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Zeolite mordenite was dealuminated by steam treatment followed by acid leaching and further impreg-
nated with 1 wt.% of iron or sulphated. The various solids were characterized by XRD, 2?Si and 2’ Al NMR,
IR of adsorbed pyridine as well as ammonia adsorption calorimetry and evaluated in n-butane isomer-
ization. BET surface area of non-dealuminated mordenite was 462 m? g-! and this value showed marked
decreases if compared with the dealuminated (310 m2 g-1), iron impregnated (302 m? g-') and sulphated
mordenite (247 m2 g~1). It suggested the pore plugging or blocking by EFAL species, further confirmed

I[()?; mor;diil:ate d mordenite by NMR experiments. The dealuminated mordenite showed Brgnsted and Lewis acid sites with medium
Sulphate strength. The sulphated modified mordenite showed highest acidity strength, however its isomeriza-
Iron tion activity remains modest. The activity in the transformation of n-butane to isobutane was markedly
NMR improved by dealumination and subsequently iron impregnation (from 4 x 10~° to 2 x 10" mols~1 g1);

a significant initial activity was observed at a temperature as low as 200 °C. At higher temperatures, the
conversion level did not change. The positive effect of iron impregnation could be related to the increase in
acid strength and/or to the participation of the redox properties of iron to the initial activation step of the
reaction. Nevertheless, sulphated zirconia, used as a reference catalyst, presented the highest performance
(7 x 10" mols~! g~!) in comparison with modified mordenites.

© 2008 Elsevier B.V. All rights reserved.

n-Butane isomerization

1. Introduction temperature to proceed via a monofunctional acid mechanism.
Over Pt/zeolite, light alkanes isomerization occur more rapidly at
moderate temperature, via a bifunctionnal metal-acid mechanism.
The dehydrogenation abilities of the metallic sites generates olefins

which are readily protonated over the Brensted acid centers and

The isomerization of light paraffins is an important process
for producing high-octane blending components in gasoline, with
environmental regulations. As a typical acid-catalyzed reaction, the

chlorinated alumina, heteropolyacid-based materials, sulphated
zirconia and tungsten oxide on zirconia containing platinum have
been shown to be active for carrying out the transformation of
light alkanes [1]. However, owing to their acid properties and
their shape selectivity and stability, zeolites promoted with Pt
are the catalysts extensively used for the skeletal isomerization of
light alkanes. Thus, over H-mordenite-based catalysts, the promo-
tion with platinum improves considerably the activity, selectivity
and stability with time on stream in the isomerization of light
alkanes (C4—Cg)[1,2]. Indeed, it is well known that light alkanes iso-
merization over non-modified Mordenite requires relatively high
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converted into carbenium ions. Then , the isomerization process
may proceed via classical acid catalyzed elementary steps.

A similar improvement in isomerization activity might be
expected, if new active sites are generated nearby the zeolites
Brognsted sites. These new sites should be able to generate a pool of
carbocationic species by a pathway which would be energetically
less demanding.

To reach that objective, it appeared interesting to evaluate two
other directions. First, we assume that the presence of sites of high-
est strength might promote the zeolite isomerization activity, since
the generation of the first carbocationic species might be favored.
For that, we tentatively promoted Mordenite with sulphate groups.
Second, since it is well known that the presence of re-dox sites
could generate cationic radicals and then the required initial car-
bocationic species, we tentatively modified mordenite with iron.
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Mordenite was chosen according to its knwon efficiency in
light alkane isomerization; this molecular sieve is a large pore 12-
membered ring (MR) zeolite with a one-dimensional pore system
[3-6]. The channel geometry consists of two types of pores parallel
to one another one with a diameter of 2.6 A x 5.7 A and the other
one with a diameter of 6.5 A x 7.0 A [3]. These two channels do not
intersect, but small channels are accessible from the large ones by 8-
rings windows. Also, mordenite has a total pore volume of approx-
imately 0.2mLg~!. The specific pore geometry and the medium
acidity make this zeolite potentially interesting for a variety of
hydrocarbon conversion reactions such as isomerization [6], alkyla-
tion of aromatics [ 7], disproportionation [8] and transalkylation [9].
Among them, isomerization of n-butane to isobutane is a reaction
that is generally carried out over strong Brgnsted acidic materials
like H-mordenite, sulphated zirconia or heteropycompounds [10].
The reaction of n-butane isomerization is represented by:

n-C4H19 = i-C4Hyo M

It is generally accepted that the reaction occurs via a bimolec-
ular mechanism over mordenite, involving a Cg* carbenium ion as
intermediate [10,11]. Intramolecular rearrangement of n-C4 alkane
would require the formation of an unstable primary carbenium ion,
which requires superacid sites. However, different routes have also
been proposed, depending upon the reaction temperature and the
concentration of the acid sites [6,12].

