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Abstract

Isomerization of n-alkane into the high-octane number
branched alkanes is an important challenge for
petroleum refining industry. According to the literature,
such a transformation needs two different active
centres, one of them having a
hydrogenating/dehydrogenating ability and the other a
protonic acid function. From this point of view, hetero-
polyacids (HPAs) in mixing with one or more transition
metal appear promising. Mechanical mixtures of
alumina-supported platinum or of mixed palladium (or
nickel)-cerium oxides and silica-supported HPAs have
been realized and tested for the n-hexane isomerization.
The solids were characterized before and after tests.
Presence of Pt, Pd (or nickel) and Ce gives rise to a
better activity and a higher selectivity for di-branched
isomers than pure silica-supported HPAs and is really
beneficial for retaining the Keggin structure. Although
pure silica-supported HPAs have an initial activity, they
are very easily to deactivate by coke deposition unlike
the mechanical mixtures. The results are strongly
depending on the composition of the mechanical
mixtures. Roughly, the activity is in the same order as
the acid strength. 'H and *!P solid-state NMR of
trimethyl phosphine adsorbed on heteropolytungstate
put in evidence the acid sites. It is noteworthy that the
presence of metallic Pt or Pd (or Ni) metal after the
reduction instead of the original Pd™ or (Ni*™") species
reinforces the generally admitted mechanism with an
activation of the alkane- difficult to obtain by direct
attack by an acid (proton) - by the metallic species to
the corresponding alkene before formation of a
carbenium intermediate on the acid site. However, the
formation of alkenes directly by the HPA and the
participation of metallic species for limiting the alkenes
concentration are not excluded.

Keywords: alkane isomerization, heteropolyacids, bi-
functional mechanism

Introduction

The number of vehicles on the road for the next years is
foreseen in huge expansion. From 700 million cars in
2000, the expected amount is 1 billion for 2010 and up
to 2.5 billions for 2060 [1]. In order to bring down the
atmospheric pollution, standards of gasoline are more
and more drastic: absence of lead additives, decrease



for the toxic air pollutants (TAP) including benzene,
and decrease for the sulfur amount (<0.05 %). Such
latter specification can be reached, nowadays, by the
help of hydro treatment of the petroleum feedstock but
also through n-paraffin, more particularly with five or
six carbon atoms, isomerization into multi-branched
isomers. Thus, isomerization of n-alkanes, which are
abundant in light naphtas, into the high octane number
di-branched alkanes is an important challenge for
petroleum refining industry. Besides, this process
presents two main advantages i.e. total absence of TAP
and secondly increasing of the octane number. The
research octane number (RON) and the motor octane
number (MON) for some n-alkanes and iso-alkanes are
presented on the table 1. For thermodynamically
reasons, lower the temperature for the isomerization
higher the amount for di-branched isomers. The most
current commercial catalyst (namely platinum on
chlorinated alumina) works at low temperature (473 K)
but presents many drawbacks as easily poisoning and
not eco-friendly behavior. Thus, numerous researchers
try to replace this catalyst by strong acidic catalysts,
with or without metallic species, such as MoOs [2, 3],
WOQO; [4, 5], zirconia [6-9], Zeolites [10-15], or various
solids acids [16-20]. Due to their unique physico-
chemical properties, heteropolyacids (HPAs), combined
or not with a metallic atom, are also potentially
interesting

Table 1: RON and MON values for some alkanes [1]

RON | MON
n-pentane 61.7 | 61.9
n-hexane 24.8 |26.0
2-methyl butane 92.3 [90.3
2,2-dimethyl 85.5 |80.2

propane
2-methyl pentane 73.4 | 735
3-methyl pentane 745 | 74.3
2,2-dimethyl butane | 91.8 | 93.4
2,3-dimethyl butane | 103.5 | 94.5

Moreover, by respect to the others solid acids, HPAs
present a strong and unique ability to “molecular
tuning” through their salts; in addition to that, they have
an oxidizing potential. Since the pioneer works of Ono
et al [21], the supported HPAs have much been used
[22-36], either pure or in mixture with metallic species
as describer hereafter. Our recent works on the using of
HPAs as solid acids for n-hexane isomerization are
synthesized in this review.



Experimental

Heteropolyacids, phosphotungstique acid —
H3PW1,04 - (HPW), silicotungstic acid -
H4SiW1,040 -(HSIW) and borotungstic acid -
HsBW1,04 - (HBW) were prepared in a
classical way [37]. Silica-supported
heteropolyacids were prepared by the wet
impregnation method. The 1 wt. % Pt/Al,O;
sample was prepared by impregnating the y-
Al,O; (100 m*g™) support with a solution of
hexachloroplatinic acid as reported by Granger
et al [38]. Ce-Ni oxides were prepared by the
reverse homogeneous co-precipitation method
as described in the literature [39] from Cerium
nitrate Ce (NOg3),.6H,0 (Prolabo Co) and nickel
nitrate Ni (NO3),.6H,0O (Prolabo Co). The Ce-
Pd oxides were prepared in the same manner
from Pd(NO3),.6H,O (Prolabo Co). The
catalytic reactions were performed in a flow
reactor (U-type glass) at 498 K for the Ni-Ce-O
and Pt/Al,O3 containing samples and 553 K for
the Pd-Ce-O containing samples respectively,
under atmospheric pressure. The products were
analyzed by gas chromatography with a SE-30
capillary column and a flame ionization
detector. Chemical analysis of the samples was
performed by the CNRS microanalysis centre
using atomic absorption spectroscopy. The
surface area measurements were performed on a
Quantasorb Jr instrument (N, absorption at 77
K). X-Ray diffraction patterns were obtained in
a Siemens D 5000 diffractometer with Cu K,
radiation. Thermogravimetric measurements
were carried out in a Sartorius 4102
microbalance. Electron paramagnetic resonance
spectra were recorded at 77 K and at room
temperature on an EMX Brucker spectrometer.
F.T.Raman spectra were taken with a Labram-
Infinity spectrometer. I.R. spectra were obtained
at room temperature using a Fourier transformed
infra red (FT-IR) spectrometer (Nicolet
Protected 460). NMR spectra were recorded at
room temperature on a Bruker Advance ASX-
400 spectrometer with a WVT triple resonance
probe, with a 14 kHz spinning speed. Larmor
frequency used for 'H was 400.13 MHz and
161.97 MHz for *'P.



