised samples, they were left
overnight for hydrolysis with water vapour (p/ps=0.75) at room temperature followed by
dehydration at 200 °C for 2 h.

In order to prepare samples with an increased molybdena loading, the above mentioned
anchoring-hydrolysis cycle was repeated.

The as-prepared samples were calcined in air at 500 °C for 4 h. The total molybdenum
content was determined by AAS after treatment of the calcined samples with a hot 2 M aqueous
potassium hydroxide.

X-ray powder diffractograms in the 26 region of 5-60° were measured on a Philips PW
1840 diffractometer using Cu Ko radiation.

UV-Vis spectra were registered against blanks of barium sulfate in the region 200 - 900
nm using a Cary 3 UV-Vis spectrophotometer with a diffuse reflectance accessory. The results
were expressed in the form of the Kubelka-Munk function.
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RESULTS AND DISCUSSION

The synthesis of MoO3/Al,03 and MoO3/SiO, systems was carried out by anchoring
MoOCIs on the hydroxylated surface of alumina and silica supports. Anchoring occurred via
chemical reaction of the MoOCIs molecules with surface hydroxyl groups [13, 24, 25]

n @-OH) + MoOCls — (£-0)nM0OCls.n + n HCI (1)

The hydrolysis of @-O)nMOOCh-n groups enabled to repeat MoOCIs anchoring.
Subsequent thermal treatment resulted in the formation of Mo(VI) oxo-species on the support
surface.

According to AAS analysis, the molybdena loading in the synthesised alumina and silica
samples was found to be dependent on the type of the support as well as on the number of
anchoring-hydrolysis cycles.

Fig. 1 illustrates how number of anchoring-hydrolysis cycles influences the molybdena
loading in the synthesised silica and alumina supported samples. It is clearly seen that in both
cases repetition results in an increase of molybdena loading although this increase is smaller in
each next cycle. This means that the molybdena loading approaches saturation.

Application of the described preparation route resulted in the synthesis of alumina
samples with a molybdena loading which corresponds to 1.10, 1.92 and 2.34 Mo/nm?, denoted
hereafter as MoO3(1.10)/Al,03, M003(1.92)/Al203 and Mo0O3(2.34)/Al203, respectively. The
synthesised silica samples with a molybdena loading of 0.82, 1.05 and 1.21 Mo/nm? are denoted
as M003(0.82)/SiO2, M003(1.05)/SiO2 and M003(1.21)/SiOz, correspondingly.

Repetition of the anchoring-hydrolysis cycles enables to reach higher molybdena loading
on the alumina support in comparison with that on silica (Fig. 1). This is in agreement with
higher population of hydroxyl groups on alumina surface which are responsible for anchoring of
MoOCls (see eq. 1). After dehydration at 500 °C, the population of hydroxyl groups on alumina
support was reported to be at least two times higher than that on silica [26].

A possibility of repetition of the anchoring-hydrolysis cycles reflects regeneration of
surface hydroxyl groups which are consumed when MoOCI4 anchoring occurs (see eq. 1). This
= -0)nM0OCls.n groups accompanied by the
reappearance of surface hydroxyl groups and the formation of molybdenum (V1) oxo-species.

It is clearly seen that each subsequent anchoring-hydrolysis cycle results in an increase of
molybdena loading although this increase appears to be smaller in each next cycle. As surface
hydroxy!l groups are responsible for MoOCI4 anchoring (eq. 1), this is explained by a decrease of
their total population upon repetition of anchoring-hydrolysis cycles. The observed progressive
decrease of population of surface hydroxyl groups means that the number of Mo(VI) oxo-species
which are covalently bound to the support surface increases.

X-ray diffraction patterns of the synthesised MoO3s/Al>0s and MoOs/SiO> systems (Fig.
2) revealed diffraction maxima similar to those of Aluminium Oxide C (y-Al203) and a very
broad pattern around 10—40° (26) typical for AEROSIL 200 (amorphous SiO>). The diffraction
patterns characteristic for MoOs crystallites were not observed. XRD patterns of the synthesised
Mo00O3(2.34)/Al>03 and M003(1.21)/SiO> systems with the highest achieved molybdena loading
of 2.34 and 1.21 Mo/nm? are presented in Fig. 2.

