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ABSTRACT: Four different types of shaped catalysts with
controlled deposition of platinum and the same composition
were prepared by extrusion of beta zeolite agglomerated with
bentonite as an aluminosilicate clay binder. The catalysts were
characterized using mechanical strength tests; scanning electron
microscopy for morphology; transmission electron microscopy for
porosity and periodicity; nitrogen physisorption for surface area,
pore volume, and pore size distribution; and Fourier transform
infrared spectroscopy using pyridine as a probe molecule to
elucidate the presence, strength, and amount of Brønsted and Lewis
acid sites. Elemental analysis was carried out using energy-
dispersive X-ray microanalysis. Activity and selectivity of catalysts
in the isomerization of n-hexane were evaluated using a fixed bed reactor at 200−350 °C. At low temperature, the performance
of metal/acid bifunctional shaped catalysis was strongly affected by the metal-to-acid site ratio. This ratio and the total acidity
were strongly influenced by the preparation method of the shaped catalysts, while the textural properties were comparable. The
highest conversion of n-hexane and selectivity to C6 isomers (comprising all branched isomers, such as methyl pentane and
dimethylbutane) was obtained with extrudates prepared via in situ synthesis with platinum located on the zeolite. The
extrudates prepared in this way have the highest metal-to-acid site ratio and their closest proximity, albeit the lowest mechanical
strength.

1. INTRODUCTION

Bifunctional catalysts typically contain both hydro/dehydro-
genation and acid functions. In most catalytic processes, where
such catalysts are involved, a noble metal (Pt, Pd) or a
combination of non-noble metal sulfides from group VIA (Mo,
W) and at least one from group VIIIA (Co, Ni) are chosen for
hydro/dehydrogenation. As an acidic component, amorphous
oxides such as silica−alumina, zeolites, or mesoporous
aluminosilicates can be used. The metal can be either located
within the pores of the acidic component and/or on the outer
surface of the crystals, or supported on an inorganic binder in
composite materials.1−3 Bifunctional catalysts are used in many
industrial processes of refining and petrochemical industries:
reforming, hydrocracking of heavy oil cuts (e.g., vacuum gas
oil) to produce diesel, dewaxing, hydroisomerization of C5−C6
n-paraffins to produce high-octane gasoline, C2−C4 aromatiza-
tion, hydro-dealkylation or -isomerization of C8 aromatic cuts,
etc.1−7

Hydroisomerization of straight chain paraffinic hydro-
carbons C5−C6 is one of the cheapest ways to increase the
production of high-octane gasoline components with improved

environmental characteristics while controlling formation of
olefins or aromatics.8−11 Linear alkanes such as n-hexane and
n-heptane are characterized by low octane numbers, whereas
(hydro)isomerization increases the octane numbers substan-
tially if multibranched/dibranched isomers are obtained.9

Isomerization of n-alkanes over bifunctional metal/acid
catalysts involves dehydrogenation of alkanes, skeletal isomer-
ization of olefins and hydrogenation of the latter. Hydro-
genation and dehydrogenation happen on the metallic sites,
whereas isomerization or cracking require acid sites, thus
diffusion of the olefinic intermediates from the metallic sites to
acidic ones and back is important.3,7,9,11−13 From this
description of bifunctional catalytic transformations, it seems
obvious that the catalyst properties, i.e., activity, stability, and
selectivity, should depend on two main parameters: character-
istics of the metal and acid sites and diffusional properties of
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the intermediates, influenced by the micropores of the acidic
component.3,6,7,9,12

A proper choice of the hydro/dehydrogenation and the
acidic component is dictated by the application. Acid sites and
also micro- and mesoporosity of the catalyst play an important
role in the catalyst selection. The most studied and industrially
used zeolites are Y and ZSM-5 zeolites containing medium
pores. Promising results were obtained for beta zeolites
containing large pores. Studies focusing of hydroisomerization
catalysts are often performed over bifunctional catalysts in the
powder form because catalyst design is very complex and
requires careful optimization, especially if a catalyst is to be
used at an industrial level.1,2,14−21

For the latter purpose, catalysts are scaled-up, which
necessitates application of binders (15−30 wt %) to make
shaped bodies. Shaped catalysts in the form of granules,
spheres or extrudates, being larger in size than powdered
counterparts and mechanically stable, are needed to avoid
extremely high pressure drops in fixed-bed reactors. For use as
binders, commercially available natural clays, such as bentonite,
attapulgite, and kaolin, are suitable. The overall aim of catalyst
shaping is to achieve high catalytic activity and selectivity
compared to the pristine zeolite, maintain chemical stability for
prolonged use and achieve the required mechanical strength to
resist attrition losses in industrial use.1,17−20,22,23

Catalyst shaping is thus a key step in catalyst preparation for
large scale applications. The most commonly used techniques
for shaping are tableting, spray-drying, granulation and
extrusion.24,25 Extrusion is probably the most widely applied
unit operation among the ones mentioned above having an
advantage of yielding high grain porosity and easy
implementation. Shaping is not only crucial for the mechanical
properties of catalysts but also for their catalytic perform-
ance.25

Unfortunately, detailed studies focusing on the shaped
bifunctional catalysts are still lacking in the open literature.1