Results and Discussion

The heteropolyacids (HPAs) with Keggin structure
were chosen for two main reasons. The first one is their
thermally stability at temperature used for isomerization
reactions, and the second one is the less pronounced
acidity [40], by respect to the other kinds of solid acids,
which, if too strong, could lead to intensive cracking.
Owing to their very low surface area (typically ~ 1lor 2
m?.g™), pure HPAs have a poor catalytic activity. Thus,
supported HPAs appear more performing in their
catalytic abilities [41]. Many supports have already
been tested such as sulfated Zirconia [22-27], Zeolites
[25], silica [24, 27-36]. Recently, Vedrine et al asserted
that hexagonal silica is one of the best supports because
it does not modify the catalytic activity and, thus, the
acid properties of the HPA [27]. Moreover, the thermal
stability of the phosphotungstic acid (HPW) was
reported as enhanced when supported on silica [42].
That stability could be due to the hydrogen bonding of
the protonated silanol groups in interaction with
bridged oxygen atoms in the HPW structure [43]. The
interaction is almost independent of the heteropolyacids
content in a large range of concentration [31,32].

Surface areas

The surface area of pure silica (HNOj3; re-treated Aerosil
380 Degussa) is ~ 320 m?.g™* with a large porosity. This
surface area decreases drastically from 267 to 105 m2.g
! when the HPW loading increases from 1 wt % up to
60 wt% (table2).

We note that the surface area per gram of silica remains
almost unchanged. The particle size of HPW in the
samples with 30-60 wt % loading calculated by XRD
results using the Scherrer ‘s equation is c.a. 24-27 nm.
Based on these results one can conclude that most of
the HPW mainly exists as small crystalline particles and
cannot totally block silica which has a remaining
macroporosity. Thus, we can assume that the decrease
in the surface area, probably results from the increase
content of the non-porous component.

F.T Raman and Infra-Red spectroscopy

F.T.Raman of silica-supported HPW (figure 1) shows
the characteristic HPW bands at around 1009 and 992
cm™ [27, 44], their intensity increases with the HPA



loading. For the higher loading (c.a.50-60 wt %) we
observe a broad peak at 905 cm™ which can implies a
relatively large crystalline particles distribution. After
reduction at 498 K for 4h no new peak appears and the
characteristic bands never totally disappear. Contrarily,
after the reaction, the bands assigned to the
heteropolyacids totally disappear, probably because the
surface of the samples is covered by coke deposition.
This coke deposition would be the cause of the activity
deactivation as explained hereafter. In presence of a
metallic component, as reduced CeNi oxide, the bands
assigned to HPW does not disappear indicating that the
surface structure of silica-supported heteropolyacids is
maintained during the reaction.

Inensyfon)

—

MM
e e R A R e N
SRS SO

s00 oo 1000

Weavertwrrnnber (crrz-1)

Figure 1: FT-Raman of silica-supported HPW samples
after treatment at 383 K under vacuum with different
loading (the samples from bottom to top are,
respectively, with 10, 20, 30, 40, 50 and 60 wt %
loading).

All these observations remain valid for the other
heteropolyacids used such as silicotungstic acid (HSiW)
[45, 46] and borotungstic acid (HBW) [46].

A complete study in infra-red spectroscopy presents
similar kind of results and leads to the same
conclusions. If numerous I.R. spectra of pure silica-
supported HPA exist in the literature, few spectra of
these HPA after reaction are reported [25, 34]. In our
works, the spectrum of pure silica presents a broad and
strong band at 1100 cm™ and a strong band at 806 cm™.
A weak shoulder attributed to the surface OH groups
[47] evidenced by 'H solid state NMR [48] is visible at
974 cm™. On pure HPW, four strong bands (c.a. 1079,
983, 893 and 810 cm™) can be respectively assigned to



