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ABSTRACT: This paper describes a study of the nature and
the accessibility of the acid sites in micromesoporous
mordenite zeolites obtained by desilication and dealumination
and analysis of their activity and selectivity in the hydro-
isomerization of n-hexane. Alkaline−acid, acid−alkaline−acid,
and fluorination−alkaline−acid postsynthesis treatments were
employed for the preparation of micromesoporous mordenites.
The FTIR spectra of adsorbed d3-acetonitrille,

27Al MAS
NMR, HR-TEM, and N2 adsorption were used for quantitative
analysis of the Brønsted and Lewis sites, the coordination of Al
atoms, and the textural properties. The alkaline treatment
causes desilication, preferably occurring along the crystal
defects and resulting in the formation of a secondary
mesoporous structure characterized by 5−20 nm cavities and the formation of extraframework (AlEx) species and terminal
Si−OH groups. The AlEx species formed by hydrolysis of perturbed or dislodged framework Al easily restrict part of the
pseudomonodimensional channel structure of mordenite. The subsequent removal of AlEx by mild acid leaching or simultaneous
removal of Si and Al atoms by desilication of fluorinated zeolite result in a micromesoporous structure with a large number of
unrestricted channel openings and lead to a large increase in the accessibility of OH groups for n-hexane. Thus, the sequential
leaching treatments enable the formation of active acid sites in an environment of nonrestricted microporous channels with
simultaneous enhancement of accessibility of the active sites and molecular transport. It is shown that the micromesoporous
structure with high concentration of Brønsted sites of enhanced accessibility directs the hydroisomerization reaction toward high
yields of branched isomers and shortening of the main 12-ring channels and that the larger numbers of channel openings result in
an increase in selectivity, limiting nonselective subsequent cracking reactions.
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1. INTRODUCTION
The isomerization of linear or low-branched alkane hydro-
carbons via an intermediate alkene is an important process in
oil refining for production of automotive fuels. The hydro-
isomerization of n-hexane transforms the linear isomer with low
octane number into branched hexanes with sufficiently high
octane numbers: e.g., the research octane numbers are 26 and
93 for n-hexane and 2,2-dimethylbutane, respectively. The
process is typically catalyzed by bifunctional Pt/H-mordenite
catalysts, and its complex mechanism consists of dehydrogen-
ation of hexane to a hexene molecule on metallic platinum,
skeletal isomerization of the hexene molecule on an acidic
Brønsted site, and rehydrogenation of the branched hexene to

hexane.1−4 The acid-catalyzed reaction steps determine the
overall reaction rate, while the dehydrogenation/hydrogenation
reactions are usually in thermodynamic equilibrium and
practically do not affect the reaction rate of the hydro-
isomerization.4,5 Acid sites are located in mordenite zeolites in
the small side pockets with eight-membered-ring (8-ring)
openings and the main large straight channels with 12-ring
openings (Figure 1) forming different local reaction environ-
ments affecting the confinement of a reactant molecule and
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corresponding adsorption enthalpy and stabilization of
transition states.6,7 The reaction rate of hydroisomerization of
n-hexane over mordenites is thus controlled by the
concentration of acid sites located in the 8-ring channel
pockets and in the 12-ring main channels with 5 times higher
turnover frequency (TOF) per proton in 8-ring channel
pockets in comparison with that in 12-ring channels.8

Nevertheless, the accessibility of 8-ring (2.6 Å × 5.7 Å) in
comparison to 12-ring (6.5 Å × 7.0 Å) channels is diffusion-
restricted for n-hexane (cf. the size of the channel openings and
kinetic diameters of the hexane isomers in Figure 19−12) and
the efficiency of the catalytic process is limited by mass transfer
effects.5,13 Because of their larger kinetic diameter, the branched
hexanes diffuse even more slowly than n-hexane.14 The
accessibility of acid sites in the current industrial catalysts is
enhanced by acid-treated partially dealuminated mordenites
with improved textural properties.5 However, dealumination
leads to a decrease in the concentration of Brønsted sites, the
formation of Lewis sites, and small changes in the micropores.5

In recent years, considerable efforts have been devoted to
improving the pore accessibility and molecular transport of
reactants to active sites in micropores, namely in MFI zeolites,
to enhance the activity in yielding the desired products in a
variety of important acid-catalyzed reactions.15−20 Several
approaches have been developed to shorten the length of
micropores and thus enhance mass transport by using zeolite
nanosheets and nanocrystals17,21,22 or zeolites that contain both
micro- and mesopores. Micromesoporous (hierarchical)

zeolites can be prepared by a variety of synthesis or
postsynthesis methods, e.g., by confined crystal growth,15,23

using polymers as mesoporogens,13 or through postsynthesis
desilication or dealumination processes.11,18,24−26

In the present work, we attempted to enhance the
accessibility of the active sites by introducing secondary
mesoporosity into mordenite zeolites coupled while attempting
to preserve a large number of acid sites. The methods for
effective formation of secondary mesoporosity through postsyn-
thesis alkaline, alkaline−acid, acid−alkaline−acid, and fluorina-
tion−alkaline leaching procedures of conventional mordenite
zeolites were explored in the preparation of micromesoporous
zeolites with high concentrations of readily accessible Brønsted
acid sites. In contrast to dealumination, controlled alkaline-
based treatments of the mordenite framework lead to better
preservation of the concentration of Brønsted sites and
formation of well-developed secondary mesoporosity. The
process was followed with respect to the state of Al and the
concentration and accessibility of Brønsted sites and Al Lewis
sites together with changes in the micromeso texture and how
these parameters are reflected in n-hexane hydroisomerization
over H/Pt-MOR.

2. EXPERIMENTAL SECTION

2.1. Preparation of Micromesoporous H- and Pt/H-
Mordenite Zeolites. Mordenite zeolite (Zeolyst Int., CBV
20A molar Si/Al 12.1), denoted as MOR/12, was used for the

Figure 1. Illustration of the size-restriction of 8-ring in comparison to 12-ring channels in skeletal isomerization of n-hexane over mordenite zeolite:
(A) topology of microporous mordenite zeolite consisting 12-ring (7.0 Å × 6.5 Å) channel and 8-ring (5.7 Å × 2.6 Å) side pockets; B) kinetic
diameters of hexane isomers;12 (C) reaction scheme.
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preparation of micromesoporous mordenites using postsyn-
thesis alkaline, alkaline−acid, acid−alkaline−acid, and fluorina-
tion−alkaline−acid leaching procedures (Figure 2) and as a
standard for comparing catalytic properties. The first series of
micromesoporous mordenites was prepared using alkaline and
alkaline−acid treatments by leaching MOR/12 in an alkaline
solution (30 mL of 0.2 M NaOH per 1 g of mordenite stirred in
a beaker at 85 °C for 2 h, sample mm-MOR/8)27 and
subsequent leaching in acid solutions (30 mL of 0.1 M oxalic
acid per 1 g of alkaline-treated zeolite stirred in a beaker at 85
°C for 20 h, sample deAl-mm-MOR/9, or 40 mL of 0.1 M
HNO3 per 1 g of alkaline-treated zeolite stirred in a beaker at
50 °C for 15 min, sample deAl-mm-MOR/9.5). The second
series was prepared using acid−alkaline−acid treatments with
dealumination of MOR/12 (30 mL of 3 M HNO3 per 1 g of
mordenite stirred and heated under reflux at 80 °C for 40 min,
sample deAl-MOR/16), subsequent desilication (30 mL of 0.2
M NaOH per 1 g of dealuminated zeolite stirred in a beaker at
85 °C for 2 h, sample mm-deAl-MOR/9.1), and finally mild
dealumination (30 mL of 0.1 M HNO3 per 1 g of zeolite at 50
°C for 15 min, sample deAl-mm-deAl-MOR/13, or 30 mL of
0.1 M (COOH)2 per 1 g of zeolite at 85 °C for 20 h, sample
deAl-mm-deAl-MOR/30). The third series was prepared by
fluorination of MOR/12 (5 g of mordenite was impregnated by
15 mL 0.36 M NH4F at room temperature, stored at room
temperature for 8 h, and subsequently dried at 120 °C for 12
h), subsequent desilication (30 mL of 0.2 M NaOH per 1 g of
fluorinated mordenite stirred in a beaker at 85 °C for 30 min)
and calcination at 550 °C for 3 h (sample mm-F-MOR/9.4),
with subsequent leaching in acid solutions (30 mL of 0.1 M
HNO3 per 1 g of zeolite at 50 °C for 15 min, sample deAl-mm-
F-MOR-F/13.6).
All of the zeolites were ion-exchanged with 0.5 mol dm−3

