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Abstract

BACKGROUND: The metal–acid bifunctional catalysts are widely used in many industrially significant chemical processes,
including hydroisomerization of n-hexane. Deactivation and regeneration of metal–acid bifunctional extrudates was investi-
gated in continuous n-hexane hydroisomerization in a fixed-bed reactor. Four Pt/H-Beta-25 catalysts containing 30% Bindzil
binder were prepared with the same composition and controlled metal deposition.

RESULTS: Different preparation steps led to differences in the mechanical strength, Pt particle size, acidity and strength, metal-
to-acid site (cPt/cAS) ratio and proximity between two types of active sites. A very slow deactivation and high selectivity to C6
isomers was obtained when Pt was deposited on H-Beta-25 zeolite.

CONCLUSION: Initial selectivity to the desired products was correlated with the physicochemical properties of the catalysts.
Location of the metal has a larger influence on catalyst deactivation of the bifunctional catalysts rather than the metal-to-acid
site ratio or site proximity. Decline of n-hexane conversion and selectivity to C6 isomers were correlated with changes in the
textural properties and acidity of the deactivated catalyst, respectively.
© 2021 The Authors. Journal of Chemical Technology & Biotechnology published by JohnWiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
Metal–acid bifunctional catalysts are widely used in many
industrially significant chemical processes, e.g. hydrocracking of
heavy oils, dewaxing, reforming, selective ring opening and
hydroisomerization.1–9 Hydroisomerization of C5–C6 n-alkanes
involving three steps, namely dehydrogenation of alkanes, skele-
tal isomerization of olefins and hydrogenation of the latter, is one
of the cheapest ways to improve fuel quality (increase in octane
number).3,4,9–11 The de/hydrogenation steps occur on themetallic
sites (e.g. Pt, Pd, Mo, W, Co, Ni), while isomerization or hydrocrack-
ing steps proceed on the acid sites (e.g. amorphous silica–alumina
oxides, zeolites and mesoporous aluminosilicates).1–3,5,9,12

Diffusion of the olefinic intermediates between metallic and
acidic sites is very important and therefore design of the metal–
acid bifunctional catalysts plays a key role in the hydroisomeriza-
tion of straight-chain paraffins. The controlled acidity (Brønsted
and Lewis) in terms of strength and the number of the acid sites,
metal–acid balance and proximity between these two types of
active sites should mainly be taken into account for optimal per-
formance of bifunctional catalytic systems.2–5,8–10,12–17

Many studies of metal–acid bifunctional catalysts have been per-
formed with powder catalysts under the kinetic regime.1,11,16,18–28

However, in an industry where shaped catalytic bodies containing

binders are used, the mass transport limitation regime is almost
unavoidable. Not only mass transfer limitations but also changes in
physicochemical properties of a catalyst due to its scale-up process
can lead to a significantly different product distribution as well as cat-
alyst deactivation compared to fine catalyst powders. During the
scale-up of zeolite-based catalysts by extrusion, organic and inorganic
binders are typically added to improveplasticity of the extrudedpaste
and to improve the mechanical resistance of shaped zeolites, respec-
tively. Chemical interactions between the catalyst and the binder, and
the shaping process per se, can have a significant effect on the phys-
icochemical properties of the final extrudates.2,3,22,29–39

* Correspondence to: DY Murzin, Åbo Akademi University, Johan Gadolin
Process Chemistry Centre, Biskopsgatan 8, Turku/Åbo 20500, Finland.
E-mail: dmurzin@abo.fi

a Åbo Akademi University, Johan Gadolin Process Chemistry Centre, Turku/Åbo,
Finland

b Institute of Biomedicine, University of Turku, Turku, Finland

c Resource Saving Technologies Department, St Petersburg State Institute of
Technology, St Petersburg, Russia

© 2021 The Authors. Journal of Chemical Technology & Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

1

https://orcid.org/0000-0003-0788-2643
mailto:dmurzin@abo.fi
http://creativecommons.org/licenses/by/4.0/