Crushed shaped Pt catalysts (0.1−0.8 mm), where Pt was
deposited on a zeolite1,16,26 or a shaped support,1,27,28 were
applied in n-alkanes hydroisomerization (C7−C16). Lucas et
al.16 studied n-octane hydroisomerization over grinded shaped
1 wt % Pt catalyst comprising USY, mordenite, or beta zeolites
and a bentonite binder and found a strong effect of the binder
on catalytic performance. This influence was explained by
alteration of the zeolite hydrogen transfer activity, metal/acid
site balance, acid site density, and diffusional limitations after
agglomeration. Mendes et al.1 studied n-hexadecane hydro-

isomerization over grinded shaped Pt catalyst comprising USY
zeolite and boehmite as a binder and on the contrary reported
that the catalyst behaves rather as a mechanical mixture.
According to Ramos et al.28 the crushed shaped 1 wt % Pt
catalyst, based on beta zeolite with bentonite as a binder, was
the most selective for hydroisomerization, giving a higher iso-
paraffins amount compared to other two zeolite-based catalysts
(ZSM-5 and mordenite).
This work is aimed at shedding light on the parameters to be

controlled during the scale-up of bifunctional catalysts from
powder to shaped bodies. The focus is on both the impact of
shaping on beta zeolite properties and on the method of
preparation with controlled deposition of platinum. Bentonite
often reported in the literature as a clay binder was applied
because of its physical and chemical properties as well as a
competitive price. Understanding of correlations between the
physicochemical (surface, structural, textural, and morpho-
logical) properties and catalytic characteristics of noncrushed
shaped Pt catalysts, could significantly contribute to the design
of “ideal” (active, stable, and selective) bifunctional shaped
catalysts indispensable to develop cleaner processes. As a
model reaction isomerization of n-hexane was chosen.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Shaped Pt Catalysts. The
commercial beta zeolite NH4-Beta-25 (SiO2/Al2O3 = 25,
CP814E) was obtained from Zeolyst International. The
ammonium form was transformed to the corresponding proton
form in a muffle oven using a step calcination procedure: initial
temperature 250 °C (held for 50 min), increased at 4 °C/min
to 400 °C and held at the final temperature for 4 h. As a binder
aluminosilicate clay bentonite from VWR International was
selected. Materials were crushed and sieved into a fraction <63
μm in a vibratory micro mill (Fritsch). A Pt-modified catalyst
was prepared by a conventional evaporation−impregnation
method. Tetraammoniumplatinum(II) nitrate (Pt-
(NH3)4(NO3)2, ≥ 50.0% Pt basis, Sigma-Aldrich) was used
as a platinum precursor.
The procedure of shaped Pt catalyst preparation includes

three steps, namely catalyst synthesis, Pt impregnation and
catalyst shaping. Different variations of the synthesis steps were
used to prepare four different types (Figure 1). All catalysts
were prepared with 70:30 ratio of H-Beta-25:bentonite and
with a Pt nominal loading of 2 wt % in the final extrudates.

2.1.1. Powder Catalyst Synthesis. Catalyst synthesis
included dry mixing, wet mixing, evaporation, drying, and

Figure 1. Procedures for synthesis of four different Pt extrudates.
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calcination. In the step of dry mixing, the zeolite and the
binder were ground and mixed in a ball mill (Fritsch) for 4 h.
The amount of the bentonite binder was 70% of H-Beta-25
and 30% bentonite. In the step of wet mixing, the aqueous
solution was stirred with 50 rpm at ambient temperature for 24
h. In the subsequent steps, water was evaporated at 40 °C
under vacuum and drying was carried out at 100 °C for 7 h.
The calcination procedure was carried out at 500 °C for 4 h for
catalysts without Pt and at 400 °C for 3 h for Pt- containing
catalysts. Details of the synthesis of catalyst in the powder form
are described in our previous publication.22

2.1.2. Pt Impregnation. Impregnation was carried out in a
stirred bath containing 168 mL of 0.005 M aqueous solution of
the metal precursor and 8 g of the catalyst support. The
solution was rotated for 24 h at 60 °C, and subsequently water
was evaporated at 40 °C under vacuum. The platinum catalyst
was dried in an oven at 100 °C for 24 h, calcined at 400 °C for
3 h in a muffle oven, and reduced at 350 °C for 2 h by 40 mL/
min H2.
2.1.3. Catalyst Shaping. The slurry for the extrusion device

applied in catalyst shaping (TBL-2, Tianjin Tianda Beiyang
Chemical Co. Ltd., China) was prepared in the weight ratio
44.5/54.5/1.0 for the catalyst powder/distilled water/methyl-
cellulose. Methylcellulose as an organic binder (viscosity:
4,000 cP, Sigma-Aldrich) was added into the mixture for better
rheological properties of the final slurry. The extrudates
(Figure 2) were formed into the cylindrical shape with a

diameter of 1.4 mm at a continuous velocity of 1400 rpm
(Figure 3). The extrudates were dried, calcined, and reduced at
the conditions described above. Before reduction, the
extrudates were cut to the length of ca. 1 cm.

2.2. Characterization of Shaped Pt Catalysts.
2.2.1. Rheology and Calculations of Extruder Properties.
The shear rate describing the velocity gradient between two
surfaces moving at different speeds (e.g., screw and barrel
wall), is a function of the screw outside diameter, screw speed,
and gap. It was calculated to be 327 s−1 according to the
following equation:29

π
=

[ · · ]
[ · ]

−shear rate(s )
screw diameter (mm) screw speed (rpm)

gap (mm) 60 (s/min)

1

(1)

where the gap is defined as the distance between the moving
surfaces (e.g., the mechanical clearance between the screw and
barrel). The linear catalyst formulation rate was ca. 12 cm/min,
giving extrudates of 1.4 mm in diameter after passing through
holes of 1.5 mm.

