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ABSTRACT

In situ metal, acid and metal-acid (bifunctional) catalytic active functions were prepared following partial reduction by
hydrogen of MoOj; deposited on TiO, at temperatures between 623 K and 673 K. The bifunctional structure is obtained
following the reduction of MoOj; to MoO,. The metallic properties of MoO, are attributed to the delocalized 7 electrons
above the Mo atoms place along the C-axis of the deformed rutile structure of this phase and observed as a density of
states at the Fermi level. Hydrogen dissociation by this metallic function and bonding of the produced H atoms to sur-
face oxygen atoms results in the formation of Brensted acid Mo-OH function(s). Accordingly, a bifunctional
(metal-acid) MoO,(OH)y structure is formed on the TiO, support. The bifunctional properties enabled to perform
isomerization reactions of light naphtha hydrocarbons into branched species of higher octane number. This catalyst is
proposed as a possible replacement of the commercially used Pt deposited on chlorinated alumina catalysts in which
toxic chlorine is employed and benzene is produced as a byproduct of n-hexane isomerization. The acid function in this
bifunctional Mo system is quenched following the addition of controlled amount of sodium. The presence of only the
metallic function in this modified NaMoTi system is monitored via the hydrogenation of olefins and enabled to define
the bifunctional mechanism of the hydrocarbon isomerization process performed by MoO, «(OH)y structure.
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1. Introduction the outermost surface layer responsible for observed
catalytic reaction(s).

Hydroisomerization of n-hexane to mono- and di-bran-
ched molecules is an important catalytic process in pe-
troleum industry in order to increase the octane number
and to improve the motor engine working conditions.
These catalytic processes take place in several concerted
catalytic steps, summarized in terms of a bifunctional
(metal-acid) mechanism [1]. Platinum based catalysts are
the most commonly used systems at the industrial and the
fundamental research concerning the isomerization of
light alkanes [2-4]. In these systems, the metallic func-
tion consists of finely dispersed platinum particles (few
atoms), on acidic support such as chlorinated alumina.
Platinum is rare and expensive. Also, there are several
problems associated with the use of these catalysts such
as sintering, the corrosion caused by chlorine, the poi-
soning of the platinum by sulfur and water, as well as the
formation of toxic benzene as a by-product.

In view of the above problems associated with the use
of Pt based catalysts in different applications in industry,
"Corresponding author. extensive research is underway in order to find substi-

Catalytic active species are classified as metallic and
acidic. In some specific reactions, both metallic and
acidic (bifunctional) functions are required. Preparation
and identification of the active site(s), responsible for
specific catalytic process(s), is a major challenge to re-
search workers especially that the whole process takes
place in situ following specific experimental protocol.
Several characterization techniques can provide general
information on the bulk structure and/or surface structure
in a broad sense. However, none of these techniques
alone can define exactly the real chemical state composi-
tion of the active chemical species presented on the out-
ermost surface layer, responsible for the catalytic activity
of a given system. This is due, in part, to the fact that the
catalytic activity of a given surface. In this respect, in
situ combination of XPS-UPS, ISS techniques measure-
ments in parallel with catalytic measurements carried out
at the same experimental conditions could provide valu-
able information concerning the electronic structure of
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tute(s) and efficient catalysts for reforming, hydrogena-
tion and dehydrogenation reactions. In this respect, we
were able to prepare bifunctional catalysts based on the
partial reduction of molybdenum or tungsten trioxide
MO; (M = Mo, W) deposited on TiO,[5-7]. In the case
of MoQOj; for example, exposure of the supported trioxide
to hydrogen at temperatures between 623 K - 673 K en-
abled to produce molybdenum dioxide structure having
metallic properties. The metallic function is attributed to
the delocalized 7 electrons over the Mo-Mo atoms placed
along the C-axis of the deformed rutile structure of MoO,.
On the other hand, the acidic function is formed as a re-
sult of hydrogen dissociation by this metallic function
followed by hydrogen atom(s) bonding to surface oxygen
to produce Br@nsted Mo-OH acidic group(s). The bi-
functional MoO,-(OH),/TiO, structure is characterized
by the Mo(3d) spin-orbit coupling binding energies, the
oxygen 1s, FT-IR spectra of the Br@nsted acidic group(s),
and the well-resolved m and o bands in the UPS spec-
-trum [5-9]. One important feature of this bifunctional
MoO, (OH),/TiO, structure resides in the fact that the
metallic function consists of an atomic wire like of the
transition element M in a stable MO, state under experi-
mental conditions. Consequently, different particle size(s)
are not formed which might occur during the catalyst
preparation and/or due to sintering problems as in the
case in Pt based catalysts. Titanium dioxide is used in
this case as a support in order to increase the surface area
and add mechanical strength to the active MoO, (OH),
structure without any apparent catalytic activity. Addi-
tion of controlled amount of sodium or potassium to the
Mo salt and calcination of the mixture at 773 K produced
bronze system [10-12] with certain metallic properties.
Moreover, exposure of this bronze structure to hydrogen
at temperature up to 673 K results in neutralizing the
Br@nsted Mo-OH acidic functions due to replacement of
hydrogen by sodium atoms MoO, «(OH),/TiO, having
only metallic properties. This modified system will be
used in view of the elucidation of the mechanism of hy-
droisomerization of n-hexane as well as dehydration and
dehydrogenation of 2-propanol. Catalytic measurements
will be conducted in parallel with in situ XPS-UPS and
ISS spectroscopic techniques.