NH4NO3 at room temperature (1 g of a zeolite per 100 cm3 of
solution, three times over 12 h). Pt was introduced into the

zeolites by incipient wetness impregnation with a H2PtCl6
solution to yield 1.5 wt % of Pt. The Pt-impregnated granulated
zeolite was activated before the catalytic test in a stream of O2
at 450 °C for 3 h, purged by a N2 stream at 450 °C, followed by
cooling to 250 °C, and finally activated in a mixture of 80 mol
% of H2 and 20 mol % of N2 at 250 °C for 1 h.

2.2. Characterization of Zeolites. A Bruker AXSD8
Advance diffractometer with Cu Kα radiation in Bragg−
Brentano geometry with a graphite monochromator and a
position-sensitive detector (Van̊tec-1) was used to record the
X-ray powder diffraction (XRD) patterns. The porosity of the
modified mordenites was determined by analysis of the
adsorption isotherms of nitrogen at the boiling point of liquid
nitrogen (77 K). Before the adsorption experiment, the samples
were outgassed at 240 °C for at least 24 h to ensure complete
cleaning of the surface. The experiments were carried out using
an ASAP 2010 apparatus (Micromeritics). The volume of
micropores and the external surface area were determined by
the Broekhoff−de Boer t plot. The total pore volume was
determined by converting the adsorption at the relative
pressure of 0.8 to the volume of liquid nitrogen. The relative
pressure around 0.8 for practically all of the investigated
samples is high enough for complete filling of the pores and low
enough to have substantial proportion in the interstitial space.
The volume of mesopores was finally calculated by subtracting
the volume of micropores from the total pore volume (at the
relative pressure of 0.8). The crystal morphology was analyzed
using a JEOL JSM-5500LV scanning electron microscope
(SEM), (Figure S1 in the Supporting Information). High-
resolution transmission electron microscopy (HR-TEM) was
carried out on a JEOL JEM 3010 microscope operated at 300
kV (LaB6 cathode, point resolution 1.7 Å). The length of the
diffusion path in the mordenite channel in the crystal with the
mesopores was estimated using a model approach as follows:
the crystal size is 80 × 80 × 80 nm, and the volume

Figure 2. Scheme of the preparation of micromesoporous mordenite zeolites using postsynthesis alkaline−acid (series I), acid−alkaline−acid (series
II), and fluorination−alkaline−acid (series III) leaching procedures.
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corresponding to the mesopores is 0.09 cm3 g−1. Two cases
were modeled: either 18 mesopores of 8 nm diameter or 72
mesopores of 4 nm diameter. The mesopores of length 80 nm
were randomly positioned and oriented along one of the crystal
axes. Three cases of diffusion paths were considered: the
mordenite channel connects (i) one mesopore with the external
surface of the crystal, (ii) two mesopores, and (iii) two external
surfaces. One million simulations were used employing a
pseudorandom number generator. The chemical compositions
of the parent and prepared Pt-zeolites were determined by X-
ray fluorescence spectroscopy using a PW 1404 instrument
(Philips). The FTIR spectra of the zeolites evacuated at 450 °C
for 3 h were recorded at room temperature on a Nicolet Nexus
670 FTIR spectrometer operating at 2 cm−1 resolution by
collecting 256 scans for a single spectrum. The adsorption of
d3-acetonitrile (13 mbar of CD3CN at room temperature for 20
min with subsequent evacuation for 15 min at room
temperature) was used for analysis of the H-mordenites. The
characteristic IR bands of the CN vibrations and the
extinction coefficients εB = 2.05 cm μmol−1 and εL = 3.60 cm
μmol−1 28 were used for determination of the concentrations of
acidic Brønsted and Lewis sites. The adsorption of n-hexane
(1.4 Torr of n-hexane at room temperature for 20 min with
gradual desorption to 0.005 Torr at room temperature) was
used to estimate the accessibility of the OH groups of the
mordenites for n-hexane. The difference between the intensity
of the absorption bands of the OH groups in the spectra of the
dehydrated mordenites and the spectra after adsorption of n-
hexane provided information on the accessibility of the OH
groups in mordenite. The desorption of n-hexane from the
samples of microporous (MOR/12) and micromesoporous
(deAl-mm-MOR/9.5) mordenites was followed by using a
Nicolet 6700 FTIR spectrometer and an IR cell equipped with
NaCl windows and connected to a vacuum line and n-hexane-

dosing setup. The self-supported wafers with thickness <10 mg
cm−2 were evacuated prior the measurement at 450 °C for 3 h.
The time-resolved in situ FTIR spectra were recorded at a
resolution of 1 cm−1 collected at a 0.2 s interval. The
desorption of n-hexane was monitored after equilibration with
n-hexane at a partial pressure 2.5 Torr at room temperature for
20 min and very fast decrease in the partial pressure from 2.5 to
1.5 Torr. Solid-state 27Al and 29Si MAS NMR experiments were
carried out on a Bruker Avance 500 MHz Wide-Bore
spectrometer (11.7 T) equipped with 4 mm double-resonance
MAS NMR probe head. 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 was employed for
measurement of the 27Al MAS NMR spectra of fully hydrated
samples. The chemical shifts were referenced to an aqueous
solution of Al(NO3)3.

29Si MAS NMR single-pulse spectra of
hydrated zeolites were measured at a rotation speed of 7 kHz,
with a π/6 (1.7 μs) excitation pulse and relaxation delay of 30 s
for single-pulse spectra. The framework aluminum content (Si/
AlFR) was estimated from the intensity of the 29Si NMR
resonances according to the equation Si/AlFR = I/(0.25I1 +
0.5I2), where I, I1, and I2 correspond to the total, Si(3Si,1Al),
and Si(2Si,2Al) intensities, respectively.29,30

2.3. Catalytic Experiments. The isomerization of n-hexane
to the corresponding isohexanes was performed in a glass flow-
through U-shaped reactor with spiral on the inlet part to enable
preheating of the reactants, where the catalyst was supported
inside the reactor on a porous-glass solid bed. Typically the
reactor was filled with 0.5 g of the catalyst in the form of a
grained solid (0.25−0.5 mm particle size fraction). The
activation was performed before each catalytic test, and it
consisted of two steps: first (i) the Pt-impregnated zeolite was
activated by a stream of O2 at 450 °C/3 h, briefly (0.25 h)
purged by N2 at 450 °C, and then the temperature was

Figure 3. Representative HR-TEM images of (A, D) microporous MOR (MOR/12), (B) micromesoporous MOR (mm-MOR/8), (C)
dealuminated micromesoporous (deAl-mm-MOR/9.5), (E) fluorinated MOR (F-MOR), and (F) fluorinated micromesoporous MOR (mm-F-
MOR/9.4).
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decreased to 250 °C and second (ii) the sample was reduced at
250 °C by a mixture of 80% H2 + 20% N2 for 1 h. Then the n-
hexane was cofed into the same feed of 79% H2 + 20% N2 by
using a conventional saturator kept at the appropriate
temperature. The total gas flow was thus adjusted to 66 cm3

min−1, which corresponded to GHSV 5000 and WSHV 0.25

h−1. The temperature in the reactor was measured with an
immersed thermocouple and setup at the studied temperature
in the 125−325 °C range. The composition of the outlet
products, consisting of n-hexane, branched hexanes, and low
molecular-weight products (i.e.: C1, C2, C3, C4, iso-C4, C5, and
iso-C5) was analyzed by an online sampling GC (Finnigan