2.2.2. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Microanalysis (EDX). Morphological studies
were performed by scanning electron microscopy. A scanning
electron microscope (Zeiss Leo Gemini 1530) was used for
determination of the crystal morphology. Elemental analysis of
microporous materials was done by energy-dispersive X-ray
microanalysis using the same instrument.

2.2.3. Transmission Electron Microscopy (TEM). Particle
size and porosity of the materials were characterized by
transmission electron microscopy (JEOL JEM-1400Plus) using
imaging and electron diffraction functions. The samples were
prepared by blowing a powder on the TEM grid with a pipet.
Determination of Pt particle size and the intercluster distances
was done from the TEM images using the ImageJ program.30

For each sample, the median from 100 and more measure-
ments was calculated.

2.2.4. Nitrogen Physisorption. Nitrogen-physisorption
using Sorptometer 1900 (Carlo Erba Instruments) was
performed to determine the textural properties of microporous
materials. The samples were outgassed at 150 °C for 3 h before
each measurement. The Dubinin equation and the Horvath−
Kawazoe method31 were used for calculation of the specific
surface area and the pore volume, respectively.

2.2.5. Fourier Transform Infrared Spectroscopy (FTIR).
The amount of Brønsted and Lewis acid sites was quantified by
Fourier transform infrared spectroscopy using pyridine
(≥99.5%) as the probe molecule (with ATI Mattson FTIR
Infinity Series spectrometer). The samples were pressed into
thin pellets (10−20 mg) and placed in the measurement cell.
Prior to pyridine adsorption, the samples were outgassed under
vacuum (0.08 mbar) at 450 °C for 2 h and the background
spectra were recorded at 100 °C. Pyridine was adsorbed at 100
°C for 30 min and the spectra were recorded at 100 °C after
heating the sample to 250, 350, and 450 °C, respectively. The
Lewis acidity was determined from the adsorption band at
1450 cm−1 and the Brønsted acidity from the adsorption band
at 1550 cm−1 using the molar extinction parameters previously
reported by Emeis.32

2.2.6. Mechanical Strength Test. L&W crush tester with
two parallel plates (SE 048, Lorentzen & Wettre, Sweden) was
used to detect the force needed for an extrudate to collapse.
Two plates were moved toward each other using a hydraulic
device, recording the pressure at which the catalyst extrudates
were broken. The moving speed of the plates was 1 mm/min.
The mechanical strength of the extrudates (10 mm in length
and 1.4 mm in width) was determined in the vertical and
horizontal positions (Figure S1). For every sample, an average
of ten crush tests in each position were calculated.

2.3. Catalytic Tests. Isomerization of n-hexane (Figure 4)
was used as a model reaction to characterize activity and
selectivity of shaped Pt catalysts. The reactant contained a
small amount (1%) of benzene to elucidate also ability of the
catalysts in hydrogenation of the aromatic ring, subsequent

Figure 2. Pt extrudates of beta zeolite agglomerated with bentonite as
a clay binder. The extrudates differ in the way Pt was introduced: (a)
after extrusion or prior to extrusion on (b) zeolite and binder, (c)
binder, (d) zeolite.

Figure 3. Photos of the extruder: (a) screw; (b) shaping of Pt
ncatalyst.
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ring contraction and ring opening (Figure 5). The reaction was
carried out in a fixed bed reactor (12 mm in diameter, catalyst
zone of 70 mm, thermocouple pocket of 3 mm, reactants flow
top to bottom, a turbulizer upstream catalyst). The reaction
conditions were: pressure 17 barg, reaction temperature 205−
358 °C; hydrogen flow rate 180 mL/min and feedstock flow
rate 0.24 mL/min. The catalysts in the amounts of 3 g (7.3
cm3) were activated in situ at 350 °C in the nitrogen flow rate
of 122 mL/min under 10 bar during 1 h. Reduction of the
catalysts was carried out in the hydrogen flow rate under the
same conditions as the catalyst activation. The products were
drained from the separator used to collect the sample, which
required 30 min.

3. RESULTS AND DISCUSSION
3.1. Characterization Results of Shaped Pt Catalyst.

3.1.1. Elemental Analysis. Results from elemental analysis of
the samples from each step of shaped Pt catalyst preparation
are summarized in Table S1. In the case of extrudates, only the
catalyst surface was analyzed. In the pristine methylcellulose,
Na and Cl were observed in amounts of 0.28 and 0.21 wt %,
respectively. The purpose of using organic binder methyl-
cellulose is to influence the viscosity and rheological properties
of the H-Beta-25+Bentonite mixture for extrusion. No
methylcellulose was found in the final extrudates, which
confirms that after extrudate synthesis, the organic binder
methylcellulose was removed from the matrix during
calcination at the elevated temperature (500 °C).33

Changes of the mixture composition in H-Beta-25 with 30%
of bentonite as well as the Pt concentration in the catalysts
before and after extrusion can be related to inhomogeneous
mixing of the beta zeolites and the bentonite binder. This, in
combination with a lower accuracy of the utilized EDX
method, related to a small area used for detection and a low
concentration of impurities originating from bentonite (MgO,
K2O, and Fe2O3), can give different results.
A high Pt content of 8.33 wt % observed on the surface of