Generally, the main problem associated with the use of strongly
acidic zeolites as isomerization catalysts is the fast rate of deacti-
vation. Using hydrogen or water as additives into the feed stream
combined with the modification of the zeolite with noble metals
can partially circumvent this problem. The additives are used to
prevent the formation of polymeric hydrocarbons or to help their
decomposition and desorption.

In order to improve their isomerization activity, strong solid
acids such as sulphated zirconia were successfully modified with
low amounts of transition metals like Fe and/or Mn. These metals
were proposed to promote a bifunctional mechanism, where the
redox properties of the transition element could initiate the alkane
conversion [13]. Although enormous work has been reported on the
isomerization properties of mordenite zeolite, very little informa-
tion has been reported in open literature on the modification of this
zeolite with sulphated groups or transition metals such as Fe and
Mn in the n-butane transformation [2,12-14], in order to enhance
its catalytic activity.

The present study focuses on the use of modified mordenite
for the n-butane isomerization. Mordenite was first dealuminated
and then impregnated with iron or sulphate. Dealumination is a
well-known method for enhancing the acidity and accessibility of
active sites in zeolites [15]. Iron compounds are extensively used
as catalysts in industrial processes due to their chemical properties
and low cost. Both the dealumination and iron incorporation were
expected to enhance the mordenite performance in the n-butane
isomerization. It was also shown that sulphated mordenites are
active for catalytic reactions involving bulky organic compounds,
showing different activities and selectivities, depending on their
acidity and active sites accessibility [16]. Therefore, the structural
changes resulting from the mordenite modifications as well as the
acid properties of the catalysts were studied and correlated with
the n-C4 isomerization activity.

2. Experimental
2.1. Samples preparation

Na-mordenite was obtained from Societé Chimique Grande
Paroisse with a Si/Al ratio of 6.3, a BET surface area of 450 m—2 g~

and a sodium content of 3.2 wt.%. The sodium modernite was con-
verted into the acidic form by treatment with a 0.5 molL~! HCI
solution at 80°C for 1h. The solid was then dried at 80°C and
calcined at 500°C under nitrogen/air flow. The protonic morden-
ite sample was labelled M. Dealumination was performed on the
exchanged solid as proposed by Almanza et al. [6] by using a steam
partial pressure of 12.5kPa, for approximately 9 h. The solid was
then refluxed in hydrochloric acid (3 molL~1) at 80°C for 1h and
subsequently washed in order to remove chloride species. A final
calcination was performed under air at 500 °C for 2 h, leading to the
dealuminated mordenite sample, labelled M1.

Aniron impregnated mordenite was prepared from M1 by using
a 0.1 mol L1 iron nitrate solution to obtain a concentration of Fe of
1wt.%. Iron impregnation was carried out under stirring for 1h,
followed by vacuum filtration and drying at 80°C. The solid was
then calcined under air flow at 500°C for 2 h, leading to sample
FeM1 (iron impregnated dealuminated modernite).

A sulphated mordenite (SO4M1) was prepared by treating 1 g of
M1 with a 0.1 mol L~! sulphuric acid solution (50 mL of solution for
1g of M1). The impregnation of M1 with the sulphate was carried
out under stirring during 4 h, with a buffer (pH 3-5) followed by
vacuum filtration and drying at 80°C. The solid was then calcined
under air flow at 500 °C for 2 h. Following each step, the crystallinity
of the solids was evaluated by X-ray diffraction.

A sulphated zirconia (S04Z) was synthesized according to the
literature [17], by using zirconium hydroxide with a 0.2N sulphuric
acid solution. This solid was used as control catalyst. Its specific sur-
face area (BET) is equal to 100m? g~!. The protonic density drawn
from NHs3 adsorption at 373 K is equal to 22 x 1077 H* m~2 [1].