Table 1. Preparation and Textural Properties of Micromesoporous Mordenite Zeolites

sample preparation Si/Ala Si/AlFR
b

Vtot (P/P0 ≈ 0.8)
(cm3 g−1)

VMI
c

(cm3 g−1)
VMESO

d

(cm3 g−1)
SEXT

c

(m2 g−1)

MOR/12 microporous parent MOR 12.1 12.5 0.24 0.19 0.05 42
mm-MOR/8 +0.2 M NaOH 8.7 10.2 0.14 0.06 0.08 79
deAl-mm-MOR/9 +0.2 M NaOH + 0.1 M (COOH)2 9 11.2 0.24 0.13 0.11 107
deAl-mm-MOR/9.5 +0.2 M NaOH +0.1 M HNO3 9.5 0.25 0.13 0.12 114
deAl-MOR/16 +3 M HNO3 16.1 0.24 0.19 0.05 44
mm-deAl-MOR/9.1 +3 M HNO3 + 0.2 M NaOH 9.1 0.26 0.15 0.11 102
deAl-mm-deAl-MOR/13 +3 M HNO3 + 0.2 M NaOH + 0.1 M

HNO3

13.5 0.26 0.19 0.09 88

deAl-mm-deAl-MOR/30 +3 M HNO3 + 0.2 M NaOH + 0.1 M
(COOH)2

30 0.30 0.20 0.10 95

mm-F-MOR/9.4 +0.36 M NH4F + 0.2 M NaOH 9.4 0.23 0.14 0.09 104
deAl-mm-F-MOR/13.6 +0.36 M NH4F + 0.2 M NaOH + 0.1 M

HNO3

13.6 0.22 0.14 0.08 104

aFrom chemical analysis. bFrom 29Si MAS NMR. cEstimated from the BdB t plot. dVmeso = Vtotal − Vmicro.

Figure 4. Nitrogen adsorption (solid symbols) and desorption (open symbols) at 77 K on microporous and micromesoporous mordenite zeolites
prepared by sequential alkaline and acid leaching for (A) series I, (B) series II, and (C) series III.

Table 2. Concentrations of Brønsted and Lewis Sites and the Accessibility of OH Groups in Micromesoporous Mordenites

c (mmol g−1)

sample Si/Ala cAl
a cB

b cL
c cB+2L

d accessibility of OH groupse (%)

MOR/12 12.1 1.23 1.06 0.12 1.30 64.1
mm-MOR/8 8.7 1.49 0.44 0.14 0.72
deAl-mm-MOR/9 9 1.67 0.81 0.35 1.51 68.7
deAl-mm-MOR/9.5 9.5 1.60 0.55 0.20 0.95 79.1
deAl-MOR/16 16.1 0.97 0.47 0.13 0.73 92.6
mm-deAl-MOR/9.1 9.1 1.65 0.44 0.22 0.88
deAl-mm-deAl-MOR/13 13.5 1.15 0.43 0.45 1.33 91.6
deAl-mm-deAl-MOR/30 30 0.53 0.27 0.20 0.67 74.4
mm-F-MOR/9.4 9.4 1.61 0.60 0.24 1.09 90.0

aFrom chemical analysis. bConcentrations of acid Brønsted sites from the FTIR spectra of adsorbed d3-acetonitrile.
cConcentrations of acid Lewis

sites from the FTIR spectra of adsorbed d3-acetonitrile.
dConcentration of Al estimated from the concentration of Brønsted and Lewis sites (cAl = cB

+ 2cL).
eFrom the FTIR spectra of the bridging OH groups after adsorption of n-hexane.
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9001), equipped with a 50 m × 0.32 mm × 5 μm Al2O3/KCl
column and detection enabled with a conventional FID
detector. Steady-state conditions were usually achieved within
0.5−1 h of time on stream. The conversion and yield were
expressed as

= − ×‐ ‐ ‐conversion C C /C 10 (%)n n n0, C6 C6 0, C6
2

= ×‐ ‐yield C /C 10 (%)niso C6 0, C6
2

where C0,n‑C6 was the concentration of n-hexane at the reactor
inlet, while Cn‑C6 and Ciso‑C6 were the concentrations of n-
hexane and of branched hexanes at the reactor outlet.

3. RESULTS
3.1. Structural Analysis. 3.1.1. Effect of Dealumination

of Microporous Mordenite on the Concentration, Nature,
and Accessibility of Acid Sites. The microporous MOR/12

parent zeolite is characterized by a well-developed crystalline
structure (Figure 3 and Figures S1 and S2 in the Supporting
Information) with a microporous volume of 0.19 cm3 g−1

(Table 1, Figure 4, and Figure S3 in the Supporting
Information) and the presence of the majority of the Al in
the framework in tetrahedral coordination (Figure S4 in the
Supporting Information) (for details, see the Supporting
Information). The FTIR spectra of the OH groups and
adsorbed d3-acetonitrile together indicate a slightly predom-
inant concentration of Brønsted sites in the 12-ring in
comparison to 8-ring channels, compensating the negative
charge of regularly tetrahedrally coordinated Al in the
framework, and a low concentration of Lewis acid sites
(Table 2, Figure 5, and Figure S5 in the Supporting
Information). Observation of the intensity of the infrared
bands corresponding to OH groups in 8-ring and 12-ring
channels upon introduction of n-hexane (Table 2 and Figure S6
in the Supporting Information) was used for estimation of the

Figure 5. FTIR spectra of adsorbed d3-acetonitrile (B, D, F) and FTIR spectra in the OH stretching region (A, C, and F) for microporous and
micromesoporous H-MOR zeolites: (A, B) series I; (C, D) series II; (E, F) series III.
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accessibility of OH groups located in the distinct channels. The
band attributed to OH groups in the 8-ring channels of MOR
was almost unperturbed after adsorption of n-hexane, indicating
low accessibility of these OH groups for the probe molecule at
room temperature. This is in accordance with the observation
of very low accessibility of the acid sites located in 8-ring
channels reported by Eder et al.31 Both the experimental32−34

and theoretical studies35 of mordenite zeolites showed
approximately one-third of the Brønsted hydroxyl groups
heading toward the center of the 8-ring and the center of the
side pocket, which is nonaccessible for larger molecules. This
number seems to be independent of the Si/Al ratio36 and is a
result of the distribution of Al atoms in the four tetrahedral sites
of mordenite;32 this corresponds well to 64.1% of the accessible
OH groups for n-hexane in H-MOR/12 (Table 2).
After partial dealumination of the framework of the parent

mordenite zeolite by 3 M HNO3, the Si/Al ratio was increased
from 12 to 16 with a corresponding decrease in the
concentration of the Brønsted sites, accompanied by an
increase in the ratio of Lewis/Brønsted sites (Table 2) and a
significant increase in the absorption bands at 3727 cm−1,
corresponding to internal silanol groups (Figure 5). The
decrease in the concentration of the Brønsted sites and the
increase in the band of internal silanol groups are consistent
with the removal of the tetrahedrally coordinated framework Al
atoms and the formation of four internal SiOH groups
terminating the framework oxygen atoms. The structural
changes induced by dealumination of mordenite zeolites have
been described well in the scientific literature.5,9,37 Removal of
the framework Al atoms by acid leaching with nitric acid has
been reported to result in secondary micropores that are larger
than the main channels5,37 or the formation of small
mesopores,5 improving the accessibility of the Brønsted OH
groups remaining after dealumination in the side pockets. The
similar adsorption/desorption branches of N2 sorption without
a hysteresis loop for both MOR/12 and deAl-MOR/16 indicate
the absence of a significant volume in intracrystalline
mesopores. The adsorption of n-hexane on deAl-MOR/16
caused a dramatic decrease in the intensity of the absorption
bands of OH groups which clearly show that the Brønsted acid
sites remaining in the deAl-MOR/16 sample zeolite after
dealumination are readily accessible for the n-hexane molecule
(>90%), (Table 2). The absence of mesopores, the increased
accessibility of the OH groups, and the presence of internal
silanol groups indicate that extraction of the framework Al
atoms primarily induced changes in the distribution of the sizes
and/or the connectivity of the microporous channels. However,
in addition to appreciable textural changes, these structural
changes caused a significant decrease in the concentration of
the Brønsted acid sites to about half and an increase in the ratio
of Lewis/Brønsted sites.
3.1.2. Effect of Desilication on Structure of Mordenite.