the typical anti-symmetrical stretching vibration of P-O,
W-0 and W-O-W [31]. On the silica-supported solid,
(figure 2-A), we observe, before treatment, two bands
at 982 and 893 cm™ and a slight overlapping of the two
other bands with those of silica. The spectra of the
mechanical mixtures with the mixed oxides are
identical to the pure supported one. Concerning the
silicotungstic acid, we observe, for the pure HSiW, four
strong bands around 978, 924, 879 and 783 cm™
respectively assigned to the typical anti symmetrical
stretching vibration of W-O, Si-O and W-O-W. Three
bands at 980, 927 and 878 cm™ are visible for
HSIWI/SiO, and the mechanical mixtures (figure 2-B) ,
two broads lines at 1102 and 795 cm™ resulting from
the overlapping with bands of silica are also visible. We
do observe any change neither after reduction nor after
reaction. These results confirm that the Keggin
structure is kept. This keeping of the structure was also
indicated by Essayem et al [25] who, working with the
ammonium salts of HPW, show that the I.R. spectra of
the fresh and used ammonium salts have always the
vibrations due to the Keggin unit and conclude that the
deactivation with the time on stream, observed in
alkane isomerization on the Pt-free catalysts, is not
caused by a structural modification of the
heteropolyacids. Okuhara et al [34] shown ,for their
part, that I.R. spectra of the used Pd-20wt%
H4SiW12040/Si0;, prepared by successive
impregnation, also give the peaks relative to the Keggin
structure with a similar shape and intensity of those of
the fresh solids. In our works, infra-red spectroscopy
relative to HSIW/SiO, gives one another important
information: there is absence of characteristic Si-O
band at 925 cm™ on the solid after test, that means
phosphorus as central atom is not replaced by silicon
from silica as proposed in the literature [49].

NMR results

MAS-NMR is a powerful tool to obtain some
information about the interaction of the active catalyst
and its support. *H MAS NMR and 3P MAS NMR
spectra were recorded for pure and silica-supported
HPW [43]. The observed shift at about -15.3 ppm for
%p MAS NMR of the “wet” silica-supported HPW is
due to the HPA. This band can be decomposed in two
lines. The former being due to the bulk HPA while the
latter is due to the more or less hydrated species without



interaction with the support
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Figure 3-A: *H MAS NMR spectra of
a) HsPW1,040 b) TMP adsorbed on
H3PW12040
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Figure 3-B: *H MAS NMR spectra of:
a) 20 wt%HPWI/SIO,

b) + TMP weakly adsorbed

c) + TMP saturated

Thus, without care, the silica-supported HPW balance
between a bulk-like state and a quasi-liquid state
without interaction with the support. On the contrary,
the samples kept under inert atmosphere show a band at
-11.8 ppm attributed to dry dispersed species with
strong interaction between HPW and the silanol groups
of silica. For measuring the acidity of HPA, adsorption
of trilmethyl phosphine (TMP) on the solid acids-
technique which has been extensively studied but not
on HPAs- was used [48]. The 'H NMR spectrum of
pure fully dehydrated HPW shows an intense resonance
at 10.4 ppm, characteristic of the proton linked to the
bridging oxygen atoms of the anhydrous HPW [50].
TMP adsorbed on HPW gives rise to a peak at 2.35
ppm attributed to interaction between TMP and HPW



(figure 3-A). A peak located at 9.15 ppm is attributed to
a weak acidity of HPW which is revealed by TMP
forming trimethyl phosphonium (TMPH™) at 6.36 ppm.
This is confirmed by 3P NMR spectrum with a peak at
-2 ppm which was previously assigned to TMPH™ [51].
For the 20 wt % HPW/SIO,, (figure 3-B), *H NMR
spectrum shows a peak at 3.10 ppm due to the
remaining silanol groups linked by hydrogen bond and
a second broad peak located at 8.65 ppm which can be
attributed to the hydrated protons of HPW. We note that
the peak at 1.85 ppm of pure silica, assigned to isolated
silanol groups hardly joined by water molecules [52],
totally disappear. Thus, HPW interacts with the most
basic groups of silica and is in a semi-liquid phase.

n-hexane isomerization

Despite the advantages of silica, there are two
drawbacks for using pure silica-supported HPAs. The
first one is the rapid poisoning of the catalyst on time
[31]. The table 3 displays one example of such a
deactivation for the n-hexane isomerization on the 40
wt % HPWI/SIO,. The conversion of sample with 10,
20, 30, 40, 50 and 60 wt % loading respectively
decreases to 0.8, 1.3, 3.6, 4.4, 5.7 and 5.6 after 22
minutes of reaction time and, in the same time, the
selectivity of all silica-supported HPW samples drops
to 75-79 %. Thus, the acid sites on phosphotungstic
acid surface are easily deactivated. Besides, we observe
after reaction an E.P.R signal at 2.0008 G which can be
assigned to the coke deposition [53]. However, there is
no obvious difference between the infra-red spectra of
the sample before and after the reaction (see the
spectroscopy part) suggesting that the structure of
silica-supported HPW is relatively preserved. The
protection of HPW on silica has also been reported by
Ponzi et al [54].

The second drawback is the low conversion obtained in
the first minutes whatever the HPA loading and the
central atom (table 4), in contrast with the results
observed in presence of metal component (see
hereafter). As we can see table 4, the isomerization
selectivity decreases when the HPA loading increases
and is better on HPW than on HSiW. Nevertheless, it is
interesting to note that, even in absence of promoter,
silica-supported HPAs have initial activity. The
selectivity for the isomerization always remains higher
than for cracking and the main products are
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methylpentanes (MP) and dimethylbutanes (DMB)
while the main cracking products are isopentane and
isobutane.