Pt/(H-Beta-25+Bentonite) extrudate (prepared via the post
synthesis with a Pt nominal loading of 2 wt %) indicates that it
is of the egg shell type with the active metal located on the

outmost layer of the catalyst. On the contrary, the Pt content
of 2.31 wt % observed on the surface of Pt/(H-Beta-
25+Bentonite) extrudate (prepared via in situ synthesis with
a Pt nominal loading of 2 wt %) indicates that Pt is uniformly
distributed across the extrudates.
To confirm this hypothesis about distribution of Pt in

extrudates, X-ray mapping was done for the cross-section view
of 2% Pt/(H-Beta-25+Bentonite) extrudates (Figure S2, top of
the extrudate after the metal introduction). The samples were
mounted in resin and dry grinded. It was observed that Pt
distribution is somewhat different in both extrudates. A denser
distribution of Pt on the outer layer of an extrudate (cross-
section view) was observed in the Pt catalyst prepared via the
post synthesis (Figure S2a). These results are consistent with
the results of elemental analysis.
The images from optical microscopy (Figure S3) also

confirmed the results of elemental analysis. In the longitudinal
cross section view of the extrudate prepared via the post
synthesis, a penetrated Pt layer with an average thickness of 60
μm was visible (Figure S3, bounded by dashed line). It is in
line with the work of Delmon et al.,34 who proposed that
protons from the Pt precursor attack the surface upon
penetration of the extrudates by the liquid. The sites created
by this attack are situated in the outer layer of the extrudates
and serve as strong adsorption sites for Pt. A homogeneous Pt
distribution in the extrudates prepared via post synthesis
method can be obtained when an additional acid is present in
the impregnation liquid. This acid can create additional
adsorption sites onto the extrudate both for Pt and the acid
anions throughout the particle. Because of the adsoption
competition between both anions, a homogeneous Pt
distribution can be obtained. This phenomenon where Pt is
mostly deposited on the edges of the extrudate instead of being
uniformly distributed was also reported by de Mendes et al.,1

but only for a much lower Pt content (0.07% Pt/HUSY
+Al2O3).
The results of 2.3−3.4 wt % Pt in extrudates prepared via in

situ synthesis are close to the nominal loading (2 wt % Pt),
indicating that the impregnation method used for the metal
introduction was successful. A slightly higher measured value
can be related to the precision of analysis.

3.1.2. Morphology, Porosity, and Periodicity. The SEM
images (Figure S4) show that the structure of H-Beta-25
zeolites and bentonite was not changed after Pt impregnation.
Just like pristine materials,22 Pt/H-Beta-25 contains mainly
aggregates of spherical crystals, whereas the structure of Pt/
bentonite mainly consists of fibers and platelets with sharp
edges. The SEM images (Figure S4) also confirm interfacial
interactions in the synthesized powder materials and in Pt
extrudates where the morphological characteristics cannot be
clearly attributed to either of the neat materials. SEM images

Figure 4. Isomerization of n-hexane.

Figure 5. Hydrogenation of benzene with ring opening of cyclohexane.
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clearly demonstrate morphological changes during each step of
the shaped catalyst preparation.
In the case of extrudates prepared via post synthesis, a strong

compact structure of the extrudates with significant smooth
bentonite areas (black spots) is observed. For extrudates
prepared via in situ synthesis, the beta zeolite was locally
deposited on bentonite. The neat structures of beta zeolite and
bentonite were also observed here, which were largely
interconnected with a smooth bentonite bridge. In all cases,
the structure was more compact and smoother because of
extrusion. The average diameter of all extrudates determined
by SEM was 1.38 ± 0.01 mm.
In line with the results of elemental analysis, the SEM results

also confirm that methylcellulose was burned and removed
from the extrudates during calcination. No morphology
features of pristine methylcellulose (Figure S5) were observed
in any of the final extrudates.
Pt dispersion (Figure S6) was 19, 33, 44, and 70% for Pt/

(H-Beta-25+Bentonite, post), Pt/(H-Beta-25+Bentonite, in
situ), Pt/(H-Beta-25)+Bentonite and Pt/(Bentonite)+H-
Beta-25 extrudates, respectively. Pt dispersion was calculated
on the basis of the average Pt particle size determined by
TEM.35 The samples were mainly monodisperse. Larger
clusters were sporadically observed only for Pt/(Bentoni-
te)+H-Beta-25. It was also confirmed that Pt is localized
exclusively on bentonite for Pt/(Bentonite)+H-Beta-25,
whereas in the case of Pt/(H-Beta-25)+Bentonite, location
of Pt was on H-Beta-25. A decrease in Pt particle size after
extrusion was observed in all types of extrudates. A plausible
explanation for a decrease in the Pt particle size after extrusion
could be variations in the location of Pt particles in beta zeolite
and the bentonite binder. Furthermore, during calcination of
extrudates and removal of the organic binder methylcellulose,
the latter at elevated temperature can act as a reducing agent
for Pt particles, enhancing dispersion of Pt and formation of
small Pt particles. The smallest Pt particle sizes of 1.6 nm were
measured for Pt/(Bentonite)+H-Beta-25 while the largest Pt
particle sizes of 7.4 nm were observed for Pt/(H-Beta-
25+Bentonite) prepared via post synthesis. Pt metal particles
with a size of 2.5−3.5 nm were reported for the Pt powder
catalyst containing Y zeolite and Al2O3 binder.