2.2. Characterization

All solids were characterized by XRD, chemical analysis, nitro-
gen adsorption at 77 K, microcalorimetry adsorption of ammonia,
pyridine adsorption, NMR and n-butane isomerization as a test
reaction.

The chemical analyses were performed on a Carry AAS/ICP OES
instrument. Each sample was dissolved in HF:HCl solutions, before
measurement of the chemical composition.

X-ray diffraction (XRD) patterns were colleted on a Bruker
(Siemens) D5005 diffractometer by using the Cu Ko radiation, at
a work voltage of 40 kV and current was 40 mA.

BET measurements were recorded on a Micromeretics ASAP
2002 equipment. Samples were first treated in vacuum to remove
the gaseous impurities (300°C, 6 h, 10~3 Torr) and the textural fea-
tures were studied by using nitrogen adsorption at 77 K.

NMR experiments were carried out on a Bruker DSX 400 spec-
trometer. Samples were spun at 10kHz in 4nm zirconia rotors.
27A1 and 29Si chemical shifts were referenced to Al(H,0)g3* and
tetramethylsilane (TMS), respectively.

2.3. Acidity measurements

Pyridine adsorption-desorption was monitored by infrared
spectroscopy (IR). Self-supported wafers of 20mg and 18 mm
diameter were evacuated in situ in an infrared glass vacuum cell
equipped with calcium fluoride windows. The cell was then con-
nected to a vacuum system and the samples were degassed under
10> Torr at 450 °C for 4 h. IR spectra were recorded before as well as
after pyridine adsorption at room temperature. Pyridine was then
desorbed at increasing temperatures (150, 250, 350, and 450°C) in
dynamic vacuum and spectra were recorded on a Bruker Vector 22
(IRFT) spectrometer.

Calorimetry of ammonia adsorption was performed in a tubular
cell preliminary heated at 400°C under vacuum for 2 h. The cell
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was then introduced in a Setaram Soft Set 2000 calorimeter at 80°C
and the experiment was performed. Successive ammonia injections
were done until complete saturation of the sample.

The isomerization of n-butane was used as a test reaction. The
samples 100 mg in weight were placed in a tubular quartz reactor
and heated at 400 °C under air flow (0.3 Lh~1) for 2 h. The reaction
was carried out at 200 or 250 °C, by using a butane/nitrogen mix-
ture (5% n-Cy4 in Ny, total flow rate of 1.28 Lh~1) and the products
were analyzed by a DELSI chromatograph with a flame ionisation
detector coupled to a Merck D2500 integrator.

3. Results and discussion
3.1. XRD analysis

XRD patterns of the various mordenites show that the struc-
ture is maintained in all samples. The ion exchange from Na to H
form and the subsequent calcination of M sample do not affect the
crystallinity (Fig. 1).

In particular, dealumination by steaming, followed by acid
leaching to obtain M1 does not affect the crystallinity of the zeo-
lite. Moreover, neither iron impregnation (FeM1) nor sulphatation
(SO4M1) of the M1 sample causes any significant loss of crys-
tallinity.

3.2. Physico-chemical properties of the solids

The non-dealuminated protonic mordenite (M) possesses a type
[ isotherm, characteristic of a microporous material, as reported in
a previous work [16]. The modification of the protonic morden-
ite by combination of hydrothermal treatment and acid leaching
(M1)resulted in a dramatic difference in the isotherm shape, which
passed from type [ to type IV, indicating the presence of mesopores
formed upon dealumination. The above conclusions are in line with
previous findings [15]. The textural features of the solids evaluated
from N isotherms are given in Table 1.