Several studies on C7–C16 n-alkane hydroisomerization used
crushed shaped Pt catalysts (0.1–0.8 mm) with Pt deposition on
either the shaped supports1,2,40,41 or on a zeolite.1,2,21,42 However,
detailed studies of the uncrushed shaped bifunctional catalysts
are still lacking in the open literature.2,3 Our recent work on n-
hexane hydroisomerization over Pt/H-Beta-25 extrudates contain-
ing bentonite binder3 revealed that at low temperature the per-
formance of a bifunctional shaped catalyst was strongly affected
by the metal-to-acid site ratio (cPt/cAS). The highest conversion
of n-hexane and selectivity to C6 isomers was obtained over extru-
dates with the highest cPt/cAS ratio and their closest proximity;
i.e. when Pt was located exclusively on the zeolite.
The current work continues our recent efforts3 to improve fun-

damental knowledge on the scaling up of metal–acid bifunctional
catalysts for straight-chain paraffin hydroisomerization. This study
is focused on the effect of the preparation of Pt/H-Beta-25 bifunc-
tional extrudates with controlled metal deposition on the catalyst
deactivation and regeneration in continuous n-hexane hydroi-
somerization in a fixed-bed reactor. In order to avoid the effect
of impurities (Fe2O3, K2O, MgO) in the bentonite binder,31 colloi-
dal silica (Bindzil-50/80) was used as an inorganic binder.

EXPERIMENTAL
Preparation of the shaped Pt catalysts
For the preparation of four Pt/H-Beta-25 extrudates with the con-
trolledmetal deposition (Fig. 1), the same procedure as in our pre-
vious work3 was used. The main difference was in using, as a
binder, colloidal silica Bindzil-50/80 (50 wt% SiO2 in water, Akzo
Nobel) instead of bentonite applied previously. The composition
was the same for all catalysts, i.e. 2 wt% of Pt nominal loading
and 70/30 weight ratio of H-Beta-25 zeolite/Bindzil binder. Tetra-
ammonium-platinum(II) nitrate (≥50% Pt basis, Sigma-Aldrich)
was used as a source of Pt precursor. In the case of catalyst A,
the composite material was first synthesized, then shaped into a
cylindrical body of 1.5 mm in diameter by extrusion in a one-
screw extruder (TBL-2, Tianjin Tianda Beiyang Chemical Co. Ltd)
from the slurry containing 1% methylcellulose, and, finally, Pt
was introduced by the evaporation impregnation method. In
the case of catalyst B, Pt was introduced into the zeolite–binder
composite material, and then shaped. For catalysts C and D, Pt
was introduced either on the Bindzil binder or H-Beta-25, respec-
tively, then synthesized with the corresponding counterpart
(i.e. the zeolite or the binder, respectively), and finally shaped.
The proton form of Beta-25 zeolite was obtained from commercial
NH4-Beta-25 (SiO2/Al2O3 = 25, CP814E, Zeolyst International) by
calcination in a muffle oven at 500 °C for 4 h.

Physicochemical characterization of shaped Pt catalysts
The four fresh and spent extrudates were characterized by
several methods. Transmission electron microscopy (TEM)
(JEOL JEM-1400Plus) was used to measure the metal
(Pt) particle size and determine whether the metal was
deposited on H-Beta-25 or on the Bindzil binder. The surface
morphology, interphase interactions and Pt concentration on
the outer layer of extrudates were studied by scanning elec-
tron microscopy–energy-dispersive X-ray analysis (SEM-EDX;
Zeiss Leo Gemini 1530). The Pt concentration in the entire
volume of the shaped catalyst body was determined by
inductively coupled plasma–optical emission spectroscopy
(ICP-OES; PerkinElmer Optima 5300 DV). The mechanical
strength of extrudates was measured using a crush test
(SE 048, Lorentzen & Wettre). Fourier transform infrared
(FTIR; ATI Mattson FTIR Infinity Series spectrometer) was used
to determine the strength and quantification of Brønsted
and Lewis acidity with pyridine desorption at 250–350,
350–450 and 450 °C, reflecting weak, medium and strong
acid sites. Textural properties were measured by nitrogen
physisorption (Micromeritics 3Flex-3500). Details of the phys-
icochemical characterization methods and equipment are
presented in our previous publications.3,29–32