13

The shortest average distance between two Pt sites of 4 nm
was measured for Pt/(Bentonite)+H-Beta-25 extrudates. For
other types of extrudates, the distance was comparable, i.e., 12,
14, and 16 nm for Pt/(H-Beta-25)+Bentonite, Pt/(H-Beta-
25+Bentonite) prepared via post synthesis and in situ
synthesis, respectively.
3.1.3. Textural Properties. A detailed analysis of the textural

properties of the catalysts (Table S2) shows that the
preparation method of the shaped catalysts had a negligible
influence on the final specific surface area and extrudate
porosity. For all shaped Pt catalysts, the specific surface area
and the micropore volume are ca. 34% lower compared to the
pristine H-Beta-25 zeolite and ca. 56% lower in terms of meso-
and macropore volume.
3.1.4. Brønsted and Lewis Acid Sites. According to the

previous studies,22,36,37 the binder presence can decrease the
acidic properties of a zeolite as a result of changes in the solid-
state ion exchange between zeolite protons and clay sodium.
Bentonite is a rich source of Na+ cations, which are also weak
acid sites.22,38 Although a part of them is removed and
substituted by H+ during the reincorporation of the acid
function, Na+ cations remaining in the sample alter the acid

sites density because at least some of the weak sites can be
attached to them.16 When using bentonite as a binder, the
technical catalyst showed a decreased bio-oil deoxygenation
activity, which was assigned to the loss of most of ZSM-5
acidity by ion-exchange with Na+ cations from the clay.39 In
bentonite besides Na, there are other cations such as Fe, Mg,
K, and Ca, the presence of which can inhibit catalytic activity.
This is also confirmed by the results in Table S3, where the

composite material (H-Beta-25 with 30% of bentonite without
Pt) exhibited a lower total acidity compared to the theoretical
value (values in brackets). The acidity was similar after
extrusion and also after Pt impregnation being in line with the
literature.1 For in situ prepared Pt/(H-Beta-25+Bentonite) and
Pt/(Bentonite)+H-Beta-25, there was an increase in weak and
medium acidity accompanied by a decrease in strong acidity
after extrusion. On the contrary, for Pt/(H-Beta-25)+Benton-
ite, the opposite trend was observed. The total acidity was
increased after extrusion for Pt/(H-Beta-25+Bentonite)
prepared via in situ synthesis, whereas for Pt/(Bentoni-
te)+H-Beta-25 and Pt/(H-Beta-25)+Bentonite, the total
acidity decreased after extrusion. It follows that the influence
of extrusion on the total acidity requires further investigation
to establish parameters, which determine the total as well as
Brønsted and Lewis acidity (Table S3). At the same time, it
can be unequivocally concluded that Pt deposition significantly
affects acidity, which will be discussed in Section 3.2
considering the decreasing distance between Pt and zeolitic
sites.
Kubicka et al.40 stated that interactions between platinum

and the support are mutual, i.e., that the support affects the
properties of platinum and that, at the same time, the support
properties are influenced by platinum. In line with the
literature,40 a lower acidity was observed for the Pt-modified
zeolite as compared to the pure zeolite. In contrast, for the Pt-
modified binder, acidity was higher than for neat bentonite.
It is worth noting there was a significantly lower measured

value of the total acidity than the expected one for Pt/
(Bentonite)+H-Beta-25, whereas for Pt/(H-Beta-25)+Benton-
ite, the experimental value matched the theoretical one. The
theoretical values were calculated based on the contribution of
nonagglomerated components. It follows that another decrease
in total acidity was achieved because of Pt−acid site
interactions during Pt/binder and H-Beta-25 mixing, whereas
these interactions were insignificant during mixing Pt/H-Beta-
25 and bentonite.

3.1.5. Crushing Strength. It was revealed that the
mechanical strength of shaped 2% Pt catalysts could be
correlated with the Pt loading (Figure S7), i.e. the strength of
the extrudate increases with increasing Pt concentration.
Interestingly that in comparison with the metal-free extrudates
(full black line, Figure S7), the mechanical strength in a vertical
position was higher for extrudates with a random deposition of
Pt and lower when platinum was deposited exclusively on H-
Beta-25 or on bentonite. In the case of the horizontal position,
the mechanical strength of metal-free extrudates was always
higher than for Pt extrudates. These results could be correlated
to the total pore volume of extrudates, as the mechanical
strength of the extrudates in the vertical position linearly
decreases with increasing porosity (Figure S8a). For the
mechanical strength of extrudates in the horizontal position,
the effect of porosity is not that apparent (Figure S8b).
Compared to commercial Al2O3 extrudates (BDH Ltd.,

Poole), the extrudates prepared in the current work had ca. 4−
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5 fold lower mechanical strength (Table S4). However, this
strength is still sufficient for catalytic applications. All Pt
catalysts tested in this work as extrudates kept their shape and
length also after the reaction. Compared to the literature
data,21,41−44 it is noticeable that at least the metal-free
extrudates prepared in the current work reached the same or
higher values (Table S4). The data on the crushing strength of
shaped bifunctional catalysts are rather scarce diminishing
possibilities of comparison with the results of the current study.
Sulfated Zr with 30% boehmite extrudates exhibited similar or
much better mechanical strength (3.8−10.3 ± 0.3 MPa)24

compared to shaped Pt catalysts prepared in this work.
Mechanical strength of the extrudates is influenced by the

binder type used for their synthesis, ratio of the support and
the binder used for preparation of extrudates, the particle size
and calcination. Because several parameters are important for
making mechanically strong extrudates, understanding stability
and strength of extrudates requires separate research.
3.2. Activity and Selectivity of Shaped Pt Catalysts in

