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Abstract Controlled reduction by hydrogen, of the
equivalent five monolayer of MoOj3 deposited on TiO, as a
function of the reduction temperature up to 873 K, enabled
us to obtain three Mo,0s, bifunctional (metal-acid)
MoO,(Hy),. and the metallic Mo(0) phases. Characteriza-
tion of these phases was made by employing surface
XPS-UPS techniques in parallel with catalytic reactions.
Hydroisomerization of n-hexane occurs on the bifunctional
phase, while hydrogenation/ dehydrogenation and benzene
formation were performed by the metallic Mo state.

Keywords XPS-UPS - MoOj3 - MoO, - TiO, -
Al,O3 - Hydroisomerization of n-Hexane - Benzene -
Toluene

1 Introduction

Identification of the active site(s), responsible for specific
catalytic process(s), is a major challenge to research
workers in this field. Several characterization techniques
can provide general information on the bulk structure and/
or surface structure in a broad sense. However, none of
these techniques can define exactly the real composition of
the active chemical species present on the outermost sur-
face 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 is obtained, in situ, under spe-
cific experimental conditions such as pressure and
temperature. However, combination of XPS-UPS
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techniques measurements in parallel with catalytic mea-
surements carried out at the same experimental conditions
could provide valuable information concerning the electronic
structure of the outermost surface layer.
Hydroisomerization of n-hexane to mono- and di-bran-
ched molecules is an important catalytic process in order to
increase the octane number and to improve the motor
engine working conditions. These catalytic processes take
place in several consecutive catalytic steps, summarized in
terms of a bifunctional (metal-acid) mechanism [1]. Plati-
num 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 function 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 the corrosion caused by chlorine, the poisoning of
the platinum by sulfur and water, as well as the formation
of toxic benzene as a by-product. As a result, possible
replacement of Pt based catalysts is of great general
interest. Systematic research work using different surface
techniques in association with catalytic experiments
enabled us to identify a new type of catalysts, having
comparable performances to the best Pt catalysts [5-7].
These catalytic systems consist of molybdenum or tungsten
dioxide MO, (M = Mo, W) species as the active species,
with a bifunctional MO,(Hy),. phase as the outermost
surface layer. The metallic function is attributed to the
delocalized & electrons over the M—M atoms placed along
the C-axis of the deformed rutile structure of MO,. On the
other hand, the acidic function is formed as a result of
hydrogen dissociation by this metallic function followed by
hydrogen atom(s) bonding to surface oxygen to produce
Bronsted M-OH acidic group(s). The bifunctional
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MO,(Hy).. phase is characterized by the Mo(3d) or W(4f)
spin-orbit coupling binding energies, the oxygen 1s of the
Bronsted acidic group(s), and the well-resolved n and o
bands in the UPS spectrum [8]. One important feature of
this bifunctional MoO,(Hy),. phase resides in the fact that
the metallic function consists of an atomic wire 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 is the case
in Pt based catalysts. In the case of molybdenum catalysts
studied in this work, the stability of different Mo phases,
formed at different reduction temperatures, has been tested
for several days without any changes in structure and cat-
alytic performances. Moreover, the bifunctional MoO,(Hy).,.
state shows considerable resistance to corrosion by sulphur
and water.

2 Experimental

The equivalent of 5 monolayers of molybdenum trioxide
were deposited on TiO, using ammonium heptamolybdate
(NH4)¢M070,4.4H,0 (99.9%) supplied by STREM Chemi-
cals. Titanium dioxide, TiO,, is Degussa P-25 (25% rutile)
with pore volume of 0.5 cm’/g and BET surface area
of 50 & 5 m?%g. Supported catalysts are prepared by
impregnating the appropriate amount of molybdenum in
ammonium heptamolybdate salt, following the method
described by Pines et al. [9]. The prepared catalysts were
calcined at 773 K for 12 h. The catalytic experiments were
performed using 100 mg of the catalyst in a fixed bed
quartz reactor. The catalytic experiments were conducted
in a pulse mode under continuous hydrogen flow rate of
40 cm>/min. The catalytic products were analyzed by gas
chromatography using 100 m (Petrocol-DH) column and a
flame ionization detector.