Catalytic tests of n-hexane hydroisomerization in the
fixed-bed reactor
Experiments in the continuous mode were performed with Pt/H-
Beta-25 cylindrical extrudates containing 30 wt% Bindzil binder
(diameter 1.5 mm, length 3.0 mm). Hydroisomerization of n-
hexane (Fig. 2) was selected as a model reaction. The reaction
was performed over 3 g Pt extrudates in a fixed-bed reactor
(12 mm in diameter, catalyst zone of 70 mm, thermocouple
pocket of 3 mm, reactants flow from top to bottom, a turbulizer
upstream of the catalytic zone).3 Before the reaction, the catalyst
was flushed with nitrogen and then reduced under a hydrogen
flow rate of 30 mL min−1 at 400 °C and 1 bar for 1 h. The catalytic
tests were divided into two stages: the first stage was focused on
measuring stable catalyst activity and in the second stage the cat-
alyst was measured under deactivation conditions. The reaction
conditions were: 250 °C, 1 bar H2, constant 50 mL min−1 He flow
rate through the vessel containing liquid n-hexane, and 30 and
5 mL min−1 H2 flow rate for the first and second stage, respec-
tively. After the reaction, the spent catalyst was regenerated via
the following procedure: the spent catalyst was calcined at
600 °C for 3 h (heating rate 350 °C h−1), flushed with nitrogen,
reduced according to the same program as mentioned above
and reused.

Figure 1. Schematic picture of the catalysts employed in this study, showing different Pt location and distances between the metal and acid sites. A:
Pt/(H-Beta-25 + Bindizl-50/80), post synthesis; C: (Pt/Bindizl-50/80) + H-Beta-25, in situ synthesis; B: Pt/(H-Beta-25 + Bindizl-50/80), in situ synthesis; D:
(Pt/H-Beta-25) + Bindizl-50/80, in situ synthesis. H-Beta-25 (grey circle), Bindizl-50/80 (white circle), Pt (black dots).1,3
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RESULTS AND DISCUSSION
Physicochemical characterization results of shaped Pt
catalyst
In line with our previous studies,3,29 TEM images (Fig. 3) confirmed
the applicability of the proposed approach to prepare materials
with controlled metal (Pt) deposition. Small Pt particle sizes were
obtained for catalyst A prepared via the post-synthesis method
with a randommetal location on both H-Beta-25 zeolite and Bind-
zil binder (ϕ 1.7 nm, min 0.2, max 26 nm) and for catalyst C, where
the metal was located exclusively on Bindzil (ϕ 2.5 nm, min 0.5,
max 17 nm). Approximately fivefold larger Pt particle sizes were
measured for catalyst B prepared via in situ synthesis method with
a random metal (Pt) location (ϕ 9.0 nm, min 1.1, max 39 nm) and
for catalyst D, where the metal was deposited exclusively on H-
Beta-25 (ϕ 10.8 nm, min 0.9, max 44 nm). The size of Pt clusters
in the case of catalyst A, which was relatively smaller than for
other materials, can be related to the impregnation procedure.
In the former case Pt was introduced from an aqueous solution
of Pt(NH3)4(NO3)2 onto a shaped catalyst, followed by its slow
penetration from the outer layer into the interior of the extrudate.
In other cases, i.e. for catalysts B, C and D, platinum was intro-
duced into the powder material, followed by shaping. After the
reaction, the Pt particle sizes slightly increased, on average, giving
also a broader distribution with a shift to larger Pt particle sizes.
Significant sintering of metal particles (Fig. 3) was observed for
catalysts A and C with the microscale distance between metal
and acid sites (Fig. 1). This could be related to local overheating
by the exothermic reaction on the spots with high size density,