The M sample has a surface area of 462m?2g-! and microp-
ore volume of 0.23 mLg~! and these values show marked decrease
if compared with the dealuminated (310m2 g1, 0.13mLg"1!) iron
impregnated (302m2g-!, 0.12mLg"!) and sulphated modernite
(247m2 g1, 010mLg ). It suggests the pore plugging or block-
ing by EFAL species, further confirmed by NMR results. Mesopores
are not found on the M sample. By contrast, modified mordenites
present mesopores and FeM1 shows a decrease in both the micro-
and meso-pore volumes, as compared to M1. The presence of iron
(1 wt.%) does not significantly modify the textural parameters. The
absence of any diffraction peak related to Fe particles suggests that
iron is occluded as fine oxides inside the modernite mesopores as
finely dispersed octahedral Fe3* species. Thus, it explains the slight
decrease in the textural parameters for the FeM1 sample. Indeed,
the textural features of the SO4,M1 sample are a result from the
presence of sulphate ions, which may partially block the access to
some of the mesopores.

The Si/Al ratio slight increases from M1 to FeM1, suggesting that
iron impregnation removes some aluminum species from the zeo-
lite. For the SO4,M1 sample, a considerable increase in the Si/Al ratio
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Fig. 1. XRD patterns of the modernites studied in this work. Samples: non-
dealuminated modernite containg sodium (NaM), protonic non-dealuminated
modernite (M), dealuminated modernite (M1), iron impregnated dealuminated
mordenite (FeM1) and sulphated dealuminated mordenite (SO4M1).

is observed, suggesting that the sulphatation removes aluminium
from the sample, probably in the form of soluble aluminium sul-
phate.

The 29Si NMR spectrum of M is composed of three signals corre-
sponding to Si(0Al) at —112 ppm, Si(1Al) at —105 ppm and Si (2Al)
at —100 ppm. For the modified mordenites samples, the band at
—110 ppm is split into two components, characteristic of severely
dealuminated mordenites [15,16].

The 27Al NMR spectra (Fig. 2) show a sharp resonance peak
at 55 ppm for all samples, which is related to structural tetrahe-
dral aluminium species. A weaker resonance is also observed at
0 ppm, characteristic of aluminium atoms in octahedral coordina-
tion or in extra framework position. Extraframework aluminium
species (EFAL) remain even after acid leaching of the dealumi-
nated sample (M1), suggesting that these species are difficult to
remove and that they could be located in the 8-MR pores of the
structure.

In addition to the peak at 0 ppm, M1 shows a new peak at 30 ppm
assigned to pentacoordinated aluminium species, suggesting that
the dealumination leads to a structural disorder in the solid. Iron
impregnation or sulphatation decrease the amount of extraframe-

Table 1

Chemical composition and the textural properties of the solids

Sample Si/Al Fe (wt.%) S (wt.%) Sger (m? g~1) Vinicro (MLg™1) Vineso (MLg~1)
M 6 - - 462 0.23 0

M1 13 - - 310 0.13 0.054

FeM1 15 0.95 - 302 0.12 0.046

SO04M1 20 - 1.2 247 0.10 0.043
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Fig. 2. ?7Al NMR spectra of non-dealuminated mordenite (M), dealuminated mor-
denite (M1) iron impregnated dealuminated mordenite (FeM1) and sulphated
dealuminated mordenite (SO4MT1).
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work species, particularly the 5-coordinate species. From the above
study, we can conclude that the successive modifications of a
mordenite did not cause any loss of crystallinity, but generated
structural defects in the materials, essentially a secondary meso-
pore system, as seen in the textural analysis results.

3.3. Acidity measurements

3.3.1. Calorimetry

Calorimetry is a well-suited technique to probe the concentra-
tion and strength of acid sites on the surface of solid catalysts.
Calorimetry results on the M sample shows a large number of acid
sites, mainly with a medium strength. The dealumination process
leads to an increase in the strength of the sites, but the latter remain
in a relative homogeneous strength on the surface, as shown in the
M1 sample (Fig. 3).

This suggests that dealumination provides an increase in the
strength of the sites, but that the latter remain in a relative homo-
geneous strength on the surface and accessible to the ammonia
molecule. We can also remark the difficulty for the first doses
of ammonia to access the acid sites, probably due to steric hin-
drance caused by the EFAL species present on the solid. As the
ammonia amount increases, the accessibility of the referred sonde
molecule to the acid sites is improved and then the measurement
is performed. FeM1 presents acid sites with medium and highest
strengths, but with a population not as homogeneous as in the case
of M1 (Fig. 4).
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Fig. 3. Calorimetric diagram of the dealuminated mordenite sample (M1). Micromol of ammonia adsorbed per gram (A) and per square meter (B) of the catalyst.
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Fig. 4. Calorimetric diagram of the iron impregnated dealuminated mordenite (FeM1) sample. Micromol of ammonia adsorbed per gram (A) and per square meter (B) of the

catalyst.
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In the case of SO4M1, calorimetry results also presents acid sites
with high strength compared to M1 and FeM1, but with a popula-
tion not as homogeneous as the latter. The accessibility of ammonia
to the acid sites is restricted due to the interaction between ammo-
nia and sulphate ions or EFAL species, as seen by NMR results and
confirmed previously [16].

