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A B S T R A C T

Mordenite zeolites with diffusion-restricted access to the acid sites located in mono-dimensional 12-ring chan-
nels and 8-ring side pockets have found broad applications as catalysts for hydroisomerisation of linear C5 and C6

alkanes and other highly relevant acid-catalysed processes. The accessibility of the porous structure of mordenite
(MOR) zeolite is traditionally enhanced by dealumination, but this is invariably connected with a dramatic
reduction in the aluminium content and corresponding concentration of the acid sites in the zeolites. Here we
describe the preparation of MOR zeolite with high micropore volume, three-dimensional supermicropores (d ∼
7.5 Å) and good acid site accessibility by concurrent extraction of Si and Al using postsynthesis fluorination-
alkaline-acid treatment. The concurrent extraction of Si and Al enables formation of more developed super-
microporous structure and preservation of the molecular Si/Al. The procedure yields MOR with a crystalline
structure in which the Si/Al ratio and the micropore volume can be tailored (Si/Al from ∼ 6, VMI up to 0.25
cm3.g−1) by the chemical conditions of the treatment. The Al-rich 3D supermicroporous structure with acces-
sible Brønsted and Lewis active sites provides strongly enhanced activity, selectivity and long-term catalytic
stability in the transformation of n-hexane into the corresponding branched isomers.

1. Introduction

The catalytic hydroisomerisation of linear C5 and C6 alkanes as an
integral part of the production of automotive gasoline has become a
process performed on an impressively large scale. While the chlorinated
catalysts in the other large-scale catalytic acid-catalysed processes have
been displaced by catalysts based mainly on zeolites, environmentally
problematic chlorinated catalysts are still predominantly used in the
hydroisomerisation process for their superior activity exceeding that of
zeolite catalysts [1,2]. The high activity of chlorinated catalysts allows
performance of the hydroisomerisation process at low temperatures
(about 150 °C), where the thermodynamic equilibrium is inclined to-
wards the desired multi-branched isomers with high octane number
[2]. In contrast, the relatively low zeolite activity means that the re-
action must be performed at much higher temperatures (250–300 °C)
where, for thermodynamic reasons, the proportion of the two-branched
and mono-branched isomers is insufficiently low for modern high-oc-
tane automotive fuels [2]. Although besides problematic chlorinated
alumina based catalysts, some perspective alternatives were in parallel
developed, these still suffer considerable disadvantages. Tungstated

zirconia could show enhanced low-temperature-activity but still suffer
from unsolved deactivation/regeneration, which hinder their large-
scale application [3]. Strongly acidic sulphated zirconia provides a
lower reaction rate compared to chlorinated alumina [4,5]. Previous
studies have shown that the activity of zeolites in n-hexane hydro-
isomerisation is controlled by interplay of the concentration of the
acidic centres and accessibility of the acid sites for the n-hexane mo-
lecule in the micropore reaction space, allowing effective formation of
the transition state [6–8]. The high concentration and proximity of
Brønsted sites facilitate synergistic effects that substantially shift the
conversion to the lower temperature range important for the formation
of di-branched isomers with a high octane number [9].

Zeolites with mordenite structure are among the most active and
selective zeolite catalysts reported in the literature and are used in in-
dustrial catalytic processes [6,10–14]. A high concentration of acidic
centres in a zeolite with mordenite structure is readily available due to
the synthesis of mordenite zeolites with high Al content in the struc-
tural framework (Si/Al ∼5) [15]. However, the accessibility of the acid
sites in the channel system of the mordenite zeolite comprising mono-
dimensional straight channels with twelve-membered ring (12-ring)
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openings and side pockets with 8-ring openings is diffusion-restricted
[7,9–11,14]. The small size of the opening of the side pockets
(2.6 Å×5.7 Å) and the kinetic diameters of linear (4.3 Å), mono-
branched (5.0 Å–5.6 Å) and di-branched (5.8 Å – 6.2 Å) hexane isomers
limit the accessibility of the acidic centres in the side pocket
[9,11,15–17]. The openings of the main channel (6.5 Å×7.0 Å) allow
for easy interaction of all the hexane isomers with acid sites located in
the main channel; however, the monodimensional channel limits mo-
lecular transport and the long residence time reduces the selectivity of
the reaction due to side cracking reactions that lead to the formation of
undesired C1-C4 molecules [9]. An increase in the accessibility of acidic
centres in MOR catalysts can be easily achieved by partial deal-
umination. The hydrolysis of the Al-O-Si bond and the extraction of the
Al atom from the framework during dealumination yield large de-
formed elongated rings or merging of the two 8-rings, providing a large
void space depending on the T site of the extracted atom [9]. The
formation of these secondary micropores enables the diffusion of large
molecules to the active sites [18]. However, the decrease in the con-
centration of aluminium in the framework is associated with a sig-
nificant decrease in the concentration of acidic Brønsted sites limiting
the activity of the resulting catalyst.

In the present study, we attempted to create mordenite zeolites with
enhanced activity for hydroisomerisation of n-hexane that contain a
high concentration of aluminium and corresponding concentration of
acid sites readily accessible for the hexane molecules. For this purpose,
we modified the structure of mordenite zeolite with a high content of
lattice aluminium (Si/Al 5.8) by postsynthesis concurrent extraction of
Si and Al atoms from the framework using fluorination-alkaline-acid
treatments. This modification provides an increase in the dimensions of
the channel openings, enlargement of the micropores, 3D inter-
connection of the micropores as well as the formation of acidic sites
with enhanced activity. The combination of the super-mesoporosity and
the occurrence of highly active acidic sites dramatically increase the
activity of mordenite zeolites in the hydroisomerisation of n-hexane to
its branched isomers. The high activity shifts the window of operating
temperatures to the thermodynamically more suitable area for the
formation of di-branched isomers.