This confirms that the used preparation route resulted in the formation of highly dispersed
Mo(V1) oxo-species on the surface of both supports. The main reason is the correspondence of
the molybdena loading to the population of surface hydroxyl groups [27] which is achieved by
the anchoring of MoOClI; to the support surface. Therefore, one has to come to the conclusion
that on both supports the highly dispersed Mo(VI) oxo-species exist being interacted with the
support surface.

Diffuse reflectance UV-Vis spectra of the synthesised samples are shown in Fig. 3 and
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Fig. 4. In both cases the strong absorption is observed in the region of 200-400 nm because of
the ligand to metal 0> — Mo®" charge transfer [28, 29]. No absorbance above 800 nm which
might be attributed to the reduced Mo(VI) oxo-species [10-12] is seen. For the synthesised
samples a better resolution of the absorption bands is observed in comparison with MoO3s/Al>03
and MoOa3/SiO. systems prepared by impregnation [30-32]. The presence of well resolved
absorption bands indicates the uniform structure of Mo(VI) oxo-species on the surface of Al>Os
and SiO2 supports.
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Fig. 2. XRD patterns of the synthesized
MoQ3(2.34)/Al,03 — 1 and M003(1.21)/SiO;
— 2 systems

Fig. 1. Molybdena loading in the synthesized
MoO3/Al>03 and MoOs/SiO> systems

For MoOs/Al>03 and MoOs/SiO> systems different coordination environments of Mo®*
ions in surface Mo(V1) oxo-species, namely Mo®* in tetrahedral (T4) and octahedral (On)
coordination may be distinguished with UV-Vis spectroscopy [30, 31, 33, 34]. The band at 230
nm is common for both Mo®" (Tq4) and Mo®" (On) ions whereas absorption in 280-295 nm
spectral region is connected only with Mo®* (O) ions.

From Fig. 3 and Fig. 4 one may see a distinct difference of the UV-Vis spectra of Mo(VI)
oxo-species on the surface of Al203 and SiO. supports.

In the case of M0O3(1.10)/Al.03 sample (Fig. 3.1), a strong absorption band at 220 nm is
observed. The increase of the molybdena loading from 1.10 to 1.92 Mo/nm? results not only in
an increase of the intensity of the band at 220 nm but also in the appearance of the intensive band
at 270 nm (Fig. 3.2) which is seen as a broad shoulder in the spectrum of the sample with low
molybdena loading (Fig. 3.1). Further increase of the molybdena loading to 2.34 Mo/nm? results
in simultaneous growth of intensity of the both bands (Fig. 3.3). Therefore we may conclude that
Mo® in surface Mo(VI) oxo-species at a molybdena loading which does not exceed 1.10
Mo/nm? is preferably tetrahedrally coordinated. At higher molybdena loading, Mo(V1) oxo-
species in which Mo®* posses both tetrahedral and octahedral coordination are present on the
Al>O3 surface.

In the diffuse reflectance UV-Vis spectrum of all MoO3/SiO, samples (Fig. 4) one can
observe a strong absorption around 280-295 nm and at 220 nm. Simultaneous increase of the
intensity of these bands with the rise of molybdena loading leads to the conclusion that Mo®* in
surface Mo(VI) oxo-species on the silica surface have preferably octahedral coordination. Of

course, the presence of the tetrahedrally coordinated Mo®" ions in surface Mo(VI) oxo-species on
SiO, support can not be precluded since the band at 220 nm has to be attributed to both Mo®*
(Tq) and Mo®* (On).
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Fig. 3. Diffuse reflectance UV-Vis spectra of

Wavelength, nm

the synthesised MoO3(1.10)/Al203 — 1,
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Fig. 4. Diffuse reflectance UV-Vis spectra of
the synthesised M003(0.82)/SiO> — 1,

Mo0O3(1.05)/SiO2 — 2 and M00O3(1.21)/SiO2 —

3 systems

Naturally, surface Mo(VI) oxo-species differ in the degree of aggregation and a way in
which they interact with the support. It is reasonable to imagine two principal types of Mo(VI)
oxo-species, namely monomeric isolated Mo(VI1) oxo-species and polymeric Mo(VI) oxo-
species which can form a monolayer like phase. These structures are presented in a simplified
form in Fig. 5 and Fig. 6.