Characterization of the samples by XPS was conducted
using VG Scientific ESCALAB-200 spectrometer. The
radiation source was an Mg Ka operating at a power of
300 W (15 kV, 20 mA). UPS He() resonance 584 A
radiation of 21.217 eV was employed for the VB energy
region measurements. Vacuum in the analysis chamber was
below 7 x 1072 mbar during all measurements. In-situ
reduction was conducted in a high-pressure gas cell,
housed in the preparation chamber, with hydrogen flow at
200 mL/min. Reported binding energies were based on the
carbon contamination Cls at 284.8 eV within an experi-
mental error of + 0.1 eV.

Catalytic reactions of n-hexane and 1-hexene on dif-
ferent molybdenum surfaces will be studied as follows:
Pulses of the reactant is introduced on a fresh MoQO3/TiO,
sample as a function of reduction temperature up to 673 K.
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At each temperature, the sample is kept for 1 h under
hydrogen. Beyond 623 K reduction temperature, the reac-
tion temperature is maintained at 623 K. Then, the
reduction time is extended to 12 h at 673 K. Consequently,
catalytic reactions were studied as a function of the reac-
tion temperature. On the basis of characterization
experiments, it is expected that the sample surface is totally
converted to MoO, with the bifunctional MoO,(H,),.
phase as the outermost surface layer. In order to verify the
reproducibility of the results and the stability of the catalyst
surface structure, reaction temperatures were decreased and
increased up to 673 K several times. An increase in the
reduction temperature beyond 673 K is expected to pro-
duce the metallic Mo(0) state on the sample surface as
observed in XPS-UPS measurements. Surface structure
changes as a function of the reduction temperature increase
up to 873 K has been evaluated by catalytic activity tests at
623 K reaction temperature. In order to convert the upper
surface monolayer(s) to the metallic Mo(0) state, the
sample is kept under hydrogen flow for 24 h at 873 K.
Catalytic performances of this surface have been evaluated
by the injection of reactant pulses at different reaction
temperatures.

2.1 Spectroscopic Characterization of the Catalysts

The XPS-UPS experiments of the MoO3/TiO, before and
after hydrogen reduction at different temperatures were
carried out in situ in order to avoid any re-oxidation of the
sample following its exposure to air. Assignment of the
different molybdenum oxidation states is done based on the
XPS of the Mo (3d32,52) spin-orbit components binding
energies: These values are at 235.85 and 232.65 eV for
Mo0Os, 234.9 and 231.7 eV for M0,0s, 232.3 and 229.1 eV
for MoQO,, 230.85 and 227.7 eV for Mo (0) [10]. More-
over, molybdenum dioxide is characterized by additional
structure in terms of the presence of two © (0.4 eV) and
o (1.4 eV) bands in the VB energy region [8]. Additional
information concerning the presence of MoO, phase in the
upper 4-5 monolayers of the sample surface could be
obtained from the UPS spectrum.

The XPS of the MoO3/TiO, sample prior to any
reduction treatments shows the presence of two distinct
spectral lines at 235.85 and 232.65 eV, characteristics of
the MoO5 phase (Fig. 1a). There is no density of state
structure (DOS) at the Fermi level (Fig. 2a). A symmetrical
spectral line at 530.5 eV is attributed to the Ols of the
oxide oxygen in MoOj and TiO, (Fig. 3a). The specific
spectral lines of these two oxides cannot be resolved
because of relatively small energy difference as compared
to the X-ray line broadening. In situ sample exposure to
hydrogen at temperatures up to 573 K results in the
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Fig. 1 The XPS of Mo (3d) in MoO5/TiO,, (a) after calcinations at
773 K, (b) after reduction at 673 K for 2 h, (¢) after reduction at
873 K for 24 h