3.3.2. Py adsorption

Pyridine is a useful basic probe molecule to distinguish the
nature (Brensted and Lewis), the location and the number of acces-
sible acid sites [17,18]. Fig. 5 shows the IR spectra of the various
mordenites before Py adsorption.

The samples show the characteristic bands of a protonic zeo-
lite: at 3744cm~! (terminal SiOH groups) and at 3607 cm~! (acid
bridging Si-O(H)-Al groups). Preliminary works showed that dea-
lumination generally provides a decrease in the band at 3607 cm™1,
while the band at 3744cm~! increases in intensity [18]. These
results are partially in line with the spectra of the M1, FeM1 and
SO4M1 samples. It can be explained by the fact that removal of alu-
minum atoms from the zeolite framework decreases the number
of bridging protons. However, we do not observe a parallel rise of
the terminal silanol stretching vibration. Interestingly, the inten-
sity of the band at 3744 cm! is increased and it suggests a further
dealumination of the SO4,M1 sample.

In addition, two news bands appear at 3710cm~! and at
3650cm~! in the spectra of the modified solids. The first band
results from the formation of hydroxyl nests, formed upon dea-
lumination of the zeolite. The second one is most likely due to
hydroxyl groups of extraframework aluminum species such as
Al(OH)y4, AI(OH)?* and AI(OH)** species [18].

Upon addition of pyridine to the non-dealuminated mordenite
(M), there is no absorption band near 1455 cm~!, which indicates
the absence of Lewis sites (Fig. 6). The band corresponding to
Si-0O-(H)-Al groups is not completely eliminated upon pyridine
adsorption, which means that most of the acid sites are located
in the small channels of the non-dealuminated mordenite. By con-
trast, in the case of modified samples (M1 and FeM1), the band
at 3607 cm~! completely disappears. This indicates that most of
the acid sites that are located in the small channels and that are
not accessible to pyridine (size of the molecule 5.8 A) become more
exposed upon dealumination. Simultaneously,aband at 1545 cm™1,
characteristic of pyridinium ions, appears in the spectra of these
samples, as seen in Fig. 6.

By contrast, for the SO4M1 sample, the bridged silanols vibration
at3607 cm~! is not completely eliminated after addition of pyridine
at room temperature. It suggests that some of the acid sites are
blocked by EFAL species, as seen by NMR experiments that showed
a large amount of these species. Another possibility is that the acid
sites could be in the small channels, and not accessible to pyridine.
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Fig.5. IRspectraofthe hydroxyl stretching vibrations region before pyridine adsorp-
tion. Samples were treated at 450 °C, under 103 Torr.
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Fig. 6. IR spectra after pyridine adsorption. Samples were desorbed at 150°C.

According to the spectra recorded after desorption at 150 °C (Fig. 6),
the modified mordenites show the presence of a band at 1455 cm~!
that indicates the presence of Lewis acid sites.

In addition, a band at 1620cm™! is related to the presence of
Lewis acid sites and another band at 1600 cm~! is assigned to other
type of Lewis acid sites. Both bands related to Lewis acid sites are
supposed to be associated with extraframework aluminum species.
Increasing the temperature of desorption decreases the amount of
Brognsted sites, and only Lewis sites remain at 450 °C. Either iron
impregnation or sulphatation of the dealuminated mordenite does
not modify significantly the nature of the acid sites, as evidenced
by pyridine adsorption results.