The diffuse reflectance UV-Vis spectra of MoOs/Al>03 and MoOs/SiO, systems confirm
a difference in coordination environment of Mo®* ions in surface Mo(V1) oxo-species and enable
to clarify some details of the degree of their aggregation on Al.Oz and SiO> supports. In order to
do this, one has to take into account that in monomeric Mo(VI1) oxo-species Mo®* ion has
essentially tetrahedral coordination while aggregation results in an increase of its coordination
environment to octahedral.

In the M0oO3(1.10)/Al.03 sample, essentially monomeric Mo(V1) oxo-species are present
as tetrahedrally coordinated Mo®* ions are observed (Fig. 3.1). It is clear that only in monomeric
Mo(VI) oxo-species which are stabilised on the surface of Al>Os support (Fig. 5) tetrahedral
coordination can be realised.

In Mo0O3(1.92)/Al,03 and M00O3(2.34)/Al203 samples, aggregated Mo(VI) oxo-species
are present (Fig. 6) since Mo®* ions possessing octahedral coordination are observed in UV-Vis
spectra (Fig. 3.2 and Fig. 3.3). The presence of the monomeric Mo(V1) oxo-species can not be
precluded because of limitations of UV-Vis spectroscopy in detection of the tetrahedrally
coordinated Mo®* when octahedrally coordinated Mo®" are present.
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Fig. 6. Polymeric Mo(VI) oxo-species on
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Fig. 5. Monomeric Mo(V1) oxo-species
on the support surface
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In M003(0.82)/Si02, M003(1.05)/SiO2 and M003(1.21)/SiO2 samples mainly aggregated
Mo(V1) oxo-species are present (Fig. 6) since octahedrally coordinated Mo®* ions are observed
in UV-Vis spectra (Fig. 4). As the tetrahedrally coordinated Mo®* ions can not be discriminated
by UV-Vis from octahedrally coordinated when the latter are present, the presence of monomeric
Mo(V1) oxo-species can not be ruled out in these samples.

CONCLUSIONS

The model well-defined MoO3/Al,03 and MoO3/SiO; systems may be rationally designed
by anchoring of MoOCI4 on the supports surface of fumed Al.Oz and SiO> nanoparticles. The
subsequent hydrolysis by water vapours and followed by thermal treatment resulted in the
formation of Mo(VI) oxo-species on the supports surface. By application of the anchoring —
hydrolysis cycles model MoO3s/Al,0z systems with the molybdena loading of 1.10, 1.92 and 2.34
Mo/nm? were synthesised. The synthesised MoQ3/SiO. systems had a molybdena loading of
0.82, 1.05 and 1.21 Mo/nm?,

X-ray diffraction patterns characteristic for MoOs crystallites were not observed in the
synthesised MoOz/Al>03 and MoO3/SiO- systems up to the highest achieved molybdena loading
of 2.34 and 1.21 Mo/nm? respectively. This confirms that the used preparation route resulted in
the formation of highly dispersed Mo(VI) oxo-species on the surface of both Al;O3 and SiO>
supports.

The degree of aggregation of Mo(VI1) oxo-species were found to be dependent on the
nature of the support surface and molybdena loading. Increase of the molybdena loading on the
surface of both Al,Oz and SiO» supports results in an increase of the degree of aggregation of
Mo(VI) oxo-species.