2. Experimental

2.1. Preparation of MOR zeolites

Mordenite zeolite (Zeolyst Int., CBV 10 A molar Si/Al 5.8), denoted
as MOR/5.8, was used for preparation of mordenites with enhanced
accessibility of micropores using postsynthesis fluorination-alkaline-
acid leaching procedures (Fig. 1). MOR/5.8 was treated by fluorination-
alkaline leaching with various concentrations of NH4F and NaOH and
subsequently by mild dealumination. Typically, 5 g of MOR zeolite was
impregnated with 15ml aqueous solutions of NH4F at room tempera-
ture, kept at RT for 8 h and was then dried at 120 °C for 12 h and cal-
cined at 550 °C for 3 h. The alkaline treatments were applied to the
fluorinated zeolites (1 g of fluorinated MOR per 30ml NaOH solution
stirred in a beaker at a temperature of 85 °C for 30min). Prepared
catalysts are denoted as MOR-XF/Y, where X is the concentration of
NH4F and Y is the molar ratio of Si/Al. In the 1st series, concentrations
of 0.36M NH4F and 0.2M NaOH solutions were used and the sample
was denoted as MOR-0.36 F/5.7. The 2nd series was prepared using
0.5 M NH4F and 0.4M NaOH solutions and the sample denoted as MOR-
0.5 F/5.6. 1M NH4F and 0.4M NaOH solutions were used for pre-
paration of the 3rd series and the sample was denoted as MOR-F/5.4.
The 4th series was prepared using 4M NH4F and 0.4M NaOH solutions
and the sample was designated as MOR-4 F/6.2. Finally, after fluor-
ination and alkaline treatment, the samples were mildly dealuminated
by adding 30ml of 0.1M HNO3 per 1 g prepared MOR at 50 °C for
15min and were designated as deAl-MOR-0.36 F/7.0, deAl-MOR-0.5 F/
6.5, deAl-MOR-1 F/6.8 and deAl-MOR-4 F/6.9, respectively. For the 5th

series, the parent MOR zeolite was treated only by dealumination with
HNO3 (1 g parent MOR zeolite was added to 30ml 0.1M HNO3 at 50 °C
for 15min) and the sample was denoted as deAl-MOR/6.6. 100ml
0.5 M NH4NO3 was employed per 1 g zeolite at RT (three times over
12 h) to obtain the ammonium form of the zeolites. To obtain the hy-
droisomerisation catalysts, Pt was introduced into the NH4-form of the
MOR zeolites. Pre-dried (at 105 °C for 2 h) powder samples were im-
pregnated with an H2PtCl6 solution to yield 1.5 wt. % of Pt. The amount
of distilled water used for preparation of the impregnation solutions
corresponded to the porous volume of each zeolite and was typically in
the range 0.5 - 1.0 cm3.g−1.

2.2. Structural and textural analysis

The diffraction patterns of the zeolites were collected on the Bruker
AXSD8 Advance diffractometer (Bruker, U.S.A.) with Cu Kα radiation
with a graphite monochromator and a position sensitive detector
(Våntec-1) in Bragg–Brentano geometry. The chemical compositions of
the parent and prepared Pt-zeolites were determined by X-ray fluores-
cence spectroscopy using a Performix XRF-spectrometer (Thermo ARL,
Switzerland). The samples were measured and evaluated using UNIQ-
UANT5 software. The texture parameters of modified zeolitic materials
were determined from the analysis of the N2 adsorption isotherms at the
boiling point of liquid nitrogen (77 K) using the Micromeritics ASAP
2010 apparatus and of the Ar adsorption isotherms at the boiling point
of liquid nitrogen (77 K) using the Micromeritics 3Flex system. Prior to
the adsorption measurements, the samples were outgassed at 240 °C for
24 h. The micropore volume was determined by the Broekhoff-de Boer
t-plot method. In this method, the isotherm of nitrogen at 77 K for the
studied sample is compared with a suitable standard isotherm, which is
explicitly expressed by a thickness equation as representative of layer
thicknesses on comparable type of material. In the derivation of the
thickness equation, Broekhoff and de Boer related the thickness of the
adsorbed film to the total chemical potential of the adsorbed layer ra-
ther than assuming thickness to be solely dependent on relative pres-
sure [19]. The total pore volume (Vtot) was obtained from the adsorp-
tion at a relative pressure of 0.8 converted to the corresponding volume
of liquid nitrogen. A relative pressure of 0.8 should ensure the complete
filling of the pores by N2 and, at the same time, this pressure is low
enough to avoid substantial condensation of nitrogen in the interstitial
space between zeolite particles. The mesopore size distribution was
calculated using DFT method based on a model for the adsorption of
nitrogen on oxidic surfaces. The Ar adsorption isotherms at the boiling
point of liquid nitrogen were employed for the analysis of the micro-
pore size distribution, as the spherical molecule of Ar is more suitable
for analysis of sub-nanometer microporous texture than diatomic mo-
lecules of nitrogen with a quadrupole moment. Micropore size dis-
tribution was calculated by the Horwath-Kawazoe method used in the
Saito-Foley extension to cylindrical pores applicable to zeolite studies.
The Cheng-Yang correction for the non-ideality of the two-dimensional
behaviour of the adsorbed gas was taken into account. In the Horwath-
Kawazoe expansion of the model of Everett and Powl describing the
potential energy of a single adsorbate molecule confined in a pore, the
space in the pore is assumed to be filled with adsorbate molecules [19].
In the case of a filled pore adsorbate-adsorbate-adsorbent interaction
contributes a potential in addition to the adsorbate-adsorbent interac-
tion. By averaging the potential over the space within the pore an ex-
pression for average interaction energy is obtained, which provides the
relationship between the relative equilibrium pressure of the adsorbate
and the pore width. Later on, Saito and Foley extended the Horwath-
Kawazoe approach by using a cylindrical potential to obtain a method
better applicable to studies of zeolites. Finally Cheng and Yang cor-
rected the non-linearity of the adsorbed gas which was not included in
the original Horwath-Kawazoe equation [19]. All the methods used
were performed using Micromeritics software. As the adsorption ex-
periment using argon were carried out at a temperature of the boiling
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point of liquid nitrogen, about 10 K below the boiling point of liquid
argon, the total pore volume determined from the argon isotherms was
corrected. According to the Gurvitsch rule, the volume of liquid con-
densed in the pores of a porous solid from a condensable gas near its
saturation vapour pressure is equivalent to the volume of the pores and
should be practically the same for different adsorptives [19]. Therefore,
the adsorption isotherms of argon were normalised by multiplying the
Ar adsorption by the ratio of total pore volumes Vtot N2/Vtot Ar. The
mesoporous volume VME and surface area were also calculated from the
Ar adsorption isotherms. A Hitachi S-4800 scanning electron micro-
scope (Hitachi, Japan) was used to obtain the SEM images. The HR-
TEM micrographs were obtained on a JEM 3010 microscope (JEOL,
Japan) equipped with a LaB6 cathode, operated at 300 kV. Before
analysis, MOR zeolite samples were calcined at 500 °C in the air and
subsequently reduced in a stream of H2 at 250 °C. The FTIR spectra of
the H-forms of the zeolites were measured on a Nicolet nexus 670 FTIR
(Thermo Nicolet Co., U.S.A.). Self-supporting wafers were made from
the MOR zeolite samples and inserted into the metal holder in the IR
cell. The wafers of zeolite samples were evacuated at 450 °C maintained
for 3 h and then recorded at RT by collecting 256 scans at 2 cm−1 re-
solution for each spectrum. CD3CN was used as a molecular probe for
analysis of the concentration of Brønsted and Lewis acid sites. CD3CN
was adsorbed at a partial pressure of 10 Torr for 20min at RT and
subsequently desorbed for 15min at RT. The resulting IR spectra of the
stretching C^N vibrations and the extinction coefficients
εB= 2.05 cm.μmol−1 and εL= 3.60 cm.μmol−1 were used for calcula-
tions of the acidic Brønsted and Lewis site concentrations [16]. The
accessibility of the OH groups for n-hexane in the MOR zeolites was
measured using the adsorption of n-hexane. The n-hexane was adsorbed
on the dehydrated samples at a vapour pressure of 1.4 Torr for 20min
at RT with gradual desorption to 0.005 Torr at RT. The accessibility of
the OH groups in the MOR zeolite samples was determined by sub-
tracting the intensity of the absorption bands of the stretching vibration
mode of the OH in the spectra of dehydrated MOR before and after
adsorption of n-hexane. Details of the method are described elsewhere
[8]. Information on the oxidation and coordination states of Pt particles
in the zeolite was obtained using the method of CO adsorption as a