leading to the diffusion of metal particles and subsequent to
meeting each other. Another explanation may be the lower bind-
ing of metal support in the case of silica binder compared to
zeolite.
SEM images (Fig. 4) showed the local interphase interactions

caused by the agglomeration step in the catalyst–binder prepara-
tion30 and by extrusion.3,29,31,32 The observed significant intra-
crystalline void space between the particles in the catalyst C
could be a reason for lower mechanical strength (2.9 and 0.7 MPa
in the vertical and horizontal position, respectively; Table 1). The
mechanical strength for other Pt/H-Beta-25 extrudates containing
30 wt% Bindzil (3.8–4.5 MPa in the vertical position, Table 1) was
higher and comparable with Pt/H-Beta-25 extrudates containing
30 wt% bentonite binder (3.2–4.8 MPa).3 Hence chemical interac-
tions between the catalytically active phases of Pt/H-Beta-25 and
the Bindzil binder are important for enhancing the mechanical
strength of the synthesized extrudates. Furthermore, enhance-
ment of such interactions between the active phases and the
binder is influenced by selection of organic and inorganic binders,
the particle size of the catalytic active phase, as well as rheological
properties of the paste for extrusion. Methods of metal introduc-
tion, synthesis temperature, time and activation procedures are
important parameters, which should be taken into consideration
for preparation of mechanically stable extrudates with an
enhanced strength.
Real Pt concentration, determined by ICP-OES in the entire vol-

ume of the shaped body, was the same as the nominal loading
(2 wt%) for catalysts A and B, where Pt was deposited randomly

Figure 2. Hydroisomerization of n-hexane.3

Figure 3. TEM images: (a, e) fresh and spent Pt/(H-Beta-25 + Bindzil), post synthesis; (b, f) fresh and spent Pt/(H-Beta-25 + Bindzil), in situ synthesis; (c, g)
fresh and spent (Pt/Bindzil) + H-Beta-25; (d, h) fresh and spent (Pt/H-Beta-25) + Bindzil. D, metal dispersion (100/dPt).
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on both H-Beta-25 and Bindzil. A slightly higher (2.3 wt%) and,
conversely, a lower (1.7 wt%) Pt concentration was obtained for
catalysts D and C, respectively. Pt concentration on the outer layer
of extrudates determined by EDX revealed the higher value
(3.5 wt%) for the catalyst A prepared via the post-synthesis
method, as expected. However, this value was ~2.4 lower com-
pared to the eggshell type of Pt/H-Beta-25 extrudates containing
bentonite.3 These results could be attributed to better penetra-
tion of Pt into the extrudates for the Bindzil binder (i.e. colloidal sil-
ica without impurities) than for bentonite.
The highest (88 μmol g−1) and the lowest total acid sites

(46 μmol g−1, i.e. about twofold lower than the highest value) were
obtained for catalysts A and B, respectively (Table 1). For catalysts B
and D, the total acid sites (68 and 63 μmol g−1, respectively) were
comparable. The same trend was observed for Pt extrudates with
bentonite, even though the total acid sites were about twofold
higher (69–208 μmol g−1).3 It is noteworthy that a significantly
higher Lewis acidity was detected for catalyst A as compared other
materials (Table 1). After the catalytic tests, total acidity was
increased in all cases, mainly due to increasing weak and medium
Brønsted acid sites (Table 1). A significant increase of acidity
(~12.6-fold) accompanied by a shift in the peak for Brønsted acid
sites (from 1550 to 1650 s−1) was observed for catalyst B. This could
be attributed to coke formation during deactivation.
Differences in the number of total acid sites between catalysts

with the same composition and the same nominal loading of Pt
can be attributed to different synthesis procedures, in particular
the step where themetal precursor was introduced onto supports