formation of Mo,0s state characterized by the Mo(3d)
spin-orbit components. However, an increase in the
reduction temperature up to 673 K for 2 h results in the
formation of MoO,. The presence of this phase is charac-
terized by the Mo (3dsp,sn) at 232.3 and 229.1 eV
(Fig. 1b) as well as the 7 and ¢ bands, measured at 0.4 and
1.4 eV (Fig. 2b). Moreover, aside from the main oxide
oxygen spectral line at 530.6 eV, a shoulder at 531.6 eV
(Fig. 3b) was observed. The presence of this low intensity
spectral line is attributed to the presence of Bronsted
Mo-OH acidic group(s) on the sample surface. The for-
mation of these Bronsted acidic group(s) is resulted from
consecutive processes in which hydrogen molecules are
dissociated by the MoO, metallic function, followed by
bonding of the produced hydrogen atom(s) to surface
oxygen. The presence of both metallic and acidic functions
along the Mo-Mo long chain atoms is symbolized by
MoO,(Hy,).. phase. Reduction to the metallic state is
observed following extended exposure of the sample to
hydrogen at 873 K for 24 h. The Mo(0) state is charac-
terized by the Mo spin-orbit components at 230.85 and
227.7 eV (Fig. 1c). As could be observed from this

(©
(b)
(a)
2 0 2 4
Binding Energy (eV)

Fig. 2 The UPS of the VB in MoO5/TiO,, (a) after calcinations at
773 K, (b) after reduction at 673 K for 2 h, (¢) after reduction at
873 K for 24 h

spectrum that the reduction process at relatively high
temperatures enabled to reduce part (60%) of the molyb-
denum oxide(s) to the metallic Mo(0) state. The presence
of this metallic state on the sample surface could be con-
firmed from the relative increase in the DOS structure
(Fig. 2¢) as well as the stable metallic catalytic activity
which will be discussed later. Molybdenum oxides MoO,
and Mo,Os states are still present in the sample structure,
most probably located at the inter-phase between surface
Mo(0) and the support. The oxygen 1s energy region in this
case consists of a main spectral line at 530.5 eV and low
intensity shoulder at ~532.5 eV, most probably due to
some adsorbed oxygen on the sample surface. Trace of
oxygen impurity in the hydrogen gas employed in this
reduction process could be at the origin of such adsorption.
The possibility of trapped oxygen in the sample matrix
following the reduction process is not excluded.

In order to get more information about the possible
changes in the catalyst surface structure following its
exposure to the reactant hydrocarbon/hydrogen mixture as
a function of time, we have measured the XPS of
MoO,(Hy),. and Mo(0) samples following its use in the
catalytic experiments for several days. Observed
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Fig. 3 The XPS of the Ols in MoO5/TiO,, (a) after calcinations at
773 K, (b) after reduction at 673 K for 2 h, (¢) after reduction at
873 K for 24 h

molybdenum dioxide (Fig. 4a) is still present in the
bifunctional MoO,(H,),. state. The decrease in its relative
intensity as compared to the freshly reduced, in situ,
sample (Fig. 1b) is most probably due to the re-oxidation
of part of the sample surface to MoO; following its
exposure to air. On the other hand, formation of different
molybdenum species such as Mo,C after the exposure of
MoO, to a mixture of n-hexane/hydrogen mixture during
the catalytic reaction was not observed at the experimental
conditions employed in this work. In order to obtain such

Fig. 4 The XPS-UPS spectra of
the Mo (3d), Ols and VB
energy regions used catalysts,
(a) the bifunctional MoO,(Hy),.
system (b) the metallic Mo(0)
state

(a)

225 228 231
Binding Energy (eV)
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molybdenum carbide species, it is required to expose
MoOj; to a mixture of hydrocarbon-hydrogen at relatively
high temperature [11]. In the case of the used metallic
Mo(0) sample, the surface is partially oxidized following
its exposure to air as could be deduced from the slight
increase in the BE of the Mo (3d) spin-orbit components
(Fig. 4b).