TEM images of the alkaline-leached zeolite mm-MOR/8
(Figure 3) clearly show that the treatment resulted in extensive
formation of a secondary mesoporous structure characterized
by numerous cavities about 5−20 nm in size in the
microporous crystals. The adsorption isotherms of desilicated
mm-MOR/8 zeolite (Figure 4) exhibit a hysteresis loop typical
for mesopores and adsorption in the zeolite micropores with a
significant decrease in the volume of the micropores from 0.19
to 0.06 cm3 g−1 (Table 1). The preservation of the crystalline
structure of mm-MOR/8, which is obvious from the X-ray
diffraction patterns (Figure S2 in the Supporting Information)

and indirectly from the 29Si MAS NMR spectrum (Table 1)
and the lattice fringes in the HR-TEM images (Figure 3),
indicates that the decrease in the microporous volume is not
associated with collapse of the zeolitic structure but with
blocking of the channel openings by AlOx extraframework plugs
formed in the mesopores after desilication.19 The extraframe-
work Al species (AlEx) formed in the mesopores during
desilication by hydrolysis of perturbed or dislodged framework
Al enrich the surface38 and can easily block a significant part of
the pseudomonodimensional channel structure of mordenite.19

The presence of AlEx in mm-MOR/8 is obvious from (i) the
broadening and decreasing of the symmetry of the signal at 55
ppm in the 27Al MAS NMR spectra (Figure S4 in the
Supporting Information) characteristic of variously perturbed
Al species in the less-ordered environment in comparison to
ideal tetrahedral coordination of Al atoms in the zeolite
framework,39−45 (ii) the additional spectral component around
3650−3670 cm−1 (Figure 5) due to OH groups bound to
extraframework and/or perturbed framework Al atoms,46−48

(iii) a higher framework Si/Al ratio estimated from the 29Si
MAS NMR spectra in comparison to the value obtained from
chemical analysis (Table 1), and (iv) a significant decrease in
the concentration of Brønsted OH groups from 1.06 to 0.44
mmol g−1 determined from the FTIR spectra of adsorbed d3-
acetonitrile.
Desilication of the partially dealuminated mordenite (deAl-

MOR/16) resulted in a better developed secondary meso-
porous structure in comparison to desilication of the parent
mordenite, as indicated by higher and continuously increasing
adsorption of N2 at the relative pressures 0.1−0.8 and a
hysteresis loop in the adsorption/desorption branches of the
isotherm (Figure 4). After the alkaline treatments, the
mesoporous volume increased to 0.08 and 0.11 cm3 g−1 for
mm-MOR/9 and mm-deAl-MOR/9.1, respectively (Table 1).
It is well established that the presence of framework Al atoms
stabilizes a neighboring siliceous part of the crystal and the
extraction of Si is hindered for low Si/Al ratios.25,49

Consequently, the lower content of Al in the framework of
deAl-MOR/16 increased the susceptibility toward leaching of
the framework Si atoms. Desilication is also preferred more
along crystal defects,50 which were densely created during the
partial dealumination of the parent zeolite and which are
reflected in the FTIR spectrum of deAl-MOR/16 in the
absorption bands at 3727 cm−1 of the internal silanol groups.
The preferred desilication in the internal Si-related defects is
manifested in a decrease in the intensity of the absorption at
3727 cm−1 in the spectra of mm-deAl-MOR/9.1 in comparison
to deAl-MOR/16. Thus, desilication is clearly enhanced upon
prior partial dealumination of the microporous zeolite as a
result of the higher susceptibility of the zeolite toward leaching
at lower concentrations of framework Al atoms as well in the
presence of the framework defect sites. The analysis of N2-
sorption isotherms by the Broekhoff−de Boer t plot shows a
decrease in the micropore volume after desilication from 0.19
cm3 g−1 in the parent zeolite to 0.06 and 0.15 cm3 g−1 for mm-
MOR/9 and mm-deAl-MOR/9.1, respectively (Table 1). It is
probable that a lower concentration of Al in the parent zeolite
and/or more developed mesoporosity providing a larger
number of openings of the pseudomonodimensional channels
lead to less blocking of the micropores in the mm-deAl-MOR/
9.1 sample.

3.1.3. Effect of Mild Acid Treatment on the Porous
Structure and Accessibility of Acid Sites in Desilicated
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Mordenite. Our recent study19 on the formation of secondary
mesoporosity through postsynthesis sequential leaching
procedures demonstrated that the Brønsted active sites located
in the environment of nonrestricted micropores and accessible
through mesopores can be obtained by alkaline and subsequent
mild-acid leaching. Treatment of mm-MOR/8 using 0.1 M
oxalic acid under mild conditions (deAl-mm-MOR/9) resulted
in a very slight increase in the molar Si/Al ratio and a significant
increase in the micropore volume from 0.06 to 0.13 cm3 g−1

that further extended the volume of mesopores (Table 1), a
significant increase in the concentration of Brønsted sites from
0.44 to 0.81 mmol g−1 and Levis sites from 0.14 to 0.35 mmol
g−1 (Table 2), disappearance of the lowering symmetry of the
signal at 55 ppm in the 27Al MAS NMR spectra (Figure S4 in
the Supporting Information), and elimination of the absorption
band at 3650−3670 cm−1 due to Al−OH groups (Figure 5).
These findings clearly indicate that the extraframework and/or
perturbed framework Al species formed in mesopores after
desilication and blocking part of the micropores were removed
by acid leaching. The increase in the concentrations of the acid
sites indicates that the leaching selectively removed the
extraframework tetrahedrally coordinated AlOx/(OH)y species
blocking the micropores, whereas the framework Al atoms
associated with bridging OH groups were barely affected.
Acid leaching of mm-MOR/8 using 0.1 M nitric acid resulted

in slightly more pronounced structural changes in comparison
to the treatment using oxalic acid. Nitric acid, as a stronger
dealumination agent,51 caused a moderately greater increase in
the molar Si/Al ratio, the same increase in the micropore
volume from 0.06 to 0.13 cm3 g−1, and further extension of the
mesoporous volume to 0.12 cm3 g−1 (Table 1). A lower
concentration of Brønsted sites (0.55 mmol g−1) indicates that
part of the framework Al atoms was extracted from the
framework and/or perturbed by the treatment in nitric acid.
The removal of extraframework Al in the deAl-mm-MOR/9
sample by oxalic acid caused only minor changes in the
availability of OH groups in comparison to the parent zeolite
(Table 2). A significant increase in the accessibility of the OH
groups (∼80%) occurred after slight dealumination of the
zeolite framework in the deAl-mm-MOR/9.5 sample by nitric
acid. It seems that desilication with subsequent removal of
extraframework Al can lead to shortening of the main 12-ring
channels, but the number of new channel openings created in

mesopores is not large enough for significant enhancement of
the accessibility of the OH groups in 8-ring side pockets.
Partial dealumination of mm-deAl-MOR/9.1 using 0.1 M

nitric acid caused similar changes to the dealumination of mm-
MOR/8. However, they are less pronounced: i.e., opening of
restricted micropores with an increase in the volume of
micropores from 0.15 to 0.19 cm3 g1 and increase in the
concentration of Lewis sites from 0.22 to 0.45 mmol g−1. The
concentration (0.43 mmol g−1) and accessibility of Brønsted
acid sites (∼92%) are very comparable with those of deAl-
MOR/16. Thus, the desilication of deAl-MOR/16 with
subsequent removal of AlEx by mild acid leaching resulted in
deAl-mm-deAl-MOR/13 with well-developed mesoporous
structure and with similar concentration and accessibility of
OH groups for n-hexane as the starting deAl-MOR/16 before
the subsequent alkaline−acid treatments.
The hydrolysis of Al−O and Si−O bonds in the 8-ring