of different acidity. In line with the work of Kubička et al.,43 depo-
sition of platinum on zeolites led to changes in acidity compared
to the pristine supports. This subsequently affected the acidity of
the final extrudates and thus the metal-to-acid site (cPt/cAS) ratio.
For Pt extrudates with Bindzil, different metal-to-acid site ratios
(cPt/cAS = 0.16–0.68, Table 1) in a narrower range were obtained
compared to Pt extrudates with bentonite as a binder (0.07–
1.12).3 This can be attributed to significantly different ranges of
catalyst acidity, as mentioned above. The work of Kubička
et al.43 states that also the electronic properties of Pt are influ-
enced by acidic supports, with the magnitude of such alterations
being dependent on the support acidity.
In line with the literature,3,29,31,32 the textural properties were

similar, but the specific surface area was slightly lower for catalyst
B (Fig. 5). After the reaction, the surface area decreased by ~10%
for catalysts A, C and D. A significantly higher decrease in the sur-
face area and the pore volume by 44% and 27%, respectively, was
observed for catalyst B (Fig. 5). This could be related to coking of
the catalyst surface, as mentioned above as an explanation for
increased acidity.

Catalytic activity, selectivity and stability of shaped Pt-
catalysts in n-hexane hydroisomerization
Fresh and regenerated Pt extrudates with Bindzil were tested in
two stages under hydrogen flow rates of 30 and 5 mL min−1,
respectively. In the graphs, the stages are divided by dash-dot-
dash vertical lines. For comparison, the results from the literature3

measured over Pt extrudates with a bentonite binder were added

Figure 4. SEM images: (a) Pt/(H-Beta-25 + Bindzil), post synthesis; (b) Pt/(H-Beta-25 + Bindzil), in situ synthesis; (c) (Pt/Bindzil) + H-Beta-25; (d) (Pt/H-Beta-
25) + Bindzil.

Table 1. Characterization results of shaped Pt catalysts with controlled metal location

MSv MSh cPt cPt_E
BAS (μmol g−1) LAS (μmol g−1)

TAS cPt/cAS
(MPa) (MPa) (%) (%) w m s ∑ w m s ∑ (μmol g−1)

E31 3.5 1.3 — — 50 17 77 145 25 2 2 30 175 —

A–F 4.5 1.8 2.0 3.5 61 1 0 62 26 0 0 26 88 0.68
B–F 4.4 1.2 2.0 1.7 62 2 3 67 0 1 0 1 68 0.16
C–F 2.9 0.7 1.7 1.0 49 5 7 61 1 1 0 2 63 0.54
D–F 3.8 1.2 2.3 1.2 42 0 1 43 3 0 0 3 46 0.24
A–S — — — — 129 14 0 142 6 1 0 8 150 —

B–S — — — — 833 6 0 840 14 2 0 15 855 —

C–S — — — — 52 18 0 71 3 2 0 5 75 —

D–S — — — — 60 2 0 62 4 0 0 4 66 —

E: data from literature31 for metal-free H-Beta-25 extrudates containing 30% of the Bindzil binder: F: fresh catalyst: S: spent catalyst; A: Pt/(H-Beta-25
+ Bindzil), post synthesis; B: Pt/(H-Beta-25 + Bindzil), in situ synthesis; C: (Pt/Bindzil) + H-Beta-25; D: (Pt/H-Beta-25) + Bindzil; BAS: Brønsted acid sites;
LAS: Lewis acid sites; TAS: total acid sites; w: weak; m:medium; s: strong; cPt_E: Pt concentration at the top of the extrudate surface; cPt: Pt concentration
in the entire volume; cAS: concentration of total acid sites; MS: mechanical strength of extrudates in vertical (v) and horizontal (h) position.
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to the graphs, showing the results from the first stage of the fresh
catalyst obtained in the current work. Catalyst activity and selec-
tivity obtained after 5 min of time-on-stream (TOS) are given in
Table 2, together with the best results observed over 3.4% Pt/H-
Beta-25 extrudates with bentonite. It should be also mentioned
that in this case (denoted by D*) Pt was deposited exclusively
on H-Beta-25; the reaction temperature was the same (250 °C),

whereas the reaction pressure of 18 bar(a) and hydrogen flow rate
of 180 mL min−1 were significantly higher, and the reactant con-
tained 1% benzene.3 For comparison, the data for a slightly higher
n-hexane conversion obtained over 0.65 wt% Pt/H-Beta powder
catalyst and 0.25 wt% Pt/Al2O3-Cl industrial extrudates at a similar
conversion level (noted as P and I, respectively) were also added
to Table 2.26,44