From the above results, it is concluded that the upper
2-3 monolayer of MoOj are reduced to MoO, at reduction
temperature of 673 K with the bifunctional MoO,(Hy),.
phase as the outermost surface layer. At 873 K, an
important part (60%) of Mo oxide is converted to the
metallic Mo(0) state on the sample surface.

3 Catalytic Results and Discussion

Systematic study of the catalytic reactions of n-hexane
and 1-hexene will be carried out on the bifunctional
MoO,(Hy),. and Mo(0) states following the procedure
described in the experimental section.

3.1 The n-Hexane Reactant

The first catalytic activity of n-hexane on MoO3/TiO, as a
function of reduction temperature (lh) is observed at
573 K (Table 1). At this temperature, only 0.5% of n-
hexane is converted to 2- and 3 methyl pentane isomers,
which is attributed to the partial reduction of the surface
MoO; to MoO, as characterized by UPS. At 623 K
reduction temperature, the conversion is increased to
25.9% while the isomerization selectivity decreases to
79%. The same trend is observed in which the conversion
increases with increasing the reduction temperature up to
673 K. This increase in the conversion corresponds to the
conversion of the majority, if not all, of the surface to the
MoO, phase. In order to make sure that the sample surface
is completely converted to MoO,, the catalyst sample is
maintained under hydrogen at 673 K for 12 h. A conver-
sion of 97.6% with only 25.7% in 2 and 3MP isomerization

4 527 529 531 533 535

Binding Energy (eV) Binding Energy (eV)



Different Catalytic Reactions of n-Hexane and 1-Hexene

273

Table 1 Catalytic reactions of n-hexane on MoO3/TiO, as a function of reduction (reaction) temperature. At 653-673 K, the reaction

temperature is 623 K

Temperature (K) Reduction temperature

Reaction temperature after 12 h red

473 573 623 653 673 673 653 623 573 523
Conversion 0 0.5 25.9 61.3 76.6 97.6 93.2 80.9 422 0
Selectivity, % 0 100 79.0 72.7 71.3 25.7 414 76.3 96.0 0
Cracking, % 0 0 21.0 27.3 28.7 74.3 58.6 23.7 4.0 0
2MP/3MP 0 0.8 1.6 1.6 1.5 14 14 1.5 1.8 0
2,2 DMB/2,3 DMB 0 0 0.2 0.3 0.4 13 1.1 0.7 0.4 0
Distribution of branched isomer, %
iC4 0 0 2.2 2.6 2.9 10.5 8.2 2.9 0 0
iC5 0 0 1.3 2.0 2.7 7.2 8.6 44 0.9 0
2,2 DMB 0 0 2.0 24 2.9 1.1 3.0 5.5 2.8 0
2,3 DMB 0 0 8.4 7.4 7.4 0.9 2.7 7.7 7.8 0
2MP 0 439 40.3 36.1 33.6 35 11.1 333 54.4 0
3MP 0 56.1 24.8 222 21.8 2.6 7.7 224 30.1 0
Distribution of cracked products, %
Cl 0 0 0.1 0.1 0.2 2.4 1.6 0.5 0 0
C2 0 0 1.2 1.3 1.3 10.8 6.6 1.8 0 0
C3 0 0 16.9 22.1 23.0 439 36.1 15.5 24 0
C4 0 0 2.2 2.3 2.5 13.0 9.5 33 0.7 0
C5 0 0 0.9 1.4 1.6 4.1 4.8 2.6 0.9 0

products were obtained at 673 K reaction temperature
(Table 1). Central C3—C3 bond cleavage seems to be the
dominant catalytic process at this reaction temperature. It is
interesting to note that at 623 K reaction temperature, the
conversion 80.9% as compared to only 25.9%, obtained at
the beginning of the reduction process, while the isomeri-
zation selectivity and the 2MP/3MP ratio remain almost
unchanged. The same situation is observed at 573 K with a
conversion of 42.2%, compared to only 0.5% at the
beginning of the reduction process. As a result, the absence
on any catalytic activity of n-hexane at 523 K before and
after the extended reduction time is most probably due to
thermodynamic restriction of this catalytic reaction on the
bifunctional MoO,(Hy).. phase. The -catalytic perfor-
mances of this Mo bifunctional phase for n-hexane in terms
of conversion, isomerization selectivity and products dis-
tribution are comparable to the Pt based catalyst deposited
on zeolites [2].