Isomerization of n-Hexane. For a pristine commercial H-
Beta-25 catalyst in the powder form and four different types of
shaped catalysts with controlled deposition of platinum and the
same composition, activity and selectivity were measured in
isomerization of n-hexane (Figure 6a) containing 1% benzene,
which underwent hydrogenation and ring opening (Figure 6b,
c). Definitions of calculations are provided in the Supporting
Information. The mass balance closure was ca. 99% with the
errors of GC analysis being in the range of ca. 1%.
Significant differences in n-C6 hydroisomerization and

benzene hydrogenation with ring opening were observed
below 330 °C (Figure 6). Conversion of benzene was 100% for
all shaped Pt catalysts at the same being maximum 40% for
pristine H-Beta-25 in the whole temperature range (Figure
6b). Deactivation was observed only for pristine H-Beta-25
catalyst in the powder form, which can be explained by coke
accumulation and catalyst pores blocking.7,9 All types of Pt
extrudates were catalytically stable under all tested reaction
conditions.
At 250 °C, the largest differences were observed in n-C6

conversion and at the same time in selectivity (Table 1). The
extent of isomerization reflects the fraction of high-octane
number component-2,2-dimethylbutane (RON = 92) in the
isomerizate and determines its octane characteristics. With
increasing temperature, there was an increase in both
conversion of n-hexane and selectivity to dimethylbutane.
Upon further temperature elevation, however, cracking is
enhanced, forming C1−C5 hydrocarbons, in line with the

literature.10 The highest selectivity to i-C6 (comprising all
branched isomers, such as methyl pentane and dimethylbutane,
Figure 7a) was observed at 250 °C for Pt/(H-Beta-
25)+Bentonite extrudates. This catalyst at 250 °C temperature
also displayed the highest selectivity to dimethylbutane (2,3-
dimethylbutane and 2,2-dimethylbutane, Figure 7b) of 7.7%
and the highest conversion of n-hexane (Figure 6a) of 23.4%
compared to other shaped Pt catalysts.
In comparison with other catalysts prepared in the current

work, this shaped catalyst with controlled deposition of
platinum on beta zeolite has a slightly higher Pt concentration
in the whole extrudate volume and the mean Pt particle size as
well as the lowest Brønsted and Lewis acidity (Figure 8). On
the contrary, for the least active catalyst prepared by
postsynthesis, the lowest Pt concentration in the entire
extrudate body (i.e., 1.45 wt %, hatched area in Figure 8),
the largest particle size, and the highest total acidity were
measured.
It was demonstrated for Pt supported on sulfated zirconia24

that for isomerization of paraffins the highest Lewis acidity is
preferred, which could not be confirmed in the current work
for Pt composites, containing zeolite beta and bentonite as a
binder.
To elucidate the mass transfer in extrudates, we compared

the results obtained over Pt/(H-Beta-25)+Bentonite extru-
dates with the literature data45 obtained over powder Pt/beta
zeolite at similar conditions. Table S5 clearly shows that ca.10-
fold higher reaction rate was achieved for Pt/beta powder
catalyst obtained under a milder reaction condition (lower Pt
loading, lower temperature, atmospheric pressure).
The results displayed in Table S5 indicate that the data

generated in the current work are not free from the influence
of mass transfer, being thus very relevant for industrial
catalysis, where a significant mass transfer is almost
unavoidable. It is worth noting that selectivity to the isomers
and the 2-methylpentane to 3-methylpentane ratio were
maintained, whereas the 2,2-dimethylbutane to 2,3-dimethyl-
butane ratio was slightly lower for the shaped catalyst.
The conclusions drawn in the literature for n-alkanes (n-Cx)

hydroisomerization over Pt−zeolite catalysts are mainly related
to performance of research catalysts typically with sizes lower
than 500 μm. The results obtained in the regime with a limited
impact of mass transfer led to conclusions that performance
(activity, stability, and selectivity) of bifunctional catalysts
containing Pt and a tridimensional large pore zeolite as
hydrogenating and acid sites, respectively, depends predom-
inantly on just two parameters, i.e., the ratio of metal to acid

Figure 6. Conversion of (a) n-hexane and (b) benzene; (c) C6 naphthene ring opening as a function of temperature. Symbols: 100% H-Beta-25
(CP814E, powder), black cross; Pt/(H-Beta-25+Bentonite), 2% Pt extrudate (post synthesis), blue square; Pt/(H-Beta-25+Bentonite), 2% Pt
extrudate (in situ synthesis), blue diamond; Pt/(Bentonite)+H-Beta-25, 2% Pt extrudate (in situ synthesis), red triangle; Pt/(H-Beta-
25)+Bentonite, 2% Pt extrudate (in situ synthesis),− green circle.
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sites cPt/cA, and the proximity of both sites to each
other.2,3,7,11,13,15