2. Experimental
2.1. Catalyst Preparation

The supported MoQO3/TiO, (MoTi) catalyst system was
prepared by calcination at 773 K for 12 h of wet impreg-
nated titania pellets with the equivalent of 5 monolayers
of MoO; of ammonium heptamolybdate ((NH4)sM070y4
4H,0, 99.9% pure product of STREM). The impregna-
tion was carried out according to Pines et al. [13] and the
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titania support was Degussa P25 (75% anatase) with pore
volume of 0.5 cm®/g and BET surface area of 50 + 5 m%/g.
It is worth mentioning that, the loaded ammonium hep-
tamolybdate was quantitatively decomposed into MoO;
species during the calcination process as characterized by
XPS. 2.5% concentration by mass of sodium in form of
NaNOj; with respect to Mo were added following post-
impregnation of the dried heptamolybdate-impregnated
TiO, pellets prior to the calcination process at 773 K
(NaMoTi). In situ reduction of the MoO3/TiO, system
before and after Na addition in a flow of 40 cm’® Hy/
min.as a function of temperature was carried out in dif-
ferent ways in order to elucidate the surface structure and
its stability in relation to catalytic activity. The hydrogen
gas was a 99.9% pure product of KOAC (Kuwait).

2.2. Catalyst Characterization

X-ray Photoelectron Spectroscopy (XPS) was conducted
using a Thermo Scientific ESCALAB-250Xi spectrome-
ter. The radiation source was monochromatic of AIK
Operating at the power of 300 W (15 kV, 20 mA). Ultra-
violet Photoelectron Spectroscopy (UPS) He(I) reso-
nance 584 A radiation of 21.217 eV was employed for
the Valence Band (VB) energy region measurements.
Vacuum in the analysis chamber was better than 7x10~°
mbar during all measurements. The in situ reduction was
carried out in a high-pressure gas cell housed in the
preparation chamber. Binding energies were based on the
carbon contamination Cls at 284.8 eV within an experi-
mental error of £0.2 eV. Ion Scattering Spectroscopy
(ISS) measurements were performed on the same test
sample using He" with a kinetic energy of 1 KeV.

2.3. Catalyst Tests

Catalytic reactions of 2-propanol, 1-hexene and n-hexane
were studied on the test catalysts by introducing the re-
actants as pluses of 5 puLL and time on stream modes over
a fixed-bed quartz reactor under atmospheric hydrogen
pressure. A continuous H, flow of 40 cm’/min was al-
lowed through 500 mg of the catalyst which contains 65
mg of Mo. The reaction mixture was separated and ana- -
lyzed with an on-line gas chromatograph Chemito, India
1000 equipped with a Petrocol-DH column and a flame
ionization detector.