It was previously proposed by Travers et al [55] that the
discrimination between the two mechanisms generally
admitted for n-alkane isomerization, c.a. mono-
functional acid mechanism and the bi-functional metal-
acid mechanism can be made on the basis of kinetic
data, reaction order and isomerization selectivity.
According to these authors, the mono-functional
mechanism would lead to only 2-2 DMB as secondary
products while the bi-functional one could lead to 2-2
DMB and 2-3 DMB. In our case, we obtain the two
isomers in absence of metal. Probably the mechanism
of isomerization is not that simple. Ono [56] proposes
that the alkanes are activated by the acid species; the
metal component, even though its positive effect is
obvious, mainly stabilizes the catalytic activity
reducing the concentration of alkenes by the help of its
hydrogenating power. We do not totally agree with
these authors because, if pure silica-supported HPA are
effectively active, the results displayed hereafter show
the important improvement in presence of a metal
component. We think that a small part of the
intermediate alkene comes from HPA which is capable
to form this organic compound by a one-electron
oxidation step while the main part is due to the metal
component if it is present. The mechanism of alkenes
formation by a one-electron oxidation step has been
proposed by Farcasiu and Lee [57]. Anyway, whatever
the real mechanism, it is obvious that the presence of a
metal component strongly is beneficial for both activity
and selectivity for the isomerization of alkanes. As the
current commercial process is platinum-based,
numerous authors choose this metal [22-26, 45, 58-62].
We have to notice that, in our experimental conditions,
no products were detected with the pure 1wt%
Pt/Al,O3. As expected, promotion of HPA/SIO; by 1
wt% Pt/Al,O; has a remarkable impact on the
properties and the stability of the catalyst. The table 5
displays the results obtained with various silica-
supported HPAs loading. By comparing with the same
solid without platinum (table4), the selectivity is now
close to 100% and the conversion is strongly improved.
If we focus on the 50 wt% HPAs, the activity is
improved by a factor 2 for HPW, 3 for HsiW and up to
20 for HBW.
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Clearly, the addition of platinum is tremendously
efficient for promoting heteropolyacids. The figure 4
shows the excellent stability on time of the catalyst and
we can see that the initial activity of HSIW is even
increased in such a manner that, finally, the conversion
follows the order: HSIW > HPW > HBW which is not
consistent with the order of their acid strength as
usually claimed in the literature [44]. The change in the
conversion on the three different HPAs could come
from the different behavior of surface reactive species
during reaction.
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Fig. 4 Conversion of n-hexane over
[50wt % HPA/SIO;] promoted by 1 wt % Pt/Al,Os.

The F.T. Raman spectra (figure 5) indicates that the
presence of platinum allows to keep the intensities of
the bands associated with HSiW in a best manner that
with the two others HPAs. Thus, in presence of Pt,
HSIW is the best sample for keeping the surface
structure of HPA and its surface acid strength.
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Figure 5: FT-Raman spectra of, respectively

(from top to bottom): 50 wt % HSIW/SiO,,

50 wt % HSIW/SIO, promoted by 1wt % Pt/Al,O5 after
reaction,

50 wt % HSIWI/SIO,,

50 wt % HSIW/SIO, promoted by 1wt % Pt/Al,O5 after
reaction

50 wt % HSIW/SIOg,

50 wt % HSIWI/SiO, promoted by 1wt % Pt/Al,Osafter
reaction

These beneficial effect of Pt on HPA or their alkali salts
have also been evidenced in skeletal isomerization of n-
butane [23,58,59,62], n-pentane [25,26,60], n-hexane
[22,26,55,61] and n-heptane [24,61] but the explanation
is still matter of debate. Timofeeva et al [22] propose,
in the case of Pt-HPW/ZrO, a partially distorted grafted
Keggin ion, Ono [56] assumes that the metal dissociates
H, to form H atoms which, in turn, react with
heteropolyanion to form proton and reduced form of the
anion. However, numerous authors agree with a bi-
functional metal-acid mechanism in which olefin is
formed by dehydrogenation of the paraffin on the metal
component and secondly protonation to lead to a
carbocation on an acid site. The carbocation, at last, is
the seat of either cracking or isomerization [55]. This
mechanism is rejected by Lunsford et al [63], at least
on Pt/H-B Zeolites, who propose a mechanism in which
the acid sites are mainly responsible for isomerization
via a cyclic reaction. The role of Platinum would only
be to keep the local alkenes concentration small by
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hydrogenation. We can remark that, in our experimental
conditions, no alkenes were detected. Moreover, it is
well known that double bond migration is very common
during the hydrogenation of olefins. Catalysts differ
widely in the extent in which they affect this double
bond migration [64]. The order for the double bond
migration is: palladium > nickel >> rhodium ~
ruthenium > osmium ~ iridium ~ platinum. So, in the
case where the metal component is present only to
hydrogenate the alkenes and that this step is not too
rapid, the using of various metals could drive to
different products distributions. Palladium
[21,33,34,65,66] and nickel [46,67] have already been
tested in some metal-HPA mixtures for alkane
isomerization. Perez-Luna et al [67] worked on a series
of catalysts with various nickel concentrations on
sulfated zirconia and found that the catalytic activity
and the 2,3-DMB selectivity seem to be correlated with
the NiO well dispersed phase rather than with their
acidic properties. This result is in favor of the bi-
functional mechanism. This mechanism is also favored
by Okuhara et al for the skeletal isomerization of n-
pentane [24] and n-heptane [33] on Pd-H;SiW1,049
supported on silica. Ono et al [21] were the first to
incorporate palladium as metallic species to prevent
destruction of the Keggin structure. In some cases, a
third component was added to more improve the
protection of the heteropolyacids [20,46,66,68]. We had
previously shown that cerium is able to prevent the
poisoning of metals during some hydrogen treatments
[69]. The only presence of cerium does not play an
important role in term of activity but acts as a powerful
tool for protecting Pd (Ni) by the help of its Ce**/Ce®*
Red-Ox system which imposes the rate of the
reducibility of the Pd (Ni) ion during the reaction. As a
proof, we note a slight decrease on time for the
conversion in absence of cerium in our experimental
conditions. This is the reason why we introduce cerium
in a mixed oxide with palladium or nickel (these solids
are called PdCeO or NixCeO where x is the atomic
ratio Pd(Ni)/Ce). We can notice that the conversion is
very weak on pure mixed palladium(nickel)-cerium
oxide. The best mechanical mixture of mixed oxide and
HPA which leads to the highest conversion and the
optimal amount of di-branched isomers (DC6) is
constituted of 50% Pdy;CeO and 50% of (20 wt %
HPWI/SiO, (table 6). On these mechanical mixtures,
the order of the reactivity is in the range usually
admitted of the acid strength. The fifty-fifty mixture is
probably the one which provides the maximum of close
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vicinity between the metallic species and the acid sites.
Strangely, the co-impregnated catalysts give rise to very
similar results [70] indicating that it is unlikely that the
metal species acts only as a promoter of the acid sites
but more probably as active sites itself either through
bi-functional mechanism or by the help of its
hydrogenating power (control of the alkene
concentration).