On the other hand, the acid properties evidenced by calorimetry
clearly show that iron impregnation increases the strength of the
acid sites. Fe incorporation in the dealuminated mordenite is found
to improve the overall acid strength without significant changes in
the amount and nature of the sites. A possible explanation may
be that the Lewis acidity of iron influences the overall acidity of
the zeolite. Indeed, when properly positioned, Lewis centres can
increase the strength of Brgnsted acid sites, as described in zeolite
literature [19].

Upon sulphatation, the Lewis/Brensted ratio was not changed.
However, the total acidity of the solid was enhanced. Therefore,
the acidity strength studied by pyridine adsorption measurements
follows the order: SO4M1~ FeM1>MT1 > M.

These results suggest that dealumination increases the accessi-
bility to Brensted sites of the zeolite, in agreement with calorimetry
results. The sulphatation or iron addition does not modify the L/B
ratio. Upon Fe promotion, the significant acid strength improve-
ment revealed by calorimetry, is originated from the interaction
between new Lewis acid centers, Fe3*, with the silanol groups. This
results in an increase of the strength of the Bransted sites and it
can be the origin of the improved overall acid strength revealed by
calorimetry experiments.

3.4. Performance in the n-butane isomerization

3.4.1. Evaluation of the solids at low temperature

Isomerization of n-butane to isobutane was chosen as a model
reaction to test the catalytic activity of the various zeolites. For this
reaction, strong acid sites are generally required [20,21]. Prior to
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Fig. 7. Conversion of n-butane to various solids studied.

catalytic tests, the samples were embedded with a binder, and we
ensured that the binder did not interfere in the catalyst activity.
Catalytic results are shown in Fig. 7.

The M sample is not active in the reaction due to its low acidity
and pore geometry restrictions. This result is in accordance with
the effect of the pore geometry on isomerization mechanism of
n-butane that has been intensively studied for one-dimensional H-
modernite [22]. The findings reported thatin such one-dimensional
pore system, with acid sites of comparable strength of the M sam-
ple, the monomolecular reactions involving n-butane are single
file diffusion controlled. In other words, the H-modernite has the
main channel of 6.5 A x 7.0 A of diameter that is close to the kinetic
diameters of n-butane and isobutane (4.3 and 5.0 A, respectively).
Thus, the reaction products can leave an acid site in the interior
of the one-dimensional channel of protonic modernite, only if no
other molecules block the space between the reaction site and pore
mouth. The only reactions products that are detected are those gen-
erated at active sites near to the pore mouth, being the products
formed inside the pore trapped [22,23]. It could explain the lack of
activity of the M sample.

In spite of its high acidity, M1 shows a low performance, may
be due to the fact that some of the acid sites are still present in the
narrow pore of the zeolite, and may suffer from restrictive acces-
sibility as regard to the possible Cg* intermediate formation, if the
mechanism proceeds via a bimolecular acid step [2]. Although the
M1 sample has a three-dimensional pore system as a result of dea-
lumination, the large amount of EFAL species (observed by means
of NMR measurements) may be located inside the pore. Therefore,
the Cg* bulk intermediate from a bimolecular process will be very
difficult inside the pore of dealuminated modernite. This way, the
catalytic activity is no longer controlled by the density, but by the
accessibility of the active sites, as seen in early studies [24]. Indeed,
the strength of the acid site is probably too low and does not per-
mit the n-butane isomerization by a monomolecular mechanism
over the M1 sample; therefore, this support the hypothesis of the
bimolecular mechanism at the condition studied.

The initial conversion level is intensified by sulphatation (1.2%)
of the dealuminated sample. It can be ascribed to the balance
between the strong acid sites, created upon sulphatation, and the
mesopore system that permits the accessibility of the reactants to
the acid sites. It is well known that in the case of sulphated oxides,
superacidity from the presence of Bransted sites, whose acidity is
enhanced by the presence of strong neighboring Lewis acid sites
[2,21]. Our results for SO4M1 show a large amount of EFAL species
produced by progressive dealumination which is caused by SO4
ions. Taking all this into account, it could be expected that both sul-
phate ions and EFAL species improved the acid strength of Brensted

acid sites over SO4M1. As consequence, the catalytic activity of this
sample is enhanced, in comparison with the M and M1 samples.