This cPt/cA ratio was extremely different (from 0.07 to 1.12,
Figure 8) for shaped Pt catalysts tested in the current work
with the same starting composition and nominal loading,
prepared, however, via different preparation methods including
deposition of Pt on the extrudates. It is generally known that
an ideal bifunctional catalyst is obtained when the metal to
acid sites ratio has to be high enough to reach a certain plateau,
where the reactions on acid sites are rate-limiting.2,3,7,11,13,15

Following this concept, a high cPt/cA is considered necessary to
obtain the optimal performance. For low values of cPt/cA
(<0.03), the activity per acid site is low, deactivation is
rapid, and a straight alkane is directly transformed to all
isomerization and cracking products. For high values (≥0.17),
the activity per acid site is maximal, deactivation is very slow,
and n-Cx is converted into monobranched, dibranched, and
tribranched isomers as well as cracking products.2,3,7,15,46

To experimentally verify a potential impact of deactivation
and catalyst stability, a few short-term runs for 3 h were done
for the catalyst with the lowest cPt/cA ratio at the highest
temperatures. The catalytic performance was stable without
showing any influence on activity or selectivity.
In agreement with the reasoning above, catalytic activity

(Figure 9a) and isomerization selectivity (Figure 9b) increased
with increasing the metal to acid sites ratio also in the case of
extruded Pt catalysts. However, it should be noted that at high
temperature, too high conversion level (ca. 100%) prevents a
meaningful analysis on the influence of cPt/cA ratio. In the case
of low temperature the plateau was not reached even for a very
high cPt/cA ratio of 1.12.
For many years, proximity of metal and acid sites was

considered as a key parameter of an “ideal” bifunctional
catalyst, quantified through the Weisz Intimacy Criteri-
on.3,7,11,13,15 Specifically, many studies in the literature have
shown that the maximal intimacy between the metal and acid
sites enhances selectivity to skeletal isomers.3,7,11,15,47 How-
ever, recent reports reopened the debate about the ideal
proximity between both functions for optimal performances2,13

considering not only activity but also selectivity and resistance
to deactivation. Zecevic et al.13 reported closer distances
between the two functions as being detrimental to the
isomerization selectivity, whereas in the work of Gutierrez-
Acebo et al.,2 no influence of the distance between both
functions on catalytic performance was observed up to a
micrometer scale.
Figure 10 displays a schematic view on the catalysts

employed in this study, presenting different degrees of
intimacy between the metal and acid sites. From this scheme
and literature data,2,13 it can be assumed that the shortest
distances between Pt (black points) and acidic sites (gray
circles) are in Pt/(H-Beta-25)+Bentonite (Figure 10a), where
platinum is deposited exclusively on beta zeolite. Conversely,
the longest distances can be expected for Pt/(H-Beta-
25+Bentonite) prepared via the post synthesis (Figure 10d),
where Pt is deposited randomly in the outer layer occupying
ca. 17.4% of the whole extrudates volume. Therefore, it can be
suggested that the degree of intimacy between the metal and
acid sites is ranked as follows: Pt/(H-Beta-25) with nanoscale
distance2,13 > Pt/(H-Beta-25+Bentonite) with uniform Pt
distribution in the whole extrudate (70% in nanoscale distance
and 30% in macroscale distance) > Pt/(Bentonite) inT
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Figure 7. (a) Selectivity of C6 isomers as a function of temperature; (b) dibranched isomers selectivity as a function of temperature. Symbols: ×,
100% H-Beta-25 (CP814E, powder); ■, Pt/(H-Beta-25+Bentonite), 2% Pt extrudate (post synthesis); ◆, Pt/(H-Beta-25+Bentonite), 2% Pt
extrudate (in situ synthesis); ▲, Pt/(Bentonite)+H-Beta-25, 2% Pt extrudate (in situ synthesis); ●, Pt/(H-Beta-25)+Bentonite, 2% Pt extrudate
(in situ synthesis).

Figure 8. Characterization data for Pt extrudates. Legend: CS(V), crushing strength of extrudates in vertical position; cPt, platinum concentration
on the top of extrudates; d Pt, particle size of platinum; dPt−Pt, the average shortest distance between Pt sites (determined by TEM); S, specific
surface area; Vμ, micropore volume; Vmm, meso-and macropore volume; AS, total acid sites; Pt, platinum concentration in the entire volume of
extrudates; cPt/cA, metal-to-acid site ratio; D, dispersion of Pt. Error bars correspond to the standard deviation of the data.

Figure 9. Isomerization of n-hexane as a function of cPt/cA ratio (a) conversion; (b) selectivity to C6 isomers. Legend: ○, 200 °C; ◆, 250 °C; ▲,
300 °C; ■, 330 °C; ×, 350 °C.

Figure 10. A schematic picture of the catalysts employed in this study, showing different distances between the metal and acid sites: (a) Pt/(H-
Beta-25)+Bentonite, 2% Pt extrudate (in situ synthesis); (b) Pt/(H-Beta-25+Bentonite), 2% Pt extrudate (in situ synthesis); (c) Pt/
(Bentonite)+H-Beta-25, 2% Pt extrudate (in situ synthesis); (d) Pt/(H-Beta-25+Bentonite), 2% Pt extrudate (post synthesis). Legend: H-Beta-25
(gray circle), bentonite (white circle), Pt (black dots).