These interesting results lead us to prepare directly
some palladium salts of HPA with the Keggin structure
[71] and these salts will be tested later. At this point of
our discussion, we can do two remarks : i) the
maximum of conversion obtained in presence of Pd is
not so far from the one obtained in presence of platinum
although the preparation are different ( c.a. 65.7 of
conversion on the [30 % Pdy1CeO - 70 % HPW/SiO,]
and 61 % on the [50 wt % HSIW/SiO, promoted by 1
wt % Pt/Al,O3]) ii) the C6 isomers are not in
equilibrium  with  each  other  (thermodynamic
equilibrium concentrations at 523 K : 2,2-DMB=
38.8%, 2,3-DMB =10%, 2-MP = 25%, 3-MP = 12.9%
and n-hexane = 13.3% [72]. That is to say, in absence
of n-hexane, a DC6/TC6 ratio of ~ 56%. The variation
of the Pd/Ce atomic ratio does not bring any
improvement neither for the activity nor for the
DC6/TC6 ratio (table 7).

A similar study of the mechanical mixtures of silica-
supported HPA and mixed Ce-Ni oxide leads to the
same conclusions. The table 8 shows the strong
influence of the composition on both the conversion
and the isomerization selectivity; with 20 wt%
HPW/SiO,, the conversion reaches a maximum value
for 30 % of mixed Ce-Ni oxide but the selectivity
decreases continuously from ~ 92% to ~ 4% as the
amount of the mixed oxide increases. The pure reduced
Ni-Ce oxide leads to 92 % of cracking.

On the 50 wt % HPA/SIO, we observe similar results
(maximum of conversion for 30 % of CeNi oxide) and
the reactivity is one more time in the range of the
proposed acid strength ( HPW > HSIW > HBW ) (table
9). For a better understanding of the role of each
species, we plotted the n-hexane conversion versus the
Ni/(Ni+W) (figure 5a) and Pd/(Pd+W) (figure 5b)
atomic ratio. This latter ratio might be really
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representative of the metallic sites/ acidic sites relative
amount and consequently of the magnitude of the
synergy phenomenon and in the case of a pure bi-
functional  mechanism, representative of the
hydrogenating-dehydrogenating power versus the
isomerization ability.

As we can see, for the mechanical mixtures (figures 5)
the highest conversion is reached for about 66% moles
of nickel by respect to the total (Ni+W) amount, that is
to say 2 moles of nickel per moles of W while the best
conversion is obtained with 40% moles of Pd by respect
to the total (Pd+W) amount that is to say 0.66 mole of
Pd per mole of W. The product distributions and more
particularly the DC6/TC6 ratio obtained for the
different cases are not enough different to choose a
particular mechanism and probably as previously
proposed by Travers et al [55], on the mechanical
mixtures, able to provide bi-functional mechanism, the
reaction proceeds through the two possible
mechanisms: the mono-functional acid mechanism and
the bi-functional one.

This latter is more or less important depending on the
proximity of the two kinds of active sites. Thus, the
improvement of the preparation method remains
preponderant and the Pt (Pd) HPA salts can have a great
importance.

Conclusion

The current commercial process used for n-alkane
isomerization is not eco-friendly. Many researches are
in progress to replace the chlorinated alumina supported
platinum by solid acid. Sulfated zirconia and Zeolites
are interesting but heteropolyacids (HPAS) have a
conclusive advantage which is the possibility to
accurately tune the acidity through their salts. The
numerous examples presented in this review show the
interesting potentiality of HPAs as acid catalysts for n-
paraffin isomerization. The mechanical mixtures of
single (Pt/Al,O3) or mixed oxides (Ce-NiO, Pd-CeO)
are promising catalysts. They stabilize the catalytic
properties of the HPAs which are easily poisoned by
coke deposition during the reaction. They maintain the
Keggin structure as indicated by the F.T.-Raman and
infra-red spectra, and they increase noticeably the
activity and the isomerization selectivity compared to
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pure silica-supported HPAs. In presence of metallic
species, the isomerization selectivity is close to 100%
deleting quasi totally the cracking. Concerning the
dibranched alkanes which are the most interesting
products, their amount is not very high but is like the
ones obtained with others kinds of solid acids
(selectivity of about 15-20 %). The results obtained on
our solids are in agreement with the bi-functional
mechanism which needs a metallic centre for the
dehydrogenation of the alkane in alkene, and the
hydrogenation of the alkene after isomerization on the
acidic centre. However, we cannot exclude that HPAs
also form alkene by a one-electron process while the
metallic active sites limit the olefin concentration. For
the bi-functional mechanism, the direct preparation of
Pd or Pt salt of HPA may be will allow avoiding the
mechanical mixtures and will lead to an optimum
proximity of the active sites.