Figure 5. Pore size distribution for fresh (solid line) and spent (dot-dot line, values in parentheses) extrudates: (a) Pt/(H-Beta-25 + Bindzil), post synthesis
(light-blue squares); (b) Pt/(H-Beta-25 + Bindzil), in situ synthesis (dark-blue diamonds); (c) (Pt/Bindzil) + H-Beta-25 (red triangles); (d) (Pt/H-Beta-25)
+ Bindzil (green circles). A, specific surface area; Vp, specific pore volume; Vμp, micropore volume; Vmp, mesopore volume.
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Table 2. Catalytic results for n-hexane hydroisomerization at 5 min time-on-stream

X SiC6 SDMB SMP SByP DMB/MP 2,2-DMB/2,3-DMB 2-MP/3-MP dX1/dt dX2/dt ΔXreg ΔSiC6_reg T QvH2 p Ref.
(%) (%) (%) (%) (%) (% h−1) (% h−1) (%) (%) (°C) (mL min−1) (bar)

A 75 92 25 66 8.2 0.4 1.7 1.6 0.6 2.9 −18 4 250 30 1 CW
B 72 98 20 78 2.0 0.3 1.3 1.6 0.0 0.9 −55 −15 250 30 1 CW
C 31 94 13 81 5.7 0.2 0.4 1.6 4.9 4.5 6 −13 250 30 1 CW
D 74 97 23 75 2.7 0.3 1.6 1.6 0.3 1.9 −23 −3 250 30 1 CW
D* 23 93 8 85 7.4 0.1 0.3 1.6 — — — — 250 180 18 3
P 84 97 34 64 2.8 0.5 2.5 1.5 — — — — 250 22 2.7 26
I 75 99 28 72 1.0 0.4 1.1 1.8 1.3* — — — 150 30 30 43

Conditions: 250 °C, 1 bar, 30 (5) mL min−1 H2, 3 g of catalyst.
A: Pt/(H-Beta-25 + Bindzil), post synthesis; B: Pt/(H-Beta-25 + Bindzil), in situ synthesis; C: (Pt/Bindzil) + H-Beta-25; D: (Pt/H-Beta-25) + Bindzil; D*: data
from literature3 for (Pt/H-Beta-25) + bentonite extrudates; X: n-hexane conversion; P: data from literature26 for 0.65 wt% Pt/H-Beta powder catalyst; I:
data from literature44 for 0.25 wt% Pt/Al2O3-Cl industrial extrudates. *Conversion decline per hour calculated between 2 and 20 TOS; SiC6: selectivity to
C6 isomers (SDMB + SMP); SDMB: selectivity to dimethylbutanes (2,2-DMB + 2,3-DMB); SMP: selectivity tomethylpentanes (2-MP, 3-MP); SByP: selectivity to
by-products (mostly cracked C5-hydrocarbons + C7 traces); dX1/dt: conversion decline per hour in the first stage for the fresh catalyst; dX2/dt: conver-
sion decline per hour in the second stage for the fresh catalyst;ΔXreg: a difference of conversion between the first point over the fresh catalyst and the
first point over the regenerated catalyst;ΔSiC6_reg: difference of C6 isomers selectivity between the first point over the fresh catalyst and the first point
over the regenerated catalyst; T: reaction temperature: QvH2: volume flow rate of hydrogen; p: reaction pressure; CW: current work.