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.9b01931
Ind. Eng. Chem. Res. 2019, 58, 10875−10885

10882

http://dx.doi.org/10.1021/acs.iecr.9b01931


microscale distance2,13 > Pt/(H-Beta-25+Bentonite) with Pt
concentrated in the extrudate outer layer.
At low temperatures (below 300 °C), extrudates with the

closest degree of intimacy between the metal and acid sites
achieved the best results in terms of n-hexane conversion and
C6 isomers selectivity (Figure 9). This is apparently clear for
the data generated at 250 °C, where much worse results in
terms of both activity and selectivity were obtained over the
catalyst exhibiting the worst proximity. At higher temperature,
differences in the performance were less prominent. At 330 °C,
conversion was almost the same for all catalysts, giving similar
selectivity to C6 isomers. Absence of any clear trend in activity
and selectivity can be seen from Figure 9 for the data obtained
at the highest temperature. However, at least for the
experimental data in the temperature domain of 200−300
°C, it can be stated that the catalytic behavior increased with
increasing proximity.
Another important parameter can be the metal site density

(Me−Me distance). In n-Cx transformation,3,11,15 it was shown
that the number of acid sites encountered by the olefinic
intermediates during their diffusion between two Pt sites
(generally along the zeolite micropores) had to be such that
they undergo only one skeletal transformation. Balatha et al.11

remarked that this number should significantly depend on the
degree of intimacy between Pt and acid sites; however, no
quantification of this number was proposed.
Figure 11 shows the effect of Pt sites density on conversion

of n-hexane, selectivity to C6 isomers and the average number
of acid steps involved in the transformation of one n-C6
molecule (nAS). This number of acid steps (nAS) was estimated
from the initial product distribution (mono branched isomers,
MB; di branched isomers, DB;isomers and cracking products,
IC).3,11 As the initial molar (weight) distribution over Pt/(H-
Beta-25)+Bentonite extrudates at 250 °C is MB, 0.21; DB,
0.018; and IC, 0.78; the value of nAS was equal to 0.21 × 1 +
0.018 × 2.5 + 0.78 × 4 = 3.36, which means that over this
catalyst, the transformation of each n-C6 molecule requires an
average number of ∼3.4 acid steps.
In all cases, it was revealed that the Pt−Pt distance had a

negligible effect on the catalytic behavior. This result is
different from the literature study,11 where it was stated that
the nAS value significantly increases with increasing the distance
between Pt sites in powder catalysts (in micrometer scale).
In summary, for the reference temperature of 250 °C (Table

S6), the key parameter governing activity and selectivity of
bifunctional shaped Pt catalyst appears to be the metal/acid
balance rather than the metal site density (Pt−Pt distance).
Just this cPt/cA ratio was significantly influenced by the

preparation method of shaped catalysts, including the way Pt
is deposited on the extrudates.

4. CONCLUSIONS
This work aimed at shedding light on the parameters to be
controlled during the scale-up of bifunctional catalysts from
powder to shaped bodies. Establishing correlations between
the physicochemical (surface, structural, textural, and morpho-
logical) and catalytic characteristics of shaped Pt catalysts
could significantly contribute to the design of an “ideal” (highly
active, stable, and selective) bifunctional shaped catalyst that is
indispensable to developing cleaner processes of industrial
relevance.
Four different shaped catalysts in the form of extrudates with

a controlled deposition of platinum in different locations in the
final extrudates and the same composition were prepared,
altering the sequence of the following steps for preparation of
zeolite−binder composites: Pt impregnation on the zeolite,
binder, or the extrudate and extrusion per se. Different
variations of the synthesis steps were used to prepare four
different types. All catalysts were synthesized with the 70:30
ratio of H-Beta-25:bentonite and with a Pt nominal loading of
2 wt % in the final extrudates.
The catalysts were characterized by a range of physicochem-

ical methods. Activity and selectivity of catalysts in isomer-
ization of n-hexane containing 1% benzene were evaluated in a
fixed bed reactor.
This study revealed that various ways of Pt deposition on the

extrudates strongly effected the metal-to-acid site ratio (from
0.07 to 1.12). At low temperatures (250 °C), this ratio is a key
parameter in determining activity and selectivity of the metal/
acid bifunctional shaped catalysis similar to powder catalysts.
Pt extrudates exhibited a decrease in the total acid sites as

compared to pristine H-Beta-25 extrudates. The binder
presence decreased the acidic properties of a zeolite as a
result of changes in the solid-state ion exchange between
zeolite protons and clay sodium. The morphology, Pt particle
size, total acidity, and strength of the shaped catalysts were
strongly influenced by the preparation method, whereas the
textural properties were comparable. A decrease in Pt particle
size due to extrusion was observed in all types of extrudate.
Eggshell and uniformly distributed Pt catalysts were prepared
via the post synthesis and in situ synthesis methods,
respectively. All extrudates were devoid of structural defects
after the reaction.
The highest conversion of n-hexane and selectivity to C6

isomers (comprising all branched isomers, such as methyl
pentane and dimethylbutane) was obtained with extrudates
prepared via in situ synthesis with platinum located on the

Figure 11. Isomerization of n-hexane as a function of Pt−Pt distance: (a) conversion; (b) selectivity to C6 isomers; (c) the average number of acid
steps (nAS). Legend: ○, 200 °C; ◆, 250 °C; ▲, 300 °C; ■, 330 °C; ×, 350 °C.
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zeolite. The extrudates prepared in this way have the highest
metal-to-acid site ratio and closest proximity, displaying at the
same time somewhat lower but still acceptable mechanical
strength.
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