(formed by T2 and T4 atoms) during acid and alkaline
treatments results in dislodgement of the T atom from the
framework position and dramatic changes in the local
arrangement. Figure 6 illustrates how the openings of two
neighboring side pockets in MOR zeolite can be altered by the
removal of one T atom in the T2 or T4 sites. The extraction of
the T4 atom leads to a merging of the two 8-rings, providing a
large void space enabling a diffusion of large molecules: e.g.,
benzene.52 The extraction of the T2 atom could possibly
provide a large deformed elongated ring; however, previous
reports indicate that the extraction is site specific and the
dealumination of T4 is strongly favored.52−54 The creation of
these open connections by the preferable extraction of Al atoms
from the T4 sites explains the dramatic increase in the
accessibility of the bridging of OH for hexane even after very
mild dealumination of the mordenite framework.

3.1.4. Effect of Fluorination−Alkaline Treatment on the
Porous Structure and Accessibility of Acid Sites in Mordenite.
Recently, Yu et al.55 showed that impregnation of microporous
ZSM-5 zeolite with an aqueous solution of NH4F prior leaching
by a solution of NaOH increases the susceptibility of the zeolite
toward leaching of framework Al atoms and provides controlled
extraction of both Al and Si atoms. We modified the procedure
for alkaline treatment of fluorinated mordenites and obtained
the mordenite zeolite mm-F-MOR/9.4 with the mesopore
volume increased to 0.09 cm3 g−1 and the volume of the
micropores concurrently slightly decreased to 0.14 cm3 g−1,

Figure 6. Schematic illustration of the effect of the extraction of one T atom from an 8-ring on the local structure of the openings of the side pockets
in MOR zeolite: (A) two neighboring 8-rings and the same structure with removed (B) T4 atom and (C) T2 atom.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.7b01696
ACS Catal. 2017, 7, 5781−5795

5788

http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01696/suppl_file/cs7b01696_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b01696


indicating the formation of secondary mesoporosity and
opening of nonrestricted channel openings of the preserved
microporous structure. In addition to the small, near-circular
bright areas reflecting formation of intracrystalline mesoporos-
ity, HR-TEM images (Figure 3) also show mesopores formed
along boundaries and intergrowths. The dissolution or etching
along boundaries and intergrowths and the indiscriminate
dissolution of Al and Si are characteristic of chemical etching
with fluoride ions in NH4F-HF,

56 and Al-directed dissolution of
siliceous areas is typical for alkaline treatment.57 Two modes of
the formation of the mesoporous structure were also reported
by Svelle et al.50 for standard desilication. They demonstrated
the creation of mesopores as a consequence of both Al-directed
dissolution of siliceous areas and selective dissolution or etching
along boundaries, intergrowths, and defects within each
particle. HR-TEM images of mm-F-MOR/9.4 show concom-
itant contribution of both modes of mesopore formation. The
slight shift of the maximum of the peak at about 55 ppm in the
27Al MAS NMR spectra (Figure S4 in the Supporting
Information) reflects changes in the coordination and local
surroundings of the Al sites and/or a site-specific dealumination
of the individual T sites.52−54 The concentration of Brønsted
and Lewis sites, 0.6 and 0.24 mmol g−1, respectively,
determined by adsorption of d3-acetonitrile, and high
accessibility (>90%) of bridging OH groups for n-hexane
molecule (Table 2) for the mm-F-MOR/9.4 sample show that
the desilication of fluorinated mordenite zeolite yields a
micromesoporous structure with high concentration of readily
accessible acid sites. The development of secondary meso-
porosity and preservation of microporosity via concurrent
extraction of SiO2 and a smaller amount of Al is enabled by
transformation of a fraction of Si−O−Al into the framework as
F-bearing tetrahedral Al entities after fluorination.55 The
presence of F-bearing tetrahedral Al species which are readily
dislodged in alkaline medium55 and Al sites in Si−O−Al
entities with persistent resistance to alkaline treatment enabled

controlled Al and Si extraction during the alkaline treatment.
The finding that this treatment significantly improved the
accessibility of OH groups for n-hexane is of great importance.
The simultaneous removal of Si and Al atoms and smaller size
of part of the formed mesopores with possibly a larger number
of new channel openings results in a large increase in the
accessibility of the OH groups for n-hexane.

3.1.5. Effect of Mesoporosity on the Pore Length. In order
to illustrate the effect of mesoporosity on the reactant
transport, a model showing the shortening of the main 12-
ring channels was made and the desorption of n-hexane was
analyzed for the microporous and a representative micro-
mesoporous mordenite (Figure 7). The model is based on the
obtained SEM, HR-TEM, and N2 adsorption data considering
the mesoporous volume 0.09 cm3 g−1, which is approximately
15% of the total volume of the crystal, and the crystal size of 80
nm. Two cases were modeled with randomly positioned
mesopores of diameter 4 or 8 nm oriented along one of the
crystal axes and connected to the external surface of the crystal.
The mesopores that communicate with the external surface of
the mordenite crystal are observed in the high-resolution TEM
images, and the spatial arrangement of the mesopores in the
entire void volume of the crystal was demonstrated by Milina et
al.58 using positron annihilation lifetime spectroscopy for
micromesoporous zeolites prepared by desilication using the
same amount and concentration of NaOH solution. Three
cases of the diffusion paths were considered: the mordenite
channel connects (i) one mesopore with the external surface of
the crystal, (ii) two mesopores, and (iii) two external surfaces
(i.e., the diffusion path 80 nm) if there is no mesopore present.
One million simulations using a pseudorandom number
generator yielded diffusion paths of 42 and 39 nm for the
mesopores of the 8 and 4 nm diameters, respectively. The
diffusion path depends only slightly on the diameter of the
mesopores, since only approximately 15% of the crystal is

Figure 7. Analysis of the effect of the presence of mesopores on the length of zeolite channels and diffusion of n-hexane: (A) model determining the
length of the diffusion path through the mordenite channel, where 4 and 8 nm channels oriented along the axes and internal mesopore volume 0.09
cm3 g−1 were considered; (B) desorption of n-hexane initiated by changes in the n-hexane partial pressure from 2.5 to 1.5 Torr analyzed by FTIR
spectroscopy.
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removed and a majority of the crystal is not influenced by the
mesopores.
The series of FTIR spectra recorded during transient

desorption of n-hexane induced by a very fast decrease in the
partial pressure of n-hexane from 2.5 to 1.5 Torr are shown for
MOR/12 and deAl-mm-MOR/9.5 in Figure 7B. The partial
pressure of 1.5 Torr provides the loading of one n-hexane
molecule per acid site, while n-hexane molecules weakly
interacting with the inert channel walls are also present at the
partial pressure of 2.5 Torr. Under such a decrease in the partial
pressure, the changes in transport can be associated with the
alterations of the pore structure rather than with desorption of
n-hexane from the acid sites. The higher desorption rate
observed for the micromesoporous deAl-mm-MOR/9.5 in
comparison to microporous MOR/12 is thus consistent with
the effective reduction of the crystal domain by the
introduction of the mesopores communicating with both the
micropores and connected with the external surface. The
enhanced transport in the micromesoporous zeolite can also be,
however, affected by a contribution from a complex interplay of
changes in the local structure of microporous channels and the
channel openings.59