molecular probe in FTIR spectroscopy. Before adsorption of CO, the
zeolite samples were heated at 450 °C for 1 h and then activated by
reduction in H2. Hydrogenation of the zeolite samples was performed
by gradually heating the sample from RT to 250 °C, which was main-
tained for 1 h. Subsequently, the samples of Pt/H-MOR zeolite were
evacuated and CO was introduced for 30min. Finally, the IR cell with
the samples was degassed and the spectra were recorded at RT. The
solid state 27Al MAS NMR method was used for characterisation of the
Al species with different coordination in the zeolite. The experiments
were performed on a Bruker Avance 500MHz Wide-Bore spectrometer
(Bruker, U.S.A.) equipped with a 4mm double-resonance MAS NMR
probe head. The 27Al MAS NMR spectra of the fully hydrated samples
were measured with a high-power decoupling pulse sequence with a p/
12 (0.7 μs) excitation pulse, 1 s relaxation delay and rotation speed of
12 kHz. The chemical shifts were referred to an aqueous solution of Al
(NO3)3.

2.3. Hydroisomerisation of n-hexane

The catalytic activity in hydroisomerisation of n-hexane to the
corresponding iso-C6 isomers was measured in a U-shaped glass
through-flow reactor with catalyst loading of 0.5 g on a porous glass
septum. The reactants were preheated in spiral tubing in the inlet part
of the reactor. Before each catalytic experiment, activation of the Pt/
MOR-zeolite was carried out in an oxygen stream at 450 °C for 3 h and
then the zeolite was cleaned with pure nitrogen for 15min. After cal-
cination, the temperature was lowered to 250 °C and the catalyst was
reduced in a mixture of 80mol % H2 + 20mol % N2 at 250 °C for 1 h.
Then 1mol % of n-hexane was fed into this mixture using a glass sa-
turator kept at the selected temperature. The total gas flow was set at 66
cm3.min−1, corresponding to GHSV 5 000 and WSHV 0.25 h−1. The
reactor temperature was kept in the desired range of 125–325 °C,
controlled by an inserted K-thermocouple. The reaction products con-
taining n-C6, iso-C6 and low molecular products (i.e.: C1, C2, C3, C4 and
iso-C4, C5 and iso-C5) were analysed by an on-line connected
GC (Finnigan 9001), equipped with a capillary column (type:
Al2O3/KCl, dimensions: length× inner diameter× inner layer:

Fig. 1. Scheme of the preparation of the supermicroporous mordenites using postsynthesis fluorination-alkaline-acid (Series I-IV), and acid (Series V) treatments.
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50m×0.32mm×5 μm) and conventional FID detector. He 5.0 purity
as carrier gas for the column (with input pressure 4.2 atm and flow rate
1.2 cm3.min−1 STP) was used. The following temperature program was
used: Temperature range 40–100 °C with the heating rate 2.5 °C.min−1,
then 100–180 °C with rate 5 °C.min−1, and 180–200 °C with rate
7.5 °C.min−1. A steady-state regime was typically attained during ap-
prox. 0.5–1 h of time-on-stream.

3. Results and discussion

3.1. Structural analysis

3.1.1. Formation of supermicroporous structure in mordenite zeolites
The well-developed crystalline structure of parent MOR/5.8 is

manifested by smooth lattice fringes in a representative HR-TEM image
(Fig. 2A), high intensities of the characteristic lines in the X-ray dif-
fractogram without impurity phases (Fig. 3), a micropore volume of
0.16 cm3.g−1 (Table 1) and size distribution of the micropores corre-
sponding to the mordenite structure (Fig. 4). Fluorination-alkaline
treatment (Fig. 5) resulted in a slight decrease in the intensity of the
diffraction lines associated with reducing the density of the structural
framework and slight roughness of the lattice fringes of the crystalline
structure in the HR-TEM images. Use of fluorination-alkaline treatment
with concentrations of 0.36M NH4F in the 1st and 0.5M NH4F in the
2nd series resulted in an increase in the micropore volume to about 0.2
cm3/g, with a further increase after mild dealumination to 0.23 and
0.24 cm3/g, respectively, with only minor creation of mesopores with a
volume of 0.05 and 0.06 cm3/g, respectively, also visible at the HR-
TEM images. In the first series, the micropore volume is increased
mainly by an increase in the number of micropores with dimensions of
about 0.7 nm. This enhancement could be ascribed to enlargement of
the narrow openings of the 8-ring channels. It is also reflected in an
increase in the accessibility of the OH groups in the 8-ring channels for
the n-hexane molecule in the originally inaccessible pores (see the FTIR
analysis par. 3.1.2). In the 2nd series, the mean pore diameter of the

micropores is also increased. A procedure using the fluorination-alka-
line treatment was developed by Yu et al. [20] to form a micro-meso-
porous structure in the ZSM-5 zeolite with relatively high content of Al

Fig. 2. Representative HR-TEM images of A) parent MOR/5.8 mordenite, B) MOR-0.36 F/5.8, C) deAl-MOR-0.36 F/7.0, D) MOR-1 F/5.4, E) deAl-MOR-1 F/6.8, and
F) deAl-MOR/6.6.