3. Results and Discussion

3.1. Catalyst Characterization

3.1.1. XPS-UPS Spectra

Identification of the chemical composition of the outer-
most surface layer is essential in order to correlate cata-
lytic activity and surface chemical structure. However,
there is no one technique which enables to clearly define
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the exact chemical structure of the species responsible
for a given catalytic activity. Combination of different
XPS-UPS, ISS spectroscopic techniques could help in
this respect.
X-ray photoelectron spectroscopy is a valuable technique
which provides information about the different chemical
species presented in the upper 10 monolayers. Changes
in the oxidation state(s) following, in situ, different
treatments such as reduction by hydrogen will be closely
monitored. Characterization of the Mo(3d) spin-orbit
binding energies, the valence band energy region and the
presence of a density of state structure at the Fermi level
in parallel with ion scattering spectra ISS will provide
important information in relation to the catalytic activity
of the material under investigation. In this respect, it was
observed that MoOs is reduced by hydrogen to the MoO,
structure in a stable state at temperatures up to 673 K. At
higher reduction temperature, lower valency metallic
Mo(0) state is produced [14]. In this work, we present the
XPS-UPS, ISS data following in situ samples reductions
by hydrogen at 673 K for 12 h. Reference XPS binding
energies for the Mo(3ds3) are: 232.65 and 235.85 eV
for MoOs, 231.7 and 234.9 eV for Mo,Os, 229.1 and
232.3 eV for MoO, and 227.7 and 230.85 eV for Mo(0).
On the other hand, Ti(2p;,,1,) binding energy values are
observed at 458.5 and 464.2 eV for TiO, [15]. XP spectra
of the Mo(3d) energy region of the MoTi and NaMoTi
samples following in situ hydrogen reduction at 673 K
for 12 h in comparison with the unreduced MoTi are
presented in Figure 1. In the case of untreated MoTi
sample, two well-defined spectral lines at 232.65 and
235.85 eV characteristics of Mo(3ds;3,) spin-orbit
components of MoO; [15]. Most of the Mo is reduced to
the MoO, state following sample exposure to hydrogen at
673 K for 12 h (Figure 1 (b)). This assignment is based
on the Mo3d binding energies at 232.3 and 229.1 eV.
The sample MoOj; conversion to MoO, under these ex-
perimental conditions seems to be incomplete since
lower concentration of MoO; and the interphase Mo,0Os
are still observed (Figure 1(b)). The efficiency of MoO;
reduction to MoQO, in NaMoTi at 673 K seems to be
more pronounced as could be observed in Figure 1(c).
Most probably, this is due to the fact that addition of so-
dium to the molybdenum oxide results in the formation
of separated structural NaMoTi unit structure as com-
pared to a polymeric type MoOjs structure. On the other
hand, the Nals binding energy measured at 1072.1 eV
corresponds to Mo-ONa bond formation. Titanium 2p
spin-orbit components at 458.5 and 464.2 eV remain
unchanged in the two MoTi and NaMoTi before and after
hydrogen reduction. This is a demonstration that TiO, is
not affected by the MoO; reduction process.

The XPS of the valence band (VB) energy region of
calcined MoTi shows a broad band which consists

Copyright © 2013 SciRes.
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Figure 1. XPS of the Mo(3d) obtained for the calcined MoTi
(a), reduced MoTi (b), 2.5%-NaMoTi (c).

mainly of O2p spectral line. No DOS structure is ob-
served at the Fermi level which reflects the insulating
properties of MoOj structure (Figure 2(a)). Exposure of
the sample to hydrogen at 673 K for 12 h produces be-
side the O2p band, a relatively high density structure at
the Fermi level (Figure 2(b)), attributed to the metallic
properties of MoO,. Higher resolution UPS of this en-
ergy region enables to clearly define the presence of o
and © bands characteristics of the deformed rutile struc-
ture of MoO, [5,6]. Similar structure is observed in the
case of the Na promoted system after hydrogen reduction
(Figure 2(c)).

3.1.2. ISS Spectra

Ion scattering spectroscopy ISS is the appropriate tech-
nique in order to determine the elemental composition of
the outermost surface area. As could be observed in Fig-
ure 3(a), the ISS of MoTi before hydrogen reduction
reveals the presence of the constituent Mo, Ti and O be-
side the pollution C. Despite the fact that the equivalent
of 5 monolayers of MoO; deposited on titania pellets, yet
Ti is still observed as part of the surface structure. This
indicates that Mo deposition is in form of aggregates and
not uniformly as expected. Most likely, Mo deposition on
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Figure 2. XPS of the VB obtained for the calcined MoTi (a),
reduced MoTi (b), 2.5%-NaMoTi (c).
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Figure 3. ISS spectra after sample exposure to hydrogen at
673 K for 12 h (a) MoTi, 2.5%-NaMoTi.