3.1.6. Structure of Pt Species. Ribeiro et al.60 showed that
the reaction rate in the hydroisomerization reaction is

practically independent of the surface of the metallic platinum
clusters for platinum loadings from 0.5 to 6 wt % in Pt-faujasite
zeolites. Consistently, Van de Runstraat et al.61 showed that the
hydrogenation/dehydrogenation functions of platinum was not
rate-determining for Pt/H-*BEA with a platinum loading of
∼1.5 wt %. Accordingly, to ensure that the dehydrogenation/
hydrogenation reactions do not limit the overall alkane
hydroisomerization, all of the Pt/H-MOR catalysts were
prepared with a concentration of 1.5 wt % Pt and the dispersity
of the platinum clusters was checked using HR-TEM and FTIR
spectra of adsorbed CO. Well-dispersed platinum clusters with
particle sizes ∼1−20 nm located on the external surface of the
zeolite crystals were observed in the HR-TEM images of all the
microporous and micromesoporous Pt-MOR zeolites (Figure
S7 in the Supporting Information). The broad distribution of
the Pt cluster sizes is typical for Pt-zeolites prepared by
conventional incipient wetness impregnation. Similar intensities
of the absorption bands of the hydroxyl group in the FTIR
spectra before and after impregnation of the mordenites with
platinum indicate that the Pt reduced under a hydrogen
atmosphere is not coordinated in cationic sites to a significant
extent (not shown). The FTIR spectra of CO adsorbed on
microporous and micromesoporous Pt/H-MOR zeolites
(Figure S8 in the Supporting Information) exhibit the presence

Figure 8. Yields of branched C6 isomers and C1−C5 byproducts in the hydroisomerization of n-hexane over Pt/H-MOR zeolites as a function of
temperature: (A, B) series I; (C, D) series II; (E, F) series III.
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of a broad absorption band at 2078 cm−1 characteristic for
reduced Pt metallic clusters 1−20 nm in size62,63 located on the
external surface of the zeolite crystal. The reduction of Pt into
the zerovalent oxidation state of metallic Pt is also indicated by
the absence of the absorption bands at 2170−2150 cm−1 and at
2130−2140 cm−1 characteristic of CO interacting with Pt2+

counterions and Ptn
δ+ clusters, respectively.62,63 Thus, all of the

Pt/H-MOR contains well-dispersed platinum in the form of
metallic clusters that can provide sufficient hydrogenation/
dehydrogenation reactions occurring for the employed Pt
loadings much more rapidly than isomerization reactions on
acid sites, regardless of the specifics of their structure for all of
the Pt/H-zeolite catalysts.60,64

The presence of the secondary mesoporous structure can
possibly increase the proximity between the metallic platinum
and the Brønsted sites. The effect of nanoscale proximity of
metallic sites and acid sites on the hydroconversion of
hydrocarbons was recently assessed by Zecevic et al.65 They
showed that the closest proximity between the metal and the
Brønsted acid sites in zeolites does not provide improved
catalytic properties in hydrocracking reactions. This is in line
with the results of our study on hydroisomerization,66 where we
analyzed whether the activity of Pt/H-MOR zeolite is affected
by the proximity of Pt species and acid sites using the samples
of H-MOR/12-Pt/Al2O3 prepared as mechanical mixtures of
the protonic form of the zeolite and Pt/Al2O3. The yields were
practically identical for both the Pt/H-MOR and H-MOR/12-
Pt/Al2O3 with platinum metal deposited on either the zeolite or
alumina.66

3.2. Hydroisomerization of n-Hexane. 3.2.1. Hydro-
isomerization over Microporous, Desilicated, and Partially
Dealuminated-Desilicated Mordenites. Figure 8 depicts the
yields of branched hexane isomers (2-methylpentane, 3-
methylpentane, 2,2-dimethylbutane, and 2,3-dimethylbutane)
and C1−C5 byproducts (methane, ethane, propane, butanes,
and pentanes) as a function of the reaction temperature in the
hydroisomerization of n-hexane over the microporous and
micromesoporous Pt/H-MOR zeolites. The yields of the
individual products at 225 and 250 °C are given in Table 3.
With microporous MOR/12, the conversion first started to
increase at a temperature of approximately 150 °C and reached
a maximum of 58% at approximately 275 °C before declining
again due to nonselective cracking reactions, as is indicated by
the steadily increasing conversion of n-hexane and yield of C1−
C5 byproducts. The desilication of the parent sample resulted in
little improvement in conversions over the entire temperature
range, passing through a maximum at 250 °C with the yields
increasing from 53.0 to 59.2% and from 9.6 to 11.5% for all of

the branched and dibranched hexanes, respectively, and then
declining due to nonselective cracking at higher temperatures.
The catalytic behavior of the mm-MOR/8 sample is in
accordance with the findings of Monteiro et al.,67 showing
that the desilication of mordenite zeolite does not significantly
improve the catalytic efficiency of the mordenite zeolites.
With the deAl-mm-MOR/9 sample obtained by the removal

of extraframework Al from mm-MOR/8 using oxalic acid, the
formation of byproducts at high temperatures was significantly
reduced in comparison to mm-MOR/8 or microporous MOR/
12 samples and was accompanied by a corresponding increase
in the yield of the desired branched isomers, reaching a
maximum of 67.4% at 275 °C. The deAl-mm-MOR/9 sample is
characterized by shortened 12-ring channels due to a well-
developed secondary mesoporous structure, but without
significantly enhanced accessibility of the OH groups in
comparison to the parent zeolite (Table 2). It seems that the
shortening of the main channel and a larger number of channel
openings provide only a slight increase in activity but lead to a
significant increase in selectivity, limiting the nonselective
subsequent cracking reactions and consequently increasing the
yield of desired products at higher temperatures.
The deAl-mm-MOR/9.5 sample dealuminated by nitric acid

provides higher yields of branched isomers in comparison to
MOR/12 and mm-MOR/8 zeolites with similar yields of
byproducts (Figure 8). As the difference between deAl-mm-
MOR/9.5 and deAl-mm-MOR/9 lies mainly in the significantly
higher accessibility of the OH groups (Table 2), the
improvements in the yields of branched isomers at lower
temperatures, e.g. from 53% to 67.7% at 250 °C, can be
associated with greater accessibility of the acid sites and the
improvements in the yield at higher temperatures, e.g. from
58.7 to 67.4% at 275 °C, also with the shortened main channels
and larger number of channel openings. Thus, the use of the
deAl-mm-MOR/9.5 sample had a positive effect on the yield of
branched isomers in the whole temperature region. The
improvements in the catalytic properties are minor, however,
clearly indicating the potential for improvements in the
functionality of hydroisomerization mordenite catalysts via
enhanced accessibility of active sites and transport of reactants
in the micromesoporous structure.
The durability and stability of the catalytic activity for the

deAl-mm-MOR/9.5 as a representative micromesoporous Pt/
H-MOR zeolite were analyzed under the reaction conditions.
Stable values of the yields of mono- and dibranched isomers,
∼55% and ∼9%, respectively, and byproducts ∼1% as a
function of time on stream were obtained over deAl-mm-
MOR/9.5 at 235 °C for 72 h, indicating a sufficient structural

Table 3. Yields of Branched Hexane Isomers and Lower Molecular Weight Byproducts for Hydroisomerization of n-Hexane
over Microporous and Micromesoporous Pt/H-MOR at 225 and 250 °C

∑yiso‑C6 (%) 2,2-dimethyl (%) 2,3-dimethyl (%) 2-methyl (%) 3-methyl (%) C1−C5 (%)

sample 225 °C 250 °C 225 °C 250 °C 225 °C 250 °C 225 °C 250 °C 225 °C 250 °C 225 °C 250 °C