From the analysis through calorimetry, it is also seen that SO4,M1
has strong acidity (E; NH3 = 150-170 k] mol~1), as shown previously
[16]and IR pyridine adsorption studies reveal the presence of strong
Brgnsted acid sites, which has a great accessibility, in comparison
to non-dealuminated and dealuminated zeolites. Thus, the catalytic
activity of SO4M1 is believed to be generated by the presence of the
strong Brensted acid sites.

However, the conversion level is considered too low, by con-
sidering the acidity features of the SO4,M1 sample. The catalytic
performance drastically deteriorates with the reaction time, in a
similar manner to that occurs to the sulphated oxides [1].

In contrast, the FeM1 sample shows an initial n-butane conver-
sion of 3.6%. The findings reports that when iron is introduced in
mordenites followed by a calcination under air condition, Fe3* ions
can be located in charge compensating positions or became non
lattice species, being octahedral iron oxides [25-30]. Another pos-
sibility is that iron is incorporated in the framework of modernite
[27,29], but because Fe3* has a larger ionic radius (0.63 A) than Al3*
(0.53 A), this possibility is unlikely. XRD results suggest that the
octahedral Fe3* species are not only in the form of highly dispersed
particles but also are deep inside the channels, as evidenced by
the textural parameters that show the pore plugging or blocking,
probably caused by iron species on the FeM1 sample. The oxidized
species may not be attached strongly to the modernite and can gen-
erate an additional acidity as Lewis acidic center, thus providing the
catalytic activity of the FeM1 sample.

The difference in the acidic features, mainly in terms of acid
strength of FeM1 compared to SO4M1, could explain the better
performance of the iron impregnated mordenite since the n-C4
transformation is catalyzed by strong acid sites. However, we can-
not exclude the participation of a redox initial activation step due
to non-framework Fe3* species in the iron modified mordenite, as
seen earlier [2,13]. A greater stabilization of the highest transition
state on FeM1 than on SO4M1 is a possibility, but isomerization
over the FeM1 catalyst apparently can occur by oligomerization and
[-fission of a chemisorbed Cg-carbenium ion to iso-C4 fragments,
according to the studies focused on Fe species on zirconia catalysts
[30].

Nevertheless, the highest conversion is observed with the ref-
erence sulphated zirconia catalyst that possesses a strong acidity.
The initial conversion level obtained with the SO4Z sample reaches
12.7% under similar experimental conditions (Fig. 7). The structure
of the active site in n-butane isomerization is still under controversy
[21], but under similar condition studied, a bimolecular mechanism
on pentacoordinated sites could work.
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Fig. 8. Rate of isobutane formation with time on stream. Conditions: treatment: 2 h
under air at 200°C. Total flow rate=13Lh~!; m catalyst =100 mg. Five percent of
n-C4 in Np; TR=200°C.
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Fig. 9. Selectivities of the various catalysts in the n-butane isomerization. i-C4, Cs,
Cy,i-Cs and Cs represent the selectivities to isobutane, propane, ethane, isopentane
and pentane, respectively.

Additionally, previous experiments have demonstrated that a
(gamma) alumina, a sulphated (gamma) alumina samples are inac-
tive to isomerize n-butane, probably because they are only mildly
acidic, with regard the strength required to initiate the isomeriza-
tion. The rate of isobutane formation, expressed as the moles of
n-butane formed per second and per gram catalyst, has been plotted
as a function of the reaction time (Fig. 8).

The rate of formation of isobutane, which reflects the perfor-
mance of the catalysts, is only three times as high on the sulfated
zirconia (6.8 x 10-7 mols~—1 g~1) as on the FeM1 sample. Although
the reference SO4Z catalyst shows the best performance due to its
strong acid sites, it also rapidly deactivates. This can be related to
the poisoning of the acid sites by coke precursors, as suggested by
the dark grey color of the used sample.

The selectivities obtained with M and M1 are meaningless
because the conversion level is too low. On the other hand, the
major product obtained with FeM1, SO4,M1 and SO4Z samples is
isobutane (Fig. 9), indicating a deprotonation equilibria (reaction
I) can occur.

By-products being mainly propane, isopentane and pentane are
also formed. Light alkanes such as ethane are hardly formed. The
presence of these by-products strongly supports the bimolecular
dimerization-cracking pathway, where the Cg* carbenium inter-
mediate is formed (reaction III) and then cracked into lighter
fragments, principally Cs and C3 (reaction IV).