Fig. 3. XRD patterns of prepared MOR samples.
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in the framework Si/Al ∼ 15. The introduction of NH4F into micro-
porous ZSM-5 zeolite leads to the formation of F-bearing tetrahedral Al
species which are readily dislodged in the subsequent alkaline treat-
ment [20], leading to concurrent extraction of Al and Si. In our previous
study [9], we demonstrated the development of secondary meso-
porosity and preservation of microporosity via concurrent extraction of
SiO2 and a smaller amount of Al using the fluorination-alkaline treat-
ment of MOR zeolite Si/Al ∼ 12. The significant increase in the mi-
cropore volume, the increase in the size of some micropores and only
minor formation of mesopores observed for the samples in series 1 and
2 prepared from Al-rich MOR (Si/Al ∼ 5.8) show that a high con-
centration of Si-O-Al in the framework increases the resistance to al-
kaline treatment, as also reported for ZSM-5 [21]. The degree of sus-
ceptibility of the parent MOR/5.8 zeolite towards alkaline leaching
after fluorination results in controlled concurrent extraction of both Al
and Si atoms, indicated by comparable Si/Al compositions before and
after leaching (Table1), leading to desirable development of the mi-
croporosity without excessive formation of mesopores. The effect of the
extraction of two neighbouring Al and Si atoms from the walls of the
zeolite channels of MOR zeolite on the micropore structure is illustrated
in Fig. 6A (for analysis of the local changes in the structure, see par.
3.1.2). It is obvious that the simultaneous extraction of Al and Si pairs
from the MOR framework leads to enlargement and interconnection of
the micropores (Fig. 1 and 2).

The fluorination-alkaline treatment with a concentration of 1M
NH4F resulted in a decrease in the micropore volume compared to the
parent zeolite, but the subsequent mild acid leaching increased the
micropore volume to 0.24 cm3.g−1. The preserved lattice fringes in the
HR-TEM images and the intensity of the X-ray diffraction pattern of the
zeolite after the fluorination-alkaline treatment are indicative of the
preservation of the crystalline structure. Previous studies showed that
hydrolysis of framework Al under harsh conditions of desilication leads
to the formation of extraframework Al species which can easily block
the openings in the pseudo-monodimensional channel structure of MOR
[9,22]. A slight increase in the molar Si/Al ratio (Table 1) and the
significant increase in the micropore volume after mild acid leaching
indicate that the extraframework Al blocking part of the micropores
was removed. The size distribution of the micropores indicates a further
increase in their dimensions associated with supermicroporosity and
3D interconnection of the monodimensional mordenite channels
[8,10,11,14,23].

The harshest fluorination treatment by 4M NH4F in the 4th series
led to partial destruction of the crystalline structure, manifested in a
significant decrease in the XRD intensity, negligibly low adsorption of
N2 in fluorination-alkaline treated sample MOR-4 F/6.2 and only partial
restoration of the micropore volume of deAl-MOR-4 F/6.9 after mild
acid treatment (Table 1). The 5th series was prepared by acid treatment
of MOR/5.8 providing mildly dealuminated deAl-MOR/6.6. The size

distribution of the micropores determined by Ar adsorption clearly
show their enlargement compared to MOR/5.8 The increase in the sizes
and improvement of the connectivity of the micropore channels re-
sulting from the extraction of Al from the framework have been de-
scribed in the literature [23–25]. An addition to these desirable struc-
tural changes, a small decrease in the micropore volume could indicate
the partial blockage of some micropores.

The adsorption measurements supplemented by the HR-TEM images
and the X-ray diffractograms show the concurrent extraction of Al and
Si by fluorination-alkaline-acid treatment of Al-rich MOR essentially
alters the monodimensional structure with poorly accessible side
pockets into a supermicropore channel structure characterised by high
micropore volume (up to 0.25ml.g−1) formed by accessible internal
voids with mean diameter of about 7.5 Å.

3.1.2. Concentration, nature and accessibility of acid sites in
supremicroporous mordenites
3.1.2.1. Al MAS NMR analysis. Fig. 7 compares the 27Al MAS NMR
spectra of MOR zeolites before and after fluorination-alkaline-acid
(Series 1–3) and acid (Series 5) treatments. A symmetric signal at
56 ppm associated with tetrahedrally coordinated aluminium (AlTd) in
the zeolite framework is observed in the 27Al MAS NMR spectrum of the
parent MOR/6 sample. The high symmetry of the signal is a result of the
symmetrical local environment of the tetrahedral framework Al sites in
the hydrated zeolite mitigating the quadrupolar couplings. The
postsynthesis fluorination-alkaline and acid leaching lead to a
broadening and shift in the maxima of the main signal to approx.
54 ppm, the formation of an asymmetric signal of high intensity at
about 40 ppm, a barely visible signal of weak intensity at 30 ppm, and
the appearance of a signal at 0 ppm. The shift in the maximum of the
signal of the Td coordinated Al is an indication of the preferable
extraction of Al atoms located in specific T sites. This interpretation is
consistent with previous studies of the acid leaching of MOR zeolites,
which exhibited preferential dealumination of the T4 site [18,26,27]. In
the literature [7,9,28–34], the signal at about 40 ppm is ascribed to
perturbed Al in the framework in a less ordered environment and/or Al
species partly removed from the framework. The combination of 27Al
(1H) REDOR (3Q) MAS NMR and 27Al (1H) CP (3Q) MAS NMR
experiments and DFT/Molecular computations in our previous study
[30] showed that the shoulder at 40 ppm is associated with a perturbed
framework Al in the (SiO)3AlOH groups (δi = 59–62 ppm, CQ= 5MHz,
and η=0.3 – 0.4). The low local symmetry of the group results in the
appearance of a highly asymmetric signal visible as a shoulder on the
main signal. The weak signal observed around 30 ppm was assigned to
traces of penta-coordinated extra-framework Al species [17]. The signal
at 0 ppm is associated with octahedrally coordinated extra-framework
Al. The perturbed framework tetrahedrally coordinated Al, the penta-
coordinated and tetrahedral extra-framework Al manifested in the

Table 1
Preparation and textural properties of fluorinated Al-rich mordenites determined by adsorption of N2 and Ar at the temperature of liquid nitrogen.