Figure 6. Conversion as a function of TOS: (a) fresh; (b) regenerated extrudates. Selectivity to C6 isomers as a function of TOS: (c) fresh; (d) regenerated extru-
dates. Pt/(H-Beta-25 + Bindzil), post synthesis (light-blue squares); Pt/(H-Beta-25 + Bindzil), in situ synthesis (dark-blue diamonds); (Pt/Bindzil) + H-Beta-25
(red triangles); (Pt/H-Beta-25) + Bindzil (green circles); literature data:3 Pt/(H-Beta-25 + bentonite), post synthesis (light-blue squares, open symbols in figure
(a, c); Pt/(H-Beta-25 + bentonite), in situ synthesis (dark-blue diamonds, open symbols in figure (a, c); (Pt/bentonite) + H-Beta-25 (red triangles, open symbols
in figure (a, c); (Pt/H-Beta-25) + bentonite (green circles, open symbols in figure (a, c); pristine H-Beta-25 powder catalyst (black cross).
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Figure 6(a) illustrates that catalysts A, B and D have high and
comparable activity (X = 72–75%, Table 2), with a negligible con-
version decline (dX1/dt = 0–0.6% h−1; Table 2) in the first stage.
Comparable results (X = 75%, dX/dt = 1.3% h−1) were obtained
over 0.25 wt% Pt/Al2O3–7.8 wt% Cl industrial extrudates with
the same size as in the current work (1.5 × 3.0 mm) at 150 °C,
30 bar and H2 flow rate of 30 mL min−1.44 Conversely, for
catalyst C, where Pt is located exclusively on the Bindzil binder,
~ 2.4-fold lower conversion was observed, with a significant activ-
ity decline (4.9% h−1). As a comparison, Pt extrudates containing
bentonite binder and pristine H-Beta-25 powder exhibited a very
low conversion (X = 9–23%;3 Fig. 6(a)), measured under a higher
H2 flow rate (180 mL min−1) and pressure (18 bar). Conversely, a
slightly higher conversion of n-hexane (84%, Table 2)26 was
obtained over 0.65% Pt/H-Beta zeolite in a powder form
(<150 μm) without a binder at the same temperature of 250 °C,
similar H2 flow rate (22 mL min−1) and pressure (2.7 bar).
Although n-hexane conversion was close to equilibrium (86.7%),
the C6 isomers per se were not in equilibrium with each other.
The major isomerization products were 2-MP, 3-MP and DMB, in
that order,26 similar to observations in the literature for Pt/zeolite
catalysts,3,19,23–25,45 Al2O3/ZrO2/SO4/Pt catalysts,28 Pt/Al2O3-Cl
industrial catalyst44 and also in the current work.
In the first stage, a high selectivity to the desired C6 isomers

(dimethylbutanes + methylpentanes) reaching 92–98% was
obtained over all Pt/H-Beta-25-Bindzil extrudates (Table 2 and
Fig. 6(c)). Similar selectivity was observed over the industrial extru-
dates Pt/Al2O3-Cl (<1% of cracked products; I in Table 2),44 the pow-
der Pt/H-Beta catalyst without a binder (97%; P in Table 2),26 and
Pt/H-Beta-25-bentonite extrudates with the closest proximity
between Pt and acid sites (93%; D* in Table 2).3 Significantly lower
selectivity to C6 isomers (53–79%, literature3) was observed over
Pt/H-Beta-25-bentonite extrudates, where Pt was deposited on the
bentonite binder, or randomly on both zeolite and the binder in
the entire shaped body or on the outmost layer of extrudates
(Fig. 6(c)). An explanation for lower selectivity to C6 isomers over
Pt/H-Beta-25-bentonite catalyst compared to other extrudates syn-
thesized with Bindzil as a binder can be related to the side products
formed because of substantial acidity of the bentonite binder. Fur-
thermore, presence of impurities such as Fe2O3, MgO, K2O in ben-
tonite can also attribute to formation of side products.30,31