References

1. Guibet J.C. 1997, “carburants et moteurs”,
Technip edition

2. Wehrer P., Libs S., and Hilaire L. 2003,
Appl.Catal, 238,609.

3. Matsuda T., Sakayami H., and Takahashi N.
2003, Catal. Today, 81,3.

4. DeRossy S., Ferraris G., Valigi M., and Gazzoli
D. 2003, Appl.Catal A, 231,173.

5. Ivanov A.V., Vasina T.V., Masloboishdrikova
O.V., Khelkovskaya-Sergeeva E.G., Kustov
L.M. and Houzvicka J.L. 2002, Catal. Today,
95,103.

6. Adeeva V., Lei G.D., and Sachtler W.M.H.
1995, Catal.Lett., 33.135.

7. Arata K., MatsuhashiH., Hino M., and
Nakamura H. 2003,Catal.Today, 81,17.

8. Garcia E., Volpe M.A., Ferreira M.L., and
Rueda E. 2003, J.Mol.Catal.A, 201,263.

9. Fottinger K., Kinger G., and Vinek H. 2004,
Appl.Catal. A, 266,195.

10. Saberi M.A., and Le VanMao R. 2003,
Appl.Catal. A, 242,139.

11. Jimenez C., Romero F.J., Roldan R., Marinas
j-M., and Gomez J.P. 2003, Appl.Catal. A,
249,175.

12. Dorado F., Romero R., Canizares P., and
Romero A. 2004, Appl.Catal., A, 274,79.

13. Sciré S., Burgio G., Crisafulli C., and Minico S.
2004, Appl.Catal., A, 274,151.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

17

Pope T.D., Kriz J.F., Stanciulescu M., and
Monnier J. 2002, Appl.Catal., A, 233,45.

Holl6 A;, Hanczok J., and Kall6 D. 2002,
Appl.Catal., A, 229,63.

De Gauw F.J.M.M., Van Grondelle J., and Van
Santen R.A. 2002, J.Catal., 206,295.

Miyaji A., Echizen T., Li L., Suzuki T.
Yoshinaga Y., and Okuhara T. 2002, Catal.
Today, 74,291.

Bogdan V.1., Klimenko T.A., Kusto L.M., and
Kazanski V.B. 2004, Appl.Catal., A, 267,175.
Bouchenafa-Saib N., Issaadi R., and Grange P.
2004, Appl.Catal., A, 259,9.

Eswaramoorthy 1., and Lingappan N. 2003,
Appl. Catal., 245(A), 119.

Suzuki S., Kogai M., and Ono Y. 1984, catal.
Lett., 699.

Ivanov A.V., Vasina T., Nissenbaum V., Kustov
L.M., Timofeeva M.N., and Houzvicka J.l.
2004, Appl.Catal., 259, 65.

Echizen T., Suzuki T., Kamiya Y., and Okuhara
T. 2004, J.Mol.Catal., 209, 145.

Miyaji A., and Okuhara T. 2003, Catal. Today,
81,43.

Essayem N., Ben Taérit Y., Feche C., Gayraud
P.Y., Sapaly G., and Naccache C. 2003,
J.Catal.,219,97.

Liu Y., Koyano G., Na K., and Misono M.
1998, Appl.Catal., 166, L263.

Trolliet C., Coudurier G., and Vedrine J.C.
2001, Topics in Catal., 15(1), 73.

Yang W., Billy J., Ben Taarit Y., Vedrine J.C.,
and Essayem N. 2002, Catal. Today, 73,153.
Kozhevnikov 1.V., Kloetstra K.R., Sinnema A.,
Zandbergen H.W., and Van Bekkum H. 1996,
J.Mol.Catal., 114,287.

Gao S., and Moffat J.B. 2002,
Appl.Catal.,229,245.

Kuang W., Rives A., Fournier M., and Hubaut
R. 2003, Appl.Catal., 250,221.

Dias J.A., Caliman E., Dias Silvia C.S., Paulo
M., and de Souza Antonio Thyrso C.P. 2003,
catal. Today 85,39.

Miyaji A., Onishi R., and Okuhara T. 2004,
Appl.Catal., 262,143.

Miyaji A., Echizen T., Nagata K., Yoshinaga
Y., and Okuhara T. 2003, J.Mol.Catal., 201,145.
Susuki S., Kogai K., and Ono Y. 1984,
Chem.Lett., 5,699.



36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

471.

48.

49,

50.

51.

52.

53.

54,

55.

56.
S7.

18

Okuhara T., Mizuno N., and Misono M. 2001,
Appl.catal., 222,63.

Rocchiccioli-Deltcheff C., Fournier M., Franck
R., and Thouvenot R. 1983, Inorg.Chem.,
22,207.

Granger P., Malfoy P., Esteves P., Leclercq L.,
and Leclercq G. 1999, J.Catal., 187,321.

Wrobel G., Lamonier C., Bennani A., D’
Huysser A., and Abou Kais A. 1996,
J.Chem.Soc.Faraday Trans., 92,201.

Timofeeva M.N. 2003, Appl.Catal., 256, 19.
lzumi Y., Hasebe R., and Urabe K. 1983,
J.Catal., 84,402.

Kasztelan S., Payen E., and Moffat J.B. 1990,
J.Catal., 125,45.

Kuang W., Rives A., Fournier M., and Hubaut
R. 2002, Magnetic Resonance in Colloid and
Interface Science, J.J.Fraissard and O.Lapina
(Eds), Kluwer,565.