Sample Synthesis Si/Ala VMI
b VME

c SEXT
(cm3.g1) (cm3.g1) (m2.g−1)

MOR/5.8 H-MOR parent 5.8 0.16 0.02 23
MOR-0.36F/5.8 0.36M NH4F + 0.2M NaOH 5.7 0.21 0.04 40
deAl-MOR-0.36F/7.0 0.36M NH4F + 0.2M NaOH + 0.1M HNO3 7.2 0.21 0.05 51
MOR-0.5F/5.6 0.5 M NH4F + 0.4M NaOH 5.6 0.20 0.05 63
deAl-MOR-0.5F/5.6 0.5 M NH4F + 0.4M NaOH + 0.1M HNO3 6.5 0.23 0.06 57
MOR-1F/5.4 1M NH4F + 0.4M NaOH 5.4 0.12 0.06 65
deAl-MOR-1F/6.8 1M NH4F + 0.4M NaOH + 0.1M HNO3 6.8 0.24 0.06 68
MOR-4F/6.2 4M NH4F + 0.4M NaOH 6.2 0 – –
deAl-MOR-4F/6.9 4M NH4F + 0.4M NaOH + 0.1M HNO3 6.9 0.12 – 18
deAl-MOR/6.6 0.1 M HNO3 6.6 0.15 0.04 44

a From chemical analysis.
b estimated from BdB t-plot method.
c Vmeso = Vtotal - Vmicro.
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shoulder at 40 ppm and the signals at 30 and 0 ppm, respectively, were
often observed in faujasite or high-silica zeolites after steaming
[32–37]. The penta-coordinated and octahedral extra-framework Al
could be present in the form of positively charged oxo/hydroxo
moieties (AlO+·nH2O, AlOH2+·nH2O) compensating the negative
charge of the MOR framework or neutral Al(OH)3·nH2O, Al2O3·nH2O
or AlOOH·nH2O species (Fig. 5) [38]. The changes observed in the
spectra after the fluorination-alkaline treatment are thus associated
with partial extraction of Al preferentially from the T4 sites in the
framework, the formation of a significant proportion of perturbed

framework Al in the (SiO)3AlOH groups and the formation of a
limited amount of extra-framework Al species of various structures.
Comparison of the 27Al MAS NMR spectra of the samples from series 1
to series 3, prepared with increasing concentrations of the agents used
for fluorination-alkaline treatments (Fig. 7), reveals a considerable
increase in the intensity of the shoulder at about 40 ppm and
broadening of the signal at 0 ppm with increasing harshness of the
treatment, indicative of an increase in the proportion of the perturbed
framework Al in the (SiO)3AlOH groups and greater distortion of the
local environment of the extra-framework Al species, respectively.

Fig. 4. Adsorption of N2 and Ar/LN2 at 77 K and detail of distribution of microporous and mesoporous structure before and after fluorination-alkaline-acid treat-
ments (Series I - III), and also simple acid (Series V) treatment.

J. Pastvova et al. Applied Catalysis A, General 562 (2018) 159–172

164



Similar changes in the 27Al MAS NMR spectra of MOR/5.8 after acid
leaching (deAl-MOR/6.6, Series 5.) and observed after fluorination-al-
kaline treatments (Series 1–3) indicate the formation of similar Al
species after both the fluorination-alkaline treatment and the acid
treatments. The decrease in the Al concentration (Table 1) and decrease
in the intensity of the bands of the perturbed and extra-framework Al in
the spectra of the acid-treated deAl-MOR-0.36 F/7.0 sample compared
to MOR-0.36 F/5.7 (series 1) clearly show that the acid leaching results
in concurrent dislocation of the framework Al and extraction of all the
defective forms of the Al species from the zeolite. The gradual dis-
location and extraction of Al from the zeolite framework and related
structural changes in the MOR zeolites following acid treatment have
been described in detail in the scientific literature [23–25].

3.1.2.2. FTIR analysis. Fig. 8 depicts the FTIR spectra of MOR zeolites
before and after fluorination-alkaline-acid treatment (Series 1–3), and
also simple acid (Series 5) treatments, as manifested before and after d3-
acetonitrile adsorption experiments. The spectra of the samples of all
the series display a typical asymmetrical shape of the band in the OH
region with a dominant band at 3610 cm−1 and a clearly defined
sideband at lower wavenumbers. This shape of the spectra,
characteristic for MOR, was already explained by Wakabayashi et al.
[39] and Zholobenko et al. [40] and assigned to an OH bond located in
the main 12-ring channels, and the low-frequency component near
3590 cm−1 was attributed to OH in the smaller side pockets with an 8-
ring, and connected with the T3 site [39]. Further analysis
substantiated this interpretation and some effort was devoted to use
this analysis for semi-quantitative evaluation of both structures. Despite
some controversies in this respect, we used the recommendation of
Makarova [40] for the semi-quantitative evaluation, yielding a ratio of
extinction coefficients of the 12 OH / 8 OH bands of about 1.5. Semi-
quantitative analysis of the acidity of the analyzed samples was based
on the results of the d3-acetonitrile adsorption experiments, using the
extinction coefficient for d3-acetonitrile interacting with the Lewis acid
sites as εL= 3.60 cm.μmol-1, and εB= 2.05 cm.μmol-1 for d3-
acetonitrile interacting with the OH [16].