Pt/H-MOR/12 36.5 53.0 1.6 3.6 6.0 6.0 7.3 8.4 21.6 35 0.5 5.3
Pt/H-mm-MOR/8 40.1 59.2 2.5 5.2 5.2 6.3 7.9 8.6 24.5 39.1 0.9 7.5
Pt/H-deAl-mm-MOR/9 37.5 61.9 2.1 5.4 4.7 6.7 8.7 8.7 22.0 41.1 0.6 4.1
Pt/H-deAl-mm-MOR/9.5 48.7 67.7 1.8 5.7 6.1 7.3 8.8 10.5 32.0 44.2 3.0 7.6
Pt/H-deAl-MOR/16 54.1 60.8 2.9 4.9 6.1 6.8 11.2 11.3 33.9 37.8 3.9 16
Pt/H-mm-deAl-MOR/9.1 45.8 63.4 2.8 8.1 4.5 6.5 8.6 8.6 29.9 40.2 2.9 10.4
Pt/H-deAl-mm-deAl-MOR/13 50.0 67.5 2.4 6.3 5.0 7.4 8.2 10.0 34.4 43.8 3.7 8.7
Pt/H-deAl-mm-deAl-MOR/30 23.7 47.9 0.6 3.5 1.3 4.2 7.3 8.4 14.5 31.8 5.0 12.4
Pt/H-mm-F-MOR/9.4 62.5 59.6 4.9 7.4 7.4 6.2 8.6 8.4 41.6 37.6 6.4 18.5

ACS Catalysis Research Article

DOI: 10.1021/acscatal.7b01696
ACS Catal. 2017, 7, 5781−5795

5791

http://dx.doi.org/10.1021/acscatal.7b01696


stability and no deactivation of the micromesoporous Pt/H-
MOR (Figure 9).

3.2.2. Hydroisomerization over Partially Dealuminated
and Acid−Alkaline−Acid-Treated Mordenites. Figure 8C
shows the yields of branched isomers as a function of
temperature obtained over dealuminated deAl-MOR/16 and
zeolites prepared by subsequent desilication and desilication/
dealumination of the deAl-MOR/16 sample. Although the
dealumination of mordenite (deAl-MOR/16) leads to a
decrease in the concentration of Brønsted sites from 1.06 to
0.47 mmol g−1, the accessibility of the remaining acid sites was
significantly enhanced, with ∼92% of the Brønsted sites
accessible for n-hexane (Table 2). Less than half the
concentration of Brønsted sites in deAl-MOR/16 provided
yields of branched hexanes which outperform the microporous
MOR/12: see, for example, the yields of branched hexanes
36.5% and 54.1% at 225 °C for MOR/12 and deAl-MOR/16,
respectively. The higher specific activity of acid-treated partially
dealuminated mordenites has been well documented in the
literature68 and explained by the beneficial effects on the
textural properties of extraction of part of the framework Al
atoms by acid treatment, leading to improved accessibility of
highly active acid sites located in the 8-ring side pockets.5,69

Desilication of the deAl-MOR/16 sample yielded micro-
mesoporous mm-deAl-MOR/9, which showed no significant
changes in the yields of the branched isomers nor byproducts.
The positive effect of the development of the mesoporous
volume (0.11 cm3 g−1) was probably offset by the negative
effect of the decline in the microporous volume because of its
partial blockage. The subsequent partial dealumination of mm-
deAl-MOR/9 provided the deAl-mm-deAl-MOR/13 sample
with a well-developed mesoporous structure and with similar
concentration and accessibility of the OH groups for n-hexane
in comparison to the deAl-MOR/16 sample. The similar
concentrations and accessibility of the OH groups for n-hexane
in the deAl-MOR/16 and deAl-mm-deAl-MOR/13 samples
resulted in similar yields of branched hexane isomers at ≤225
°C. The presence of mesoporous structures in deAl-mm-deAl-
MOR/13 caused a slightly lower formation of cracking
products and a corresponding increase in the yield of branched
hexanes at temperatures ≥250 °C.
3.2.3. Hydroisomerization over Fluorinated-Alkaline Trea-

ted Mordenites. The yields of branched C6 isomers in the
hydroisomerization with microporous MOR/12 without
postsynthesis treatment were very low at temperatures ≤200
°C. The yields were increased considerably over the mm-F-

MOR/9.4 sample, e.g. from 13.5% to 47.2% at 200 °C, showing
that the desilication of fluorinated mordenite zeolite markedly
increased the catalytic activity (Figure 8E). This was
accompanied by higher yields of dibranched isomers (Table
3) and high selectivity without the detectable formation of C1−
C4 byproducts at ≤200 °C (Figure 8F). In comparison with
other micromesoporous Pt/H-MOR, the mm-F-MOR/9.4
sample provides the greatest enhancement in the yields of
branched C6 isomers achieved at low temperatures (Figure 10).

The chemical analysis showed the absence of fluorine in the
mm-F-MOR/9.4 treated after fluorination by desilication, triple
ion exchange with a large excess of NH4NO3 solution, and
calcination in air and subsequently under a hydrogen
atmosphere. The enhancement in the activity is thus associated
with the micromesoporous structure providing a high
concentration of Brønsted sites (cB = 0.6 mmol g−1) readily
accessible for n-hexane molecules (>90%) (Table 2). To
exclude the possible effect of traces of fluoride not detectable by
the chemical analysis on the increase in activity, a fluorinated
sample of Pt/H-F-ZSM-5 zeolite with small crystals was
prepared and its activity was compared with that of Pt/H-
ZSM-5. The intracrystalline diffusion does not affect the overall
reaction rates for ZSM-5 for either the n-hexane hydro-
isomerization61 or cracking.70 Accordingly, we observed very
comparable yields of branched C6 isomers over Pt/H-ZSM-5
and its fluorinated analogue Pt/H-F-ZSM-5 in the entire
temperature region (Figure S9 in the Supporting Information).
Thus, the high concentration of the Brønsted sites located in
nonrestricted micropores highly accessible via new channel
openings in small mesopores formed by the simultaneous
removal of Si and Al atoms results in significantly improved
catalytic properties, enabling the reaction at lower temper-
atures.

4. DISCUSSION
4.1. Structure of Micromesoporous Mordenites

Obtained by Leaching Methods. Selective dissolution of
silicon-rich areas of the framework and the extraction of
aluminum are inherent parts of the acid and alkali treatments of
zeolites, respectively. Our results clearly show that, for the
formation of micromesoporous mordenite with Brønsted active
sites readily accessible in nonrestricted micropores, it is
necessary to extract both silicon and aluminum atoms in a
controlled way to ensure the formation of mesopores and
preservation of micropores and the majority of the framework
Al. Particularly for desilication of mordenites with a high

Figure 9. Dependence of the yield of branched hexane isomers and
C1−C3 byproducts on time on stream (TOS) in hydroisomerization of
n-hexane over Pt/H-deAl-mm-MOR/9.5 at 235 °C.