Okuhara T., Mizuno N., and Misono M. 1996,
Adv.in Catal., 41,113.

Kuang W., Rives A., Fournier M., and Hubaut
R. 2002, Catal. Lett., 79,133.

Kuang W., Rives A., Ouled ben Tayeb B.,
Fournier M., and Hubaut R. 2002, J.of Coll. and
Int.Sci., 248,123.

Rocchiccioli-Deltcheff C., Aoussi A., Launay
S., and Fournier M. 1996, J.Mol.Catal., 11,331.
Deleplancque J., Rives A., Hubaut R., Bodart
Ph., and Fournier M. to be published.

Nowinska K., Fiedorov R., and Adamiec J.
1991, J.Chem.Soc.Faraday Trans., 87,749.
Essayem N., Tong Y.Y., Jobic H., and Vedrine
J.C. 2000, Appl.Catal., 194-195, 109.
Kndzinger H., and Reiner T. 1996, Phys.Chem.,
100,6739.

Espinose(d’) de la Caillerie J.B., Aimeur M.R.,
El Kortobi Y., and Legrand A.P. 1997, J.of Coll.
and Inter. Sci. 194,434.

Li C.L., Novaro O., Munoz E., Boldu J.L.,
Bokhimi X., Wang J.A., Lopez T., and Gomez
R. 2000, Appl.Catal., 199,211.

Masini O., Grzona L., Comelli N., Ponzi E., and
Ponzi M. 2003, J.Chilean Chem. Soc.,
48(4),101.

Travers C., Essayem N., Delage M., and Quelen
S. 2001, Catal.Today, 65,355.

Ono Y. 2003, Catal. Today, 81, 3.

Farcasiu D., and Lee K.H. 2000, J.Mol.Catal.,
A 161,213.



58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

19

Okuhara T. 2002, Catal.Today, 73,167.

Na K., Okuhara T., and Misono M. 1997,
J.Catal., 170,96.

Liu Y., Na K., and Misono M. 1999,
J.Mol.Catal., A 141,145.

Liu Y., Koyano G., and Misono M. 2000,
Topics in Catalysis, 11/12, 239.

Okuhara T., Na K., and Misono M; 1994,
Stud.Surf.Sci. and Catal., 92,245.

Chu H.Y., Rosynek M.P., and Lunsford J.H.
1998, J.Catal., 178,352.

Rylander P.N. Catalytic Hydrogenation in
Organic Syntheses, 1979, Academic Press.

Ono Y., Taguchi M., Gerille, Suzuki S., Baba T.
1985, Stud. Surf. Sci. in Catal., 20,167.

Hubaut R., Ouled ben Tayeb B., Rives A., and
Fournier M. 2004, Solid State lonics, 172,85.
Perez-Luna M., Toledo Antonio J.A., Montoya
A., and Rosas-Salas R. 2004, Catal.Lett., 97,59.
Saberi M.A.,, and Levanmao R. 2003,
Appl.Catal., 242(A), 139.

Kherbeche A., Benhareff A., and Hubaut R.
1996, React.Kinet.Catal.Lett., 57,13.

Ouled ben Tayeb B., Kuang W., Rives A,
Fournier M., and Hubaut R. Proceedings of the
XVII  Symposium  Ibero-American  of
Catalysis,911.

Blanco M.N., Osiglio L., Caceres C.V., Rives
A., Hubaut R., and Fournier M. 2003, Actas de
XIIl congresso Argentino de Catalisis, 2™
Congresso Mercosur de Catalisis. Cordoba
(Argentina). 159.

Rossini F.D., Pitzer K.S., Arnett R.L., Braun
R.L., and Pimentel G.E. 1953, Selected values
of physical and thermodynamic properties of
hydrocarbons and related compounds, Carnegie
Press, Pittsburg.



20

Table 2: Structure of various samples dried at 383K under vacuum

Samples Surface area | Particle size Average pore
m?.g* nm® Diameter ( A)

Silica 320 - 176

5wt % HPW/SIO; 286 n.d 173

10wt % HPW/SIO, 267 n.d 177

30 wt % HPW/SIO, | 192 24.3 200

40 wt % HPW/SiO, | 150 26.0

50 wt % HPW/SIO, | 124 27.0 213

60 wt % HPW/SiO, | 105 27.6 -

50 wt % HSIW/SIO, | 111 - -

50 wt % HBW/SiO, | 115 - -

a: Calculated by XRD results

Table 3: Isomerization of n-hexane: %conversion over 40 wt % HPW/SiO, on stream at 498K

Sample | Time on stream (min)

5 22 40 57 75
Methane - - - - -
Ethane - - - - -
Propane 47 130 |43 |35 |40
Butane 10 |25 |20 |35 |18
Isobutane 164|179 |75 |74 |8.0
Pentane 22 |18 |17 |39 |20
Isopentane 124166 |59 |28 |48
2,2-Dimethylbutane 29 (32 |22 |31 |16
2,3-Dimethylbutane 84 (93 (90 |82 |78
2-Methylpentane 32.7 1 40.3 | 40.9 | 39.5| 39.8
3-Methylpentane 19.3 1254|265 |28.1]|30.2
Conversion (%) 173144 |31 |26 |22
Isomerization (%) 63.3|78.2|78.6 789|794
Cracking (%) 36.7 1218214211206