The FTIR spectra of the parent MOR/5.8 sample represent typical
spectra of well-developed MOR zeolites with relatively high-intensity
bands in the region of the Brønsted OH, with a dominant band at 3610
cm−1, i.e. at the position of OH located in the 12-ring, and the rela-
tively less intense side band at 3590 cm−1 of the OH in the 8-ring.
Based on the quantitative analysis, the relative contents of the two 12
OH / 8 OH structures in the parent zeolite equaled about 2. The small

intensity of the band of the terminal OH (a band at about 3745 cm−1)
and negligible structure indicated at the position typical of AlOH with
the band at 3660 cm−1 further demonstrated the regularity of the
parent MOR. The results of the adsorption of d3-acetonitrile provided
data for semi-quantitative evaluation of the Brønsted (a band at 2286
cm−1) and two distinguished Al-related Lewis acid sites (with bands at
2313 and 2323 cm−1). Analysis of the spectra in the OH region de-
monstrated that, after the d3-acetonitrile adsorption/partial desorption
procedure, most of the terminal SiOH were free of the d3-acetonitrile
while, at the same time, full interaction with both the OH groups lo-
cated in the 12-ring and 8-ring was achieved. Accordingly, the d3-
acetonitrile spectra could have been used for the semi-quantitative
analysis of the concentration of both OH and the Lewis sites. The re-
latively intense additional band at 2280 cm−1 with a shoulder at about
2277 cm−1 was assigned to the d3-acetonitrile molecule interacting
with structurally undefined defects in the MOR structure and a small
part of the terminal SiOH, which was not fully reconstructed during the
mild desorption of the d3-acetonitrile. It should be noticed that the band
at 2280 cm−1 was much less intense in the previous experiments over
MOR (Si/Al ∼ 12) with lower Al content in the previous study [8].

Generally, all the MOR samples after the postsynthesis fluorination-
alkaline and acid leaching displayed some uniform features with a de-
crease in the total OH bands and well-expressed change in the relative
ratio of the 12/8-ring structures. For all the samples, the treatments led
to a steep increase in the intensity of the Lewis band at about 2323
cm−1. It seemed significant that both the acid (Series 5) and combined
treatments (Series 1–4) induced elimination of the 2280 cm−1 band,
assigned to unspecified defect structures present in the parent zeolite.

Some indication on the presence and relative concentration of the
AlOH structures indicated by the IR band in the 3 660 cm−1 region
could be gained, suggesting the formation of this structure after the
combined treatment and not fully regularly decreasing again after acid
treatment. These results are to some extent consistent with previous
studies on the acid leaching of MOR zeolites, which indicated pre-
ferential dealumination of the T4 site connected to the 12-ring
[18,26,27] and accordingly relatively higher stability of the 8-ring sites,
connected with the T3 site [41]. The same could be indicated for the
formation of the perturbed Al species, connected either to the Al-related
Lewis positions or to the AlOH structure. All these structures could be
regarded as perturbed Al sites in the framework in a less ordered en-
vironment and/or Al species partly removed from the framework.

The changes in the FTIR spectra observed either before or after the
d3-acetonitrile adsorption/desorption cycle of the samples exposed to

Fig. 5. Illustration of mechanism of the simultaneous extraction of Al3+ and Si4+ atoms and formation of the extraframework Al species by alkaline treatment of
fluorinated Al-rich mordenites.
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fluorination-alkaline treatment thus indicate partial extraction of Al
from the framework preferentially from the 12-ring sites and formation
of perturbed framework Al groups and some amount of extra-frame-
work Al species, including Al-related Lewis species. Increasing the
concentrations of the agents used for fluorination-alkaline treatments
(Fig. 8) led to an increase in the Al elimination process going from
Series 1 to 3. The changes in the spectra of the MOR in Series 5 were
rather similar, indicating similar production of Al species after both
fluorination-alkaline treatment and acid treatments but with much
smaller formation of the (SiO)3AlOH groups after acid treatment.

3.1.3. Summary of structural features of supermicroporous mordenites
The structural changes in mordenites induced by a partial deal-

umination using mineral acids were described at a molecular level by
Van Geem [18] and others [27]. Preferential removal of aluminium
from the labile T4 site in the 4-ring forming the walls of the main 12-
ring channels results in widening of part of the 8-ring channels and the
creation of new interconnections between the main channels [8,18,27].
However, a small microporous volume (Table 1) and low accessibility

of the OH groups for n-hexane (Table 2) in the mildly dealuminated
deAl-MOR/6.6 sample indicate that the desirable changes in the
channel structure require the removal of larger proportions of Al from
the framework. 27Al MAS NMR analysis (Fig. 7) and the adsorption
measurements (Table 1) clearly showed that the acid treatment does
not extract all the atoms removed from the framework and various
extra-framework species partly block the pores. In contrast, the fluor-
ination-alkaline-acid treatment (series I – 3) leads to a much larger
increase in the volume of the supermicropores when a similar amount
of Al is extracted from the zeolites (compare, e.g., VMI 0.15 and 0.24
cm3.g−1 for deAl-MOR/6.6 and deAl-MOR-1 F/6.8, respectively). The
chemism of the concurrent extraction of Al and Si atoms from the
zeolite framework by fluorination-alkaline treatments, as described by
Yu et al. [20], is shown in Fig. 5. After fluorination, a fraction of Si-O-Al
framework entities is cleaved by the incorporation of fluorides, but the
attacked Al sites are still integrated within the framework as F-bearing
tetrahedral Al species [20]. The F-bearing Al are extracted from the
zeolite in the form of [AlF2(OH)2]-Na+ together with the neighbouring
Si atoms during the subsequent alkaline leaching (Fig. 5). Fig. 6B shows

Fig. 6. Schematic illustration of mordenite openings before and after extraction of Si and Al by fluorination-alkaline-acid treatments. A) Illustration of pore size
changes and B) structure of the 8-ring a) before the treatment and an illustration of the changes in local arrangements after extraction of Al from the T4 site and a
neighbouring Si atom from b) the T2 or c) the T4 site.
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an illustration of the changes in the local arrangements of the 8-ring
after extraction of Al from the T4 site and a neighbouring Si atom from
the T2 or T4 site. Although we do not have data showing the dislocation
of specific T-atoms, the illustration is in a good agreement with the
textural data (Table 1) and the extraction of Al from the framework
preferentially from the 12-ring sites is confirmed by the FTIR spectra
either before or after the d3-acetonitrile adsorption.