Different catalytic behavior was observed following
prolonged sample exposure to hydrogen at 8§73 K for more
than 24 h (Table 2). For example, at 573 K reaction tem-
perature, a conversion of 0.6% and 44.5% in selectivity to
methyl cyclopentane was obtained. This to be compared
with a conversion of 42.2% to only mono and di-branched
isomers obtained in the case of MoO,(Hy),.. Although the
conversion increases as the reaction temperature increases
to reach 100% at 873 K, different products distribution
is obtained. For instance, benzene is formed at reaction

temperatures between 653 and 823 K, with a maximum
of 17.8% at 753 K. Toluene is also produced in much
lower concentrations at reaction temperatures between 733
and 773 K (Table 2). Extensive hydrocracking to methane
occurs at reaction temperatures higher than 823 K. It is
important to note that in contrary to the bifunctional
MoO,(Hy).. phase, mono and di-branched isomers are
formed in minor quantities. Also, the 2MP/3MP ratio
varies between 0.5 and 1.5 as compared to the thermody-
namic equilibrium value of 1.5 observed in the case of
the bifunctional system. This is due to the absence of the
Bronsted Mo—OH acidic function(s) present in the
bifunctional MoO,(Hy),. phase. The combination of
the catalytic results and XPS-UPS characterization mea-
surements clearly indicate that the surface which consists
of MoO,(Hy),. during the gradual reduction process has
been converted to the metallic Mo(0) state at 873 K
reduction temperature. High electronic density of the
metallic function favor benzene formation. Aromatization
of n-hexane on Mo,C has been reported by Solymosi et al.
[11]. A conversion of ~25% and ~65% selectivity to
benzene were obtained at 773-823 K reaction tempera-
tures. In these experiments, molybdenum carbide has been
prepared following the exposure of MoOj; to C,He/H,
mixture at 900 K. It is well known that n-hexane aroma-
tization to benzene occurs on platinum metal particles
deposited on alumina or zeolite(s) [12, 13]. It was also
found that the selectivity for benzene increases as a
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Table 2 Products distribution of n-hexane at different reaction temperatures on partially reduced MoO3/TiO, at 873 K for 24 h

Reaction temperature (K) 523 553 573 623 653 673 693 713 723 733 753 773 823 873
Conversion 0.6 0.5 0.6 23 73 149 239 359 390 478 616 76.1 97.7 100
Selectivity, % 372 404 554 426 331 250 191 120 7.8 5.0 1.7 0.4 0 0
Cracking, % 628 596 446 574 669 7I5 809 88 922 950 983 99.6 100 100
2MP/3MP 0 0 0.5 1.1 1.3 14 1.3 1.2 1.1 0.9 0 0 0 0
2,2 DMB/2,3 DMB 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Distribution of compound, %
iC4 0 0 0 0 1.0 1.5 22 2.7 2.5 22 1.3 04 0 0
iC5 0 0 0 0 1.8 2.1 2.5 2.2 1.6 1.0 0.3 0 0 0
2,2 DMB 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2,3 DMB 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2MP 0 0 186 223 174 124 8.2 39 2.0 0.9 0 0 0 0
3MP 372 404 368 203 129 9.0 6.1 32 1.8 0.9 0 0 0 0
Cl 0 0 0 0.9 1.3 1.5 22 33 53 82 162 40.6 82.3 92.8
C2 0 0 0 5.3 7.2 82 114 157 202 253 327 393 17.0 7.2
C3 0 0 0 144 172 176 212 238 238 229 177 9.2 0.7 0
C4 0 0 0 148 17.1 173 194 192 165 132 6.8 1.9 0 0
C5 0 0 0 139 123 10.1 9.0 6.7 4.6 2.8 1.0 0 0 0
=Cpds 0 0 0 0 8.8 18.0 138 10.6 9.0 5.8 2.8 0 0 0
McycloC5 62.8 596 446 8.1 1.9 0 0 0 0 0 0 0 0 0
C6H6 0 0 0 0 1.1 2.3 39 72 103 13,6 179 8.7 0 0
Toluene 0 0 0 0 0 0 0 1.6 24 32 32 0 0 0