On Al;O3 support, at a molybdena loading which corresponds to the population of
surface hydroxyl groups, monomeric Mo(VI) oxo-species appear to be predominant. At higher
molybdena loading, the formation of polymeric Mo(VI1) oxo-species was detected. On SiO>
support, at a molybdena loading which corresponds or exceeds the population of surface
hydroxyl groups, simultaneous presence of monomeric and polymeric Mo(VI) oxo-species was
observed.
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JOCJIIKEHHSA Mo(VI) OKCO-CTPYKTYP
HA MOBEPXHI HIJIECITPAAMOBAHO CTBOPEHHUX
MOIEJBHUX CUCTEM Mo0O3/Al203 TA MoOs3/SiO:

1O.B. ILiwoTo, JI.®. lllapanaa, JI.b. Hacenkin, I.B. baduyu

Inemumym ximii nosepxui in. O.0. Yyuxa Hayionanvhoi akademii nayk Ykpainu,
eyn. Oneea Myopaxa, 17, 03164, Kuis, Yxpaina, e-nowma: yuri.plyuto@isc.gov.ua

Mooenvui cucmemu MoO3lALO3z i MoO3/SiO2 3 0dobpe susnauenoo cmpykmypoio 6yau
yinecnpsimosano cmeopeni saxpinaennusim MOOCls na nosepxni nanouacmumnox nipoeennux
Hociie A0z i SiOz. Ilooanvwuil 2i0poniz 3aKpinjieHux 2pyn 800SHOK NApol0 mda HACMYNHA
mepmiuna 0opoodxka npueoouru 0o ymeopenus Mo(VI) okco-cmpykmyp Ha nogepxui HOCIi8.
3acmocysanuam yukiie 3aKpinﬂeHHﬂ-2i0p0ﬂi3y cunmesosano mooenvhi cucmemu MoO3/Al03 i3
emicmom moni6oeny 1.10, 1.92 ma 2.34 Mo/um?. Cunmesoeani cucmemu MoO3lSiO2 manu émicm
moni6oeny 0.82, 1.05 ma 1.21 Mo/um?. 'V cunmesosanux cucmemax MoOslAl,03 i MoOs/SiO; iz
emicmom moniboeny nudicue 8ionogiono 2.34 i 1.21 Mo/um? ne cnocmepizanoca penmeeniscokoi
oughpakyitinoi xapmunu, xapaxmeproi 011 Kpucmanimie MoQO3z. Lle niomeepodicye, wo
BUKOPUCMAHULL CROCIO cunme3y npueié 00 ymeopeHHs e6ucokooucnepchux Mo(VI) oxco-
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cmpykmyp na nosepxti sk Al2O3, mak i SiO2 nociie. Cmynins acpeecayii Mo(VI) okco-cmpykmyp
3anedcums 8i0 NPUPOOU NOBEPXHI HOCIS Ma eMicmy MoaiboeHy. 30inbuieHHs emicmy Moaib0eHy
Ha nosepxti ax Al2O3, max i SiO2 nociié npusodums 0o niosuwenns cmynens azpezayii Mo(VI)
okco-cmpykmyp. Ha noeepxni Al,O3 npu emicmi monib6oeny, wo eionogioac abo nepesuujye
KilbKicmb — HasA6Hux  2iopoxcunvhux — epyn, monomepui  Mo(VI)  okco-cmpykmypu €
nepesadcarouumu. Ilpu Oinvw eucoxomy emicmi MonibOeHy OYI0 BUABIEHO YMBOPEHHS
nonimeprux Mo(VI) oxco-cmpykmyp. Ha noeepxni SiO2 npu emicmi moni6boeny, wo 6ionogioae
abo nepesuwyye KilbKiCmb HAAGHUX 2IOPOKCUNLHUX 2PYH, CHOCMEPIeandcsi OOHOYACHA
npucymuicme monomeprux i nonimeprux Mo(VI) oxco-cmpyxmyp.

Kniouosi cnosa:. oxcuo anominito, KpeMHesem, XiMis NOBEPXHI HOCIi8, OKCUO MONib0eH),
no8epxHesi oKco-cmpykmypu, Y D-euouma cnekmpockonis.
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