Figure 10. Comparison of the effects of the postsynthesis alkaline−
acid (Pt/H-deAl-mm-MOR/9.5), acid−alkaline−acid (Pt/H-deAl-
mm-deAl-MOR/13), and fluorination−alkaline (Pt/H-mm-F-MOR/
9.4) treatments on the yields of branched hexanes at 175 and 200 °C.
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concentration of aluminum in the framework (Si/Al ≈ 12), the
extraframework tetrahedrally coordinated AlOx/(OH)y species,
formed by hydrolysis and dislodgment of a small fraction of
framework Al, block a significant part of the pseudomonodi-
mensional 12-ring channels and/or accessibility of the acid sites
in 8-ring side pockets. Desilication of mordenite surprisingly
does not lead to greater accessibility of the acid sites; to the
contrary, a significant part of the micropores is diffusion-limited
even for nitrogen molecules. However, subsequent acid
leaching under specific conditions, characterized by a low
concentration of oxalic or nitric acid, leads to efficient removal
of the extraframework and/or perturbed framework Al species
formed in mesopores after desilication and blocking of part of
the micropores. The concentration of the Brønsted sites
determined by d3-acetonitrile and their accessibility for n-
hexane as a relevant molecular probe for the hydroisomeriza-
tion reaction indicate that the prevailing amount of the
framework Al atoms is not dislodged during either the
dissolution of silicon-rich areas of the framework or the
selective extraction of the extraframework Al. Thus, the alkaline
removal of parts of the Si-rich framework and subsequent
selective acid leaching of extraframework Al and only a small
amount of framework Al resulted in a micromesoporous
mordenite structure with a high concentration of strongly acidic
Brønsted sites readily accessible in both 12-ring and 8-ring
channels. The desilication with subsequent removal of only
extraframework Al creates a number of new channel openings
in mesopores, effectively shortening the main 12-ring channels.
However, the dealumination of a small fraction of the
framework Al atoms is indispensable for significant enhance-
ment of the accessibility of the OH groups in 8-ring side
pockets. It should be also mentioned that the increase in the
concentration of Lewis centers and an intense signal of internal
Si−OH groups suggest that the massive changes in the texture
of the zeolite toward a well-developed mesoporous structure
leads to the disruption of part of the regularly arranged atoms
originally present in the low-defective zeolitic structure.
The alkaline leaching of mordenite preimpregnated with a

solution of NH4F appeared to be the most efficient approach
for creating the secondary mesoporous structure in mordenite
zeolite with a high concentration of readily accessible Brønsted
sites. This procedure enabled controlled extraction of Si atoms
and concomitantly the framework F-bearing tetrahedral Al
species. The dissolution of tetrahedrally coordinated Al(FO3)
and SiO4 entities during alkaline treatment resulted in
secondary mesoporosity and opened nonrestricted channel
openings of the preserved microporous structure with a high
concentration of Brønsted sites readily accessible for n-hexane.
A difference was observed in the modes of formation and types
of mesoporous structures obtained by desilication−acid
treatment and desilication of fluorinated mordenite. With the
desilication−acid treatment, circular mesopores 5−20 nm in
size were predominant, while desilication of fluorinated
mordenite yielded small mesopores combined with mesopores
formed along crystal boundaries and intergrowths.
4.2. Effect of Micromesoporous Structure on Hydro-

isomerization of n-Hexane. The molecules involved in
hydroisomerization as either reactants or products have sizes
similar to those of the mordenite pores (Figure 1).14

Consequently, the access of these molecules to active sites is
a key factor governing the performance of mordenite catalysts.
The most obvious effects of the introduction of secondary
mesoporosity on the yields of branched hexanes obtained in

this study is illustrated in Figure 10. Whereas only a small
increase in the yield of branched isomers from 13.5% to 16%
was obtained after dealumination, the increase in the yield to
22% was appreciable with concurrent introduction of a
mesoporous structure by desilication and partial dealumination;
note that, at a temperature of 200 °C, the reaction exhibits
>99% selectivity for branched isomers and the formation of
C1−C5 byproducts practically did not proceed over any of the
analyzed catalysts (Figure 8). The sole partial dealumination
significantly improved the accessibility of the OH groups
(∼90%) in the mordenite channels, but the benefit was to a
significant extent offset by a significant decrease in their
concentration. The introduction of a mesoporous structure via
subsequent desilication by alkaline treatment and partial
dealumination by diluted acid can yield a similar percentage
of accessible OH groups to dealumination, but with slightly
higher concentrations. Desilication alone yielded mesopores 5−
20 nm in size and did not lead to significant exposure of the
OH groups to the reactant molecules, and subsequent partial
dealumination is also a necessary step in obtaining highly
accessible OH groups. This necessarily leads to a reduction in
the concentration of OH groups and limits their maximum
available concentration. The high accessibility of acid sites in
micromesoporous mordenite obtained by sequential alkaline
and mild acid treatments is connected with catalytic perform-
ance exceeding that of microporous mordenite; however, the
improvements in the yields are slight. To attain more significant
improvement in the activities, a mordenite structure charac-
terized by a higher concentration of Brønsted sites readily
accessible for C6 molecules is crucial. A micromesoporous
structure characterized by small mesopores and a high
concentration of readily accessible acid sites was obtained by
desilication of fluorinated mordenite zeolite. This treatment
results in markedly improved catalyst activity and a large
increase in the yield of branched isomers (Figures 8 and 10).
Thus, it is clear that the micromesoporous structure with a high
density of readily accessible OH groups is ultimately connected
with catalytic properties greatly exceeding those of microporous
or partially dealuminated mordenite zeolite. The concentrations
of accessible Brønsted sites were correlated with the activity
measured for all of the micromesoporous Pt/H-MOR zeolites
(Figure 11). The yields of branched C6 isomers clearly increase
with the concentrations of the Brønsted sites accessible for n-
hexane molecules. We also analyzed the relationships between

Figure 11. Yields of branched C6 isomers in the hydroisomerization of
n-hexane for Pt/H-MOR zeolites with different concentrations of the
accessible Brønsted sites.
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the concentrations of the Brønsted sites in 8-rings or 12-rings
estimated using analysis of the FTIR absorption bands of the
bridging OH groups in zeolites (Figure S5 in the Supporting
Information) and the hydroisomerization activity (Figure S10
in the Supporting Information). The plots of the yields of
branched C6 isomers against the concentrations of the Brønsted
sites in 8-ring or 12-ring channels did not show any direct
relationship. According to Chiang et al.,8 the higher activity of
the protonic sites in the 8-ring pockets of H-MOR is associated
with a specific deformation and partial confinement of the C6
molecule in the 8-ring. In the case of MOR zeolites with
hierarchical porosity, the local structure and mainly the
openings of the 8-ring pockets are largely affected (see Figure
6) and the specific activity of corresponding protonic sites
could be altered.
Summing up, the analysis of the hydroisomerization over

micromesoporous Pt/H-MOR zeolites exhibiting quite differ-
ent levels of hierarchical structure and the overall concen-
trations of acid sites, and thus the different concentrations of
accessible Brønsted sites, shows that the hierarchical porosity
has a promotional effect on the activity of acid sites even for the
relatively small C6 molecules. The increase in the yields of
branched isomers over the micromesoporous structure with a
high concentration of readily accessible Brønsted sites enables a
shift of the operation window to lower temperatures with more
favorable thermodynamic equilibrium for branched isomers.

■ CONCLUSIONS

The critical function of the micromesoporous structure and the
concentration and accessibility of Brønsted sites for hydro-
isomerization of linear hexane was elucidated by using three
series of micromesoporous mordenite zeolites differing in their
mesoporosity and concentration and the accessibility of acid
sites. The hydroisomerization of n-hexane over microporous
Pt/H-mordenite is limited by mass transfer effects due to the
low accessibility of acid sites in 8-ring channels and the
diffusion-restricted pseudomonodimensional channel structure.
The introduction of secondary mesoporosity into mordenite
using the alkaline−acid, acid−alkaline−acid, and fluorination−
alkaline postsynthesis treatments proposed in this study
effectively shortens the length of the 12-ring main channels,
opens the side 8-ring channel pockets, provides a high
concentration of Brønsted sites, and enhances the accessibility
of the acid sites for hexane molecules. The shortening of the
main 12-ring channels and a larger number of channel openings
provide an increase in the selectivity, limiting the nonselective
subsequent cracking reactions and consequently increasing the
yield of the desired products at higher temperatures. The
micromesoporous mordenite structure with the Brønsted sites
in the environment of the micropores and accessible through
mesopores alleviates the diffusion limitations due to restricted
access and slow transport to/from the active site, resulting in a
significant increase in the catalyst efficiency and improvements
in the selectivity in skeletal hydroisomerization of n-hexane into
branched isomers. It enables efficient isomerization in a
temperature region that is thermodynamically more favorable
for desired dibranched isomers.
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