The changes in the microporous volume, the micropore size and the
accessibility of the acid with the chemical conditions of the fluorina-
tion-alkaline leaching (Tables 1 and 2) indicate that the proportion of
the extracted atoms is controlled by the interplay of the concentration/
distribution of Al in zeolite and the conditions of the treatment. The
high intensities in the signals at 30 and 0 ppm in the 27Al MAS NMR
spectra reflect the large content of the penta-coordinated and octahe-
dral extraframework Al in the samples prepared using the highest
concentrations of the fluorination agent (≥1M NH4F). Subsequent acid
leaching of MOR-1 F/5.4 using 0.1M HNO3 (deAl-MOR-1 F/6.8) re-
sulted in a slight increase in the molar Si/Al ratio and a significant
increase in the microporous volume from 0.12 to 0.24 cm3g−1

(Table 1), as well as a slight increase in the concentration of Brønsted
sites from 0.22 to 0.24mmol g−1 and Levis sites from 0.71 to
0.81mmol g−1 (Table 2). These findings indicate that the extraframe-
work Al species formed in the channels after the fluorination-alkaline
treatment and blocking part of the micropores were removed by acid
leaching. The principle of the fluorination-alkaline-acid treatment is
similar to the coupling of dealumination with desilication employed for
flexible tailoring of the concentration of aluminium related acid sites in
micromesoporous zeolites [7,8,28,42]. The uniqueness of the fluor-
ination-alkaline-acid procedure lies in the effective formation of 3D
connected supermicroporous channels enhancing the accessibility of
the acid sites without the formation of a significant proportion of the
secondary mesoporosity (VMI up to 0.25 cm3g−1, the mean pore size ∼
7.5 Å).

3.1.4. Structure of platinum
The platinum loaded in the amount of 1.5 wt. % in the form of well-

dispersed metallic clusters was shown to guarantee the hydrogenation-
dehydrogenation function under the employed reaction conditions and
the formation of hexane/hexene according to the thermodynamic
equilibrium [8,9]. The hydroisomerisation under these conditions is
controlled by the acidic functions of the bi-functional Pt/H-MOR

catalysts [43,44]. Accordingly, the dispersion and the state of Pt was
analysed using complementary HR-TEM and the adsorption of CO fol-
lowed by FTIR. The HR-TEM images in Fig. 9B indicate smoothly dis-
tributed nanoparticles with a size up to 2–3 nm. Also the occurrence of
a minor fraction of platinum clusters with a wide distribution in the size
range of 3–40 nm was observed on the external surface of the zeolite
crystals. The FTIR spectra of adsorbed CO on reduced Pt/H-MOR were
characterised by a dominant adsorption band at 2080 cm−1, reflecting
the stretching mode of linearly adsorbed CO on the reduced Pt° in
metallic clusters of 1–20 nm in size [45,46]. The reduced form of pla-
tinum is also confirmed by the absence of any significant absorption
intensity at about at 2180 - 2130 cm−1 characteristic of adsorbed CO on
Pt2+ ions or Ptnδ+ clusters [45,46].

3.2. Hydroisomerisation of n-hexane

Fig. 10 shows the hydroisomerisation activity over the series of
MOR zeolites after fluorination-alkaline and subsequent acid treat-
ments. The catalytic activity is expressed as the yield of the branched C6

species (the sum of all the di-branched 2,2- and 2,3-dimethylbutanes
and mono-branched 2- and 3-methylpentanes) in dependence on the
reaction temperature. The selectivity is reflected in the yields of all the
C1-C5 cracking by-products as the cracking took place in parallel with
isomerisation at higher temperatures. The yields of the individual
branched hexane isomers and lower molecular weight by-products for
hydroisomerisation of n-hexane over all the prepared Pt/H-MOR at
225 °C and 250 °C are given in Table 3.

Over the parent Pt/H-MOR/5.8, a very low yield of iso-C6 isomers
first appeared at 150 °C, (see Fig. 10A), and then their yield con-
tinuously increased up to approximately 44% at 275 °C, and finally
decreased again (as a result of unselective cracking reactions, which
began to take place at 250 °C and then increased continuously to high
temperatures, see Fig. 10 B). Thus the yield of iso-C6 finally attained
values below 23% at 325 °C. The fluorination-alkaline treatments of the
parent MOR under mild conditions in the 1st series resulted in a sub-
stantial increase in its activity and the isomer yield was improved by
more than two-fold in the broad temperature range 175–250 °C. Fur-
ther, the subsequent mild dealumination led to a further increase and
the resultant iso-C6 yield exceeded 62–63% of branched isomers at
temperatures of 225–250 °C. The corresponding cracking was analo-
gously elevated at temperatures above 250 °C (see Fig. 10 B). In the 2nd

Fig. 7. 27 A l MAS NMR spectra for hydrated mordenite zeolites after fluorination-alkaline-acid treatments (Series I - III), and also simple acid (Series V) treatment.
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series (Fig. 10 C, D) the slightly stronger fluorination followed by
stronger alkali treatment compared to Series 1 and the mild acid
dealumination of the MOR increased the catalyst activity even further
and 66% iso-C6 yield was obtained at T<250 °C, over both fluorina-
tion-alkaline-acid treated catalysts. Substantially stronger fluorination
in series 3 (Fig. 10 E, F) followed by mild dealumination finally brought
the highest isomer yield increase up to 72%, which was obtained at a
temperature as low as 225 °C. All the improved isomer yields were also
accompanied by increased cracking yields of C1 - C5 by-products, their
values increased approximately 3–4 times compared to the parent/
microporous MOR, e.g. the yield increased from approximately 4% to
15%, from the parent to the last fluorination-alkaline-acid treated MOR,
respectively, at 250 °C and continued to predominate at the highest
temperatures.

The strongest fluorination-alkaline treatment of 4M NH4F in 4th

series caused a dramatic drop in the yield of isomers (shown in Fig. 10
G, H), although a slight improvement with mild dealumination was
found, nevertheless not achieving the original activity of the parent
MOR. In this case, the formation of by-products was proportionately
suppressed. Thus, using the optimal fluorination-alkaline-acid step se-
quence in series 3, a resultant highest yield of C6-isomers as high as
72% was achieved at a temperature of 225 °C, compared to 44% at
275 °C achieved for the parent MOR. For comparison, only a 55% yield
at 250 °C was achieved on dealuminated deAl-MOR/6.6 (Series 5) with
a corresponding increase in the amount of by-products from 4% to 12%
at 250 °C (shown in Fig. 10 I, J).