C4Hip= C4H9++H+ (Il)
2C,Ho* — CgHpyt +H* (1)
C8H17++H+—> CsHg +CsHyp (IV)

3.4.2. Evaluation of the solids at 250°C
The rate of isobutane formation at higher temperatures, with
time is shown in Fig. 10.
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Fig. 10. Rate of isobutane formation with time on stream. Conditions: treatment:
2 h under air at 200 °C. Total flow rate=1.3 Lh~1; m catalyst =100 mg. 5% n-C4 in Np;
TR=250°C.

The isobutane production slightly increases with the increase
in temperature. The stabilities of the catalysts evaluated are not
improved by the iron impregnation or sulphatation. In principle,
with such a variety of solids one can except to see some trends
between the zeolite acidity and their behaviour as potential cata-
lysts in n-butane transformation. Thus, the acid sites present in the
dealuminated mordenite (M1 sample) are expected to influence
the isobutane formation and the product distribution all along the
reaction time, but only the iron-modified zeolite shows a significant
activity at 250°C.

The new sites generated by iron impregnation are not able to
maintain the activity of the catalyst which rapidly decreases with
time. The activity of FeM1 can be ascribed to its high acid strength
as compared to M1 and/or to the participation of the iron redox
properties in the initial n-C4 activation step. However, a redox ini-
tial activation step would have generated a butyl radical cation as
intermediate that reacts with a butane molecule by forming a Cg*
intermediate and a proton. Thus, it is worth pointing out that over
zeolites, isobutane can be formed though a cracking mechanism
which can be carried out on Bregnsted acid sites and that together
with cracking, addition (reaction V) and specially, oligomerization
reactions also occur.

C4Hg™ + C4Hy9 > CgHig+HT (V)

This hypothesis is supported by the large amount of i-C4 found
over the FeM1 sample at 250 °C, but iron and EFAL Lewis sites plus
strong Brensted acid sites present on this sample are not able to
maintain the isobutane production along of the time, probably due
to the carbon deposition.

Because acid catalyzed reactions of cracking are favourable at
high temperature, the amount of side products such as ethane and
propane is increased and it suggest that a monomolecular mecha-
nism could take place over the Brgnsted acid sites of SO4Z, e.g., via
pentacoordinated carbenium ion as proposed [2,31]:

H

: + 4 + . ’
[CH;CH,CH,-....CH3] _—, CsHy +CHy (VD

(VI
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In summary, it can be observed that sulphated zirconia is able
to isomerize n-butane to isobutane owing to its higher acidity and
stability as compared with dealuminated mordenites. In contrast,
sulphated zirconia cannot act as an adequate isomerization catalyst
for n-butane. transformation since it is poisoned by coke and thus
reduces the formation of isobutane.

4. Conclusions

The modification of a mordenite by dealumination creates some
mesoporosity, which considerably improves the accessibility to
active site as compared to a standard zeolite. The subsequent
impregnation of the catalyst with iron alters neither the mesopore
system nor the zeolite crystallinity. However, iron impregnation
or sulphatation increases the acid strength of the zeolite. Neither
the non-dealuminated nor non-doped dealuminated mordenite is
able to catalyze the n-butane isomerization at a reaction temper-
ature as low as 200°C. Despite its strong Brensted acid sites, the
sulphated zeolite shows a modest activity. On the other hand, the
iron-impregnated zeolite possesses acid sites capable of catalyzing
the n-butane transformation.

The improvement of the acid strength evidenced by calorime-
try is tentatively explained by a synergistic effect between the
iron Lewis sites and the Brensted acid sites of the modified
zeolite. However, based on the present data only, we cannot con-
clude whether the improvement of the catalytic performance
of iron impregnation on dealuminated mordenite is related
to the increase in the acid strength through iron incorpora-
tion and/or to the participation of redox n-C4 initial activation
step. Nevertheless,a classical sulphated zirconia evaluated as
a reference catalyst exhibited the best stability and catalytic
performance towards isobutane production among the solids stud-
ied.

The characteristics of the modified mordenites in terms of
acidity, redox properties and accessibility possibly make these
solids useful for catalytic reactions involving bulky organic
compounds.
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