Fig. 5 Products distribution of 100 O g > D ot e e e S > -

1-hexene as a function of T

reaction temperature on MoOs/ 90 1 5.

TiO, after reduction at 873 K 80 | "

for 24 h —-&-- conversion "4.nC6 Lo * O

701 oeomeee C1 K :
60 - cox-- C2
c.x-- C3 +\‘
® 501 e Ca
40 1 et~ NCB . y
30 | —a— C6H6
—o— MeC6H5
20
10
0 . : x ‘ o .,q ..... A ‘ ‘ s i ‘
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reaction temperature increases to reach 70% at 723 K [13].
The presence of different particle size(s) formed during the
catalyst preparation process and sintering problems might
explains the formation of benzene as a by-product in the
case of Pt based isomerization catalysts. Such particles
cannot be formed in the case of MoO,(H,),. in which the
catalytic active phase consists of molybdenum atomic wire
placed along the C-axis of the deformed rutile structure of
MOOQ.
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3.2 The 1-Hexene Reactant

Catalytic performances of the metallic Mo(0) surface will
be further explored using 1-hexene reactant as a function of
reaction temperature up to 873 K. Although similar trends
to n-hexane are expected to be observed, the catalytic
activity of the olefin will be higher since the first step
which is the dehydrogenation process is already performed.
In fact, we observe a 100% conversion of 1-hexene to n-
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hexane at 523 K (Fig. 4). The same trend was observed up
to 653 K at which benzene formation is initiated. At
753 K, a conversion of 100% and a selectivity of 20.4% to
benzene were observed. These to be compared with 61.2%
in conversion and 17.8% in selectivity obtained in the case
of n-hexane at the same reaction temperature. As a result, it
could be postulated that dehydrogenation of n-hexane to
1-hexene is the first catalytic process in order to form
benzene on this metallic Mo(0) surface. Further work is
ongoing in order to elucidate this reaction mechanism. Of
note, the observed low catalytic activity of n-hexane at
523-653 K reaction temperatures does not necessarily
correspond to the reality. A sequence of dehydrogenation
of n-hexane to 1-hexene followed by its hydrogenation to
n-hexane might occur with no apparent effect on the final
catalytic activity of the system. It is important to note that
introduction of n-hexane or 1-hexene without a catalyst did
not show any reaction or thermal cracking at temperatures
up to 873 K (Fig. 5).

4 Conclusions

Characterizations by XPS-UPS, of the equivalent 5 atomic
layers of MoO5 deposited on TiO, enabled us to identify
the molybdenum chemical species present on the sample
surface following the reduction process by hydrogen at
different temperatures. At reduction temperatures between
573 and 673 K, molybdenum dioxide is formed in the
upper layer, with the bifunctional (metal-acid) MoO,(Hy)ac
phase as the outermost surface layer. At higher reduction
temperatures up to 873 K, the reduction process leads to
the formation of the metallic Mo(0) state on the sample
surface. Hydroisomerization of n-hexane to mono and

di-branched compounds of relatively high octane number
take place on the bifunctional MoO,(H,),. phase at reac-
tion temperatures between 573 and 673 K. Purely
hydrogenation/dehydrogenation catalytic processes of the
olefin and n-hexane occur on the mainly metallic Mo(0)
state at low reaction temperatures. Benzene formation, in
relatively low concentration, is obtained in the case of 1-
hexene and n-hexane at reaction temperatures between 653
and 773 K on this metallic surface. This catalytic process
was not observed in the case of the bifunctional
MoO,(H,).. phase.
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