Summing up, the mordenite zeolites with the 3D connected super-
microporous channels provide much higher yields of branched isomers
in the hydroisomerization reaction. The high activity is unequivocally
linked to enhancement of accessibility of the active sites and molecular

Fig. 8. Comparison of FTIR spectra of adsorbed d3-acetonitrile (B, D, and F) and the OH stretching region (A, C, and E) for mordenite zeolites after fluorination-
alkaline-acid treatments (Series I - III), and acid (Series V) treatment. A), B) Series I; C, D) Series II and V, and E, F) Series III.
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transport in an environment of nonrestricted microporous channels.
However, we can not exclude that the increase in the yield of branched
isomers and corresponding specific activity is also associated with
contributions from others synergistic effects. The presence of electron
acceptor Lewis sites in zeolites can contribute to the enhancement of
catalytic activity, as demonstrated in the literature for numerous hy-
drocarbons [47–50]. The significant concentrations of the Levis sites
were observed in the FTIR spectra of adsorbed d3-acetonitrile (Fig. 8
and Table 2) and the presence of penta-coordinated and octahedral
extraframework Al was obvious in the 27Al MAS NMR spectra (Fig. 7) of
the supermicroporous mordenites. An increased strength of the
Brønsted sites next to Lewis sites [51,52] or additional polarization of
reactants by a Lewis acid site adjacent to a Brønsted site [53,54] can
contribute to the overall activity of the supermicroporous mordenites.

The stability of the yields and selectivity as a function of time-on-
stream was analysed over the parent MOR/5.8 and over the resultant
fluorination-alkaline-acid treated deAl-MOR-0.5 F/5.6 from Series 2 as
a typical supermicroporous MOR zeolite (Fig. 11). The yield of all the
isomers decreased slightly over the parent MOR/5.8, from 24% of the
initial value to 21% after 48 h of continuous C6-feeding at a reaction
temperature of 235 °C. The conversion was observed to be nearly con-
stant, i.e. 44–46%, over deAl-MOR-0.5 F/5.6 and the yields of the in-
dividual mono-branched (38–40%) and di-branched isomers (∼ 6%)
were also constant within>48 h of time-on-stream at 210 °C. The

amount of (C1 - C5) by-products was below ∼ 1% during both reaction
runs. All these observations indicate sufficient structural stability and
the absence of any substantial structural damage to the super-
microporous Pt/H-MOR under the reaction conditions; moreover, it
also demonstrated some improvement in the time-on-stream stability
compared with the untreated parent MOR/5.8.

4. Conclusions

We demonstrated that the simultaneous extraction of Al and Si from
the Al-rich MOR framework using fluorination-alkaline-acid treatment
leads to high micropore volume (up to 0.25 cm3.g−1), enlargement of
the micropores (with mean diameter of about 7.5 Å) and interconnec-
tion of the channels. The re-organisation of the mono-dimensional
channel system of the MOR zeolite into a three-dimensional super-
microporous zeolite structure with connectivity of the pore network
resulting in good accessibility to the acid sites allows the preparation of
catalytic materials providing strongly enhanced hydroisomerisation
properties. These findings highlight the essential role of the 3D super-
microporous structure in the catalytic activity, selectivity of the trans-
formation of n-hexane into the corresponding branched isomers
without excessive participation of consecutive cracking reactions, and
long-term catalytic stability. The concept provides opportunities for the
creation of accessible Brønsted and Lewis active sites in Al-rich zeolites

Table 2
Concentrations of bridging hydroxyls and Brønsted and Lewis sites in zeolite and accessibility of OH groups in fluorinated Al-rich mordenites.

Sample Si/Ala cAl a cBb cLc cB+2L
d Accessibility

of OH groupse

(%)(mmol.g−1)

MOR/5.8 5.8 2.31 0.97 0.45 1.86 19
MOR-0.36F/5.8 5.7 2.51 0.37 0.81 1.99 48
deAl-MOR-0.36F/7.0 7.2 2.05 0.55 0.75 2.04 51
MOR-0.5F/5.6 5.6 2.55 0.22 0.81 1.85 54
deAl-MOR-0.5F/5.6 6.5 2.24 0.17 0.47 1.11 78
MOR-1F/5.4 5.4 2.65 0.22 0.71 1.64 64
deAl-MOR-1F/6.8 6.8 2.16 0.24 0.80 1.83 59
deAl-MOR/6.6 6.6 2.22 0.32 0.96 2.25 24

a From chemical analysis.
b Concentrations of acid Brønsted and Lewis sites, respectively, from FTIR spectra of adsorbed d3-acetonitrile.
c Concentrations of acid Brønsted and Lewis sites, respectively, from FTIR spectra of adsorbed d3-acetonitrile.
d Concentration of Al estimated from the concentration of Brønsted and Lewis sites (cAl = cB + 2cL).
e From FTIR spectra of the bridging OH groups after adsorption of n-hexane.

Fig. 9. A) Typical FTIR spectra of CO adsorbed on Pt/H-MOR zeolites reduced by hydrogen at 250 °C and B) characteristic TEM images of Pt in Pt/H-MOR catalysts,
of a) parent MOR/5.8, b) MOR-1 F/5.4, c) deAl-MOR-1 F/6.8 and d) deAl-MOR/6.6.
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Fig. 10. The yields of branched C6 isomers and C1-C5 by-products in the hydroisomerization of n-hexane over Pt/H-MOR zeolites. A, B) Series I; C, D) Series II; E, F)
Series III; G, H) Series IV and I), J) Series V.
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for diffusion-restricted reactions.
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Yields of branched hexane isomers and lower molecular weight by-products for hydroisomerization of n-hexane over Pt/H-MOR at 225 °C and 250 °C.

Sample Σyiso-C6 (%) 2,2-DMB 2,3-DMB 2-MP 3-MP C1-C5 (%)
225 °C 250 °C 225 °C 250 °C 225 °C 250 °C 225 °C 250 °C 225 °C 250 °C 225 °C 250 °C

MOR/5.8 17.5 36.5 0.1 0.7 2.2 3.8 6.6 8.0 8.6 24.0 0.4 2.6
MOR-0.36F/5.8 47.8 62.1 3.5 6.5 5.7 7.2 9.4 9.8 29.2 38.6 0.8 7.4
deAl-MOR-0.36F/7.0 63.7 65.8 3.0 5.6 7.2 6.9 12.5 11.4 41.0 41.9 2.8 10.9
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Fig. 11. The test of catalytic stability over A) microporous zeolite MOR/5.8 and B) supermicroporous deAl-MOR-0.5 F/5.6 as a dependence of yields of the individual
branched hexane isomers and C1-C5 by-products on time-on-stream in hydroisomerization of n-hexane.
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