TiO, surface takes place in form of “para-crystalline
MoOs” phase that resembles bulk MoO; and takes the
form of needle-like crystallites growing away from the
support surface as postulated by Bond et al. [16]. Similar
behavior is observed in the case of NaMoTi (Figure
3(c)). The presence of Na on the sample surface is due to
its bonding to the Mo via surface oxygen (Mo-ONa).

3.2. Catalytic Measurements

Bifunctional (metal-acid) properties of MoO, «(OH)y
deposited on TiO, obtained at 673 K reduction tempera-
ture and the expected neutralization of the Brensted acid
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function following the addition of 2.5% by mass of Na
will be evaluated in the case of catalytic reactions of
2-propanol, 1-hexene and n-hexane.

3.2.1. 2-Propanol

The catalytic activity of MoO, (OH),/TiO, (MoTi) is
studied for 2-propanol as a function of reaction tempera-
ture (Figure 4). A conversion of 13.8% producing 72%
propene and 28% propane. At higher reaction tempera-
tures, all the reactant alcohol molecules were converted
to propene and propane. However, the relative concen-
tration of propene increases to a maximum of 76.7% at
473 K and decreases as a function of reaction tempera-
ture. This is in parallel increase in propane concentration
to reach 92.5% at 673K (Figure 4). At 673 k, all propene
molecules were hydrogenated to propane by the metallic
function of the MoTi system. These results demonstrate
the action of the acid and metal functions in the MoTi-
system. The dehydration process of 2-propanol to pen-
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Figure 4. Products distribution of 2-propanol on MoTi at
different traction temperatures.
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Figure 5. Products distribution of 2-propanol on 2.5%-Na
MoTi at different traction temperatures.
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tene, performed by the acid function of MoTi is the first
and easier catalytic step. Hydrogenation of the produced
propene to propane is catalyzed by the metallic function
of MoTi. The efficiency of this second step catalytic
process depends on the reaction temperature.

Different catalytic behavior takes place in the case of
the modified system by sodium NaMoTi. No catalytic
activity to very low of 21% at reaction temperatures be-
low 500 K. Moreover, propene yield does not exceed 24
% although all reactant 2-propanol molecules were con-
verted at 673 K reaction temperature (Figure 5). This is a
clear indication of the neutralization of most, if not all, of
the Bransted Mo-OH acid by sodium Mo-ONa atoms. As
a result, only the metallic function in MoO,(OH),/ TiO,
remains active. Consequently, propane, acetone and
polymeric compounds were produced. The effect of so-
dium addition on the metallic properties of MoTi could
be observed in the case of the dehydrogenation of 2-pro-
panol to acetone (Figure 5). This catalytic reaction did
not take place in MoTi. Sodium bronze formation is most
probably the reason for enhancing the metallic function
in the modified system [10-12].

3.2.2. N-Hexane

Hydroisomerization of n-hexane to monobranched 2,
3-methylpentanes and 2,2 DMB, 2,3 DMB of relatively
high octane numbers in order to boost gasoline and im-
prove motor engine efficiency is an important catalytic
process in oil industry. These catalytic reactions were
rationalized in terms of bifunctional mechanism [1]. The
first catalytic step in this process is the dehydrogenation
of n-hexane to the hexene olefin, performed by the me-
tallic function, followed by the isomerization of the ole
fin via carbenium ion mechanism performed by Brensted
acid function, then hydrogenation of the olefin isomer by
the metallic function. Highly dispersed Pt particles de-
posited on chlorinated alumina or zeolites are the most
commonly used catalysts to achieve such objective.

Very low conversion of 4.0% to only 2,3 MP takes
place at 523 K. This is due to relatively difficult first step
dehydrogenation process of n-hexane to hexene which
requires relatively strong metallic function. The conver-
sion increases as the reaction temperature increases to
reach 88.6% at 673 K (Figure 6). On the other hand, the
isomerization selectivity decreases from 100 % at 523 K
to 30.4% at 673 K in favor of cracking products. It is
interesting to note the isomerization products 2MP/3MP
distribution remains almost constant at 1.4 regardless of
the reaction temperature, which corresponds to the ther-
modynamic equilibrium ration.