Note: dash indicates trace amount

Table 4: reactivity of pure silica-supported HPA after 5 min on stream at 498K

catalyst Conversion | Isomerization | 2MP | 3MP | 2,2DMB | 2,3DMB | DC6/TC6
% selectivity (%) | (%) | (%) (%)
Loading
wt%
10 3.7 78 39.8 | 255 |3 9.4 15.9
HPW | 20 5.6 76.7 40 24.7 | 2.2 9.8 15.6
I1SiO; | 30 16.6 68 30 18.2 | 2.4 7.9 17
40 17.3 63.3 32.7 1193 | 2.8 8.4 18
50 28 55.9 335 |17.4 | 2.7 2.3 9
60 29 52.1 26.1 | 15.8 | 2.8 7.4 19.6
HSIW | 50 21 39.8 20.7 | 126 | 1.9 4.6 16.3
/SiO,
HBW | 50 1 17.8 13.7 | - 4.1 - 23
/SiO,
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Table 5: reactivity of silica-supported HPA promoted by 1 wt % Pt/Al,O3 (1:1 ratio in weight)
at 498K (stationary state)

Catalyst : Conversion | Isomerization | 2MP | 3MP | 2,2DMB | 2,3DMB | DC6/TC6
HPA/SIO, % selectivity (%) | (%) | (%) (%)
+ Pt 1w t%
Loading
wt%
10 9.8 99.5 54.2 1385 | 0.6 6.2 6.8
HPW | 20 25.2 99.5 554 351 |11 7.9 9
ISi0z | 30 37.7 99.5 54.7 |34 |16 9.2 10.8
40 46.6 99.3 53.1 | 326 | 2.6 11 13.7
50 50.1 99.2 526 |32.2 | 2.8 11.6 14.5
60 46.1 98.9 52,7 1321 | 2.6 115 14.3
HSiW | 50 61 99.3 525 |32 |36 11.2 14.9
/SiO,
HBW | 50 21 99.6 55.9 | 353 |13 7.1 8.4
/SiO,

Table 6: Catalytic properties of various Pd-based catalysts

catalyst Conversion (%) gsec;r;iir\l/zigtll?(;) ) DC6/TC6 (%)
Pdy.1CeO 0.5 37.7 1.6
Y %
Mechanical mixtures 25 208 %8.9 6.8
40 47.8 98.5 13.3
Y % Pdo_1CeO
50 56.2 98.2 14.4
Zzgff/ﬁ/nl?W/Sio ) |60 a7 98.5 135
2 175 5.7 93.7 4.3
20 235 98.7 7.8
Co-impregnation/SiO, | 30 65.7 96.3 16.6
Y % Pdy1CeO 40 59.3 96 16.4
+ (100-Y) % 50 49 92.3 15
20wt % HPW 60 33.6 93.6 13.6
50 % Pdy1CeO
+50 % (20 wt % HSiW/Sio) |+ 93 11.6
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Table 7 Effect of the Pd/Ce ratio on the catalytic properties of mechanical mixture with
HPWI/SIO;

Catalyst | Conversion (%) gs;r;et:’\llzi?;l(()(;) ) DC6/Tc6 (%)
X (Pd,CeO)

0 1337 93.2 14

0.05 26.4 99.2 9.5

0.1 56.2 98.2 14.4

0.15 49.8 98.6 11.1

0.2 39 98.9 8.9

* mixture of 50 wt % Pd,CeO — 50 % (20 wt % HPW/SIO,)
** conversion after few minutes

Table 8: Catalytic properties of mechanical mixture of Ce;NiO and 20 wt % HPW/SiO,
Isomerization

Catalyst Conversion (%) Selectivity (%) DC6/Tc6 (%)
Y
25 |24 91.8 19
5 5.9 88.7 18
. . 10 | 145 86.7 17
Mechamcal mixtures 20 119 873 15
Y % Ni;CeO
30 | 219 80.4 11
+(100-V)% a0 (206 76.6 11
(20wt % HPW/SIiO,) 50 116 9 0.4 )
60 |14 41.6 4
80 | 10.2 3.2 0
100 | 14.2 3.8 0

Table _9: Catalytic properties of mechanical mixture of CeNiO and [50 wt % HPA/SiO;]

Catalyst .o | ISOMerization 0
(mechanical mixtures) Conversion (%) Selectivity (%) DC6/TCE (%)
. Y
Y % Ni,CeO 20| 27.8 91.2 17.9
+ (100-Y) %
(50wt % HPW/SiO;) 2| 342 86.7 18
40| 31.6 84.3 17.4

20 % Ni,CeO
+80 % 233 94.2 13.1
(50wt % HSIW/SiO,)
20 % Ni;CeO

+80 % 2.1 67 8
(50wt % HBW/SiO,)
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Figure 2: FT-IR spectra of various samples containing:
A- (a) 20wt% HPW/SiO,,(b) 20wt% HPW/SIO, after reduction,
(c) 20wt%HPW/SIO, after reaction and (d) mechanical mixture of 50wt% Pdy1Ce and

50wt% [20wt% HPWI/SiO,] after reaction.

B - (@) 20wt% HSIW/SIO,, (b) 20wt% HSIW/SIO, after reduction, (c) 20wt%
HSIWI/SIO, after reaction and (d) mechanical mixture of 50wt% Pdy;Ce and 50wt%
[20wt% HSIW/SiO,] after reaction.
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Figure5. n-hexane isomerization conversion versus the tungsten content in the mechanical
mixtures of MeCeO-HPW/SiO, (1a: Ni;CeO-20wt%HPW/SIO,; 1b: Pdy1CeO-20wt%HPW)