No catalytic activity of n-hexane on the NaMoTi
modified system at reaction temperatures up to 600 K.
Very low conversion of 1.9% is observed at 623 K and
reaches 7.8% at 673 K. The main products are cracking
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which reflects the metallic character of this modified
system. In fact, it is expected that dehydrogenation of n-
hexane to hexene will take place even at low 523 K reac-
tion temperature, but the reverse hydrogenation will take
place in the absence of an acid function on the catalyst
surface. This is a clear demonstration that indeed the iso-
merization of n-hexane to branched species takes place in
a concerted dehydrogenation to olefin/isomerization of
the olefin/hydrogenation of the olefin, using metal-acid-
metal functions in what is known as the bifunctional
mechanism.

The isomerization activity and efficiency of the
Mo0O, «(OH),/TiO, bifunctional are comparable to those
of the industrial Pt deposited on chlorinated alumina. In
fact, some advantages could be attributed to the Mo
based catalyst which could summarized as follows: No
toxic and corrosive chlorine is used, no toxic benzene
compound is formed as a by-product, no sintering prob-
lems take place, molybdenum is much cheaper than plati-
num and the Mo catalyst is easy to regenerate in case of
poisoning.

3.2.3. 1-Hexene

Additional hydrogenation catalytic reaction is presented
in 1-hexene as compared to n-hexane in relation to the
hydroisomerization reactions to produce high octane
number branched species. This will enable to obtain fur-
ther information concerning the exact catalytic active
site(s) in MoTi and NaMoYi. Complete conversion of
1-hexene takes place on MoTi at all reaction temperature
up to 673 K (Figure 7). Hydrogenation reaction to
n-hexane (95.5%) and 4% 2,3-dimethyl pentanes were
obtained at 423 K. In fact, isomerization reactions to dif-
ferent branched iC6 species increase at higher reaction
temperature to reach a maximum 60% at temperatures
between 573 K - 623 K (Figure 7). Beyond this tempera-
ture, the relative concentrations of cracking products
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Figure 6. Products distribution of n-hexane on MoTi at
different traction temperatures.
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increase. This increase is in relation to thermodynamic
effects. The 1-hexene isomerization to branched satu-
rated compounds is interpreted as follows: Hydrogena-
tion of 1-hexene to n-hexane takes place first as the eas-
ier catalytic process in this case. Consequently, the pro-
duced n-hexane undergoes the isomerization reactions to
different branched compounds via the bifunctional me-
chanism as discussed previously.

The only major catalytic reaction of 1-hexene on the
modified NaMoTi is the hydrogenation to n-hexane. In
fact, all reactant 1-hexene were converted at all reaction
temperatures between 423 K and 673 K (Figure 8).
n-hexane is the only product up to 600 K and decreases
to 79% at 673 K in favor of cracking products as ex-
pected due to thermodynamic effect a clear demonstra-
tion of the neutralization of the Br@nsted Mo-OH acidic
group(s) in the bifunctional MoO, (OH),/TiO, by the
addition of sodium and producing mono-functional me-
tallic MoO, (OH),/Ti0, system. Also, a demonstration
that the hydroisomerization of n-hexane to different
branched iC6 species is performed by a concerted bi-
functional mechanism.
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Figure 7. Products distribution of 1-hexene on MoTi at dif-
ferent traction temperatures.
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Figure 8. Products distribution of 1-hexene on 2.5%-Na
MoTi at different traction temperatures.
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4. Conclusion

In situ preparation of a bifunctional (metal-acid) catalytic
system following controlled reduction of MoOj; to MoO,
structure has been characterized by the most appropriate
surface XPS-UPS, ISS in parallel with model catalytic
reactions using probe 2-propanol, n-hexane and 1-hexene
molecules. Neutralization of the surface Brensted Mo-
OH acid function is realized following the addition of
2.5% by mass of sodium. Titanium dioxide is employed
as a support in order to increase the surface area of the
active Mo structure and add mechanical strength to the
catalyst. The stability and efficiency of the bifunctional
MoO, «(OH),/TiO, catalytic system could be envisaged
as possible replacement of the industrial Pt deposited on
chlorinated catalysts for the hydroisomerization of light
naphtha hydrocarbons. The main toxic and corrosive
chlorine is not used, benzene as a by-product is not
formed, low cost and easy to regenerate in case of loss of
activity.
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