Figure 7(a, b) displays a correlation of selectivity to C6 isomers
with the metal-to-acid site ratio (cPt/cAS, Fig. 7(a)) and Pt disper-
sion (D, Fig. 7(b)). The highest initial C6 isomer selectivity and at
the same time the lowest by-product selectivity were obtained
for catalyst B, with the lowest cPt/cAS ratio and random deposition

of Pt in the entire body of extrudates. The second highest initial
selectivity to C6 isomers was obtained for the catalyst D, where
Pt was located exclusively on H-Beta-25 zeolite. The main by-
products were C5 isomers and, to a lesser extent, C1–C4
hydrocarbons.
The same trend – a decreased selectivity to isomerization with

increasing cPt/cAS ratio – was observed over Pt/R_Si powder cata-
lyst in n-heptane hydroisomerization at 350 °C and atmospheric
pressure.4 Conversely, an opposite trendwas reported for ethylcy-
clohexane hydroconversion at 330 °C and 10 bar over Pt-Al2O3/
HEU-1 pellets (250–500 μm) where Pt was located on the alumina
binder.1 At the maximum ethylcyclohexane conversion of 96%,
the selectivity of isomerization, cracking, ring opening and dehy-
drogenation was 65%, 16%, 2% and 15%, respectively. Different
platinum concentrations from 0.1% to 2.3% led to different cPt/
cAS ratios ranging from 0.03 to 0.48. Some sort of a selectivity pla-
teau was reached at a cPt/cAS ratio of 0.3 for ethylcyclohexane
hydroconversion. The isomerization selectivity increased with
increasing cPt/cAS ratio also in the case of Pt/H-Beta-25-bentonite
extrudates in n-hexane hydroisomerization with the presence of
1% benzene at low temperature (200, 250 °C) and 18 bar, but
the plateau was not reached even for a very high cPt/cAS ratio
of 1.12.3 At the maximum n-hexane conversion of 23.4% obtained
at 250°C with the extrudates where Pt was located on the
zeolite, selectivity of isomerization and cracking was 92.6% and
0.7%, respectively. It should be also mentioned that at high tem-
perature (300–350 °C), selectivity to C6 isomers was not affected
by cPt/cAS ratio.

3 It can be concluded that the reaction tempera-
ture has a larger effect on C6 isomer selectivity than catalyst
acidity.
In the first stage, however, selectivity to C6 isomers was constant

with TOS for all catalysts except catalyst C during 5–35 min of TOS
(Fig. 6(c)), for which it was decreasing. A detailed analysis of the
results showed that selectivity to dimethylbutanes (DMB, Fig. 8
(a)) decreased, while selectivity to methylpentanes (MP, Fig. 8(c))
increased with TOS. Such behavior can be explained by gradual
catalyst deactivation influencing selectivity in the network com-
prising consecutive reactions from n-hexane to methylpentane
and further to dimethylbutanes.
Overall selectivity to DMB and MP can be attributed to the pres-

ence of strong Brønsted acid sites (sBAS; Table 1 and Fig. 7(c, d)).
Figure 7(c, d) shows that selectivity to DMB andMP displays oppo-
site behavior, decreasing and increasing, respectively, with
increasing sBAS leading to different DMB/MP ratios of 0.2–0.4
(Table 2). In agreement with the reasoning above, a signifi-
cantly lower DMB/MP ratio (0.002–0.1), i.e. lower selectivity

Figure 7. Hydroisomerization of n-hexane at 5 min of time-on-stream. Conditions: 250 °C, 1 bar, 30 mL min−1 H2, 3 g catalyst: (a, b) selectivity to C6 iso-
mers as a function of the metal-to-acid site ratio and of the Pt dispersion; (c) selectivity of dimethylbutanes (DMB); (d) selectivity of methylpentanes
(MP) as a function of the strong Brønsted acid sites (sBAS). Pt/(H-Beta-25 + Bindzil), post synthesis (light-blue square); Pt/(H-Beta-25 + Bindzil), in situ syn-
thesis (dark-blue diamond); (Pt/Bindzil) + H-Beta-25 (red triangle); (Pt/H-Beta-25) + Bindzil (green circle).
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to DMB, was observed for Pt/H-Beta-25-bentonite extrudates
with significantly higher amounts of strong Brønsted acid sites
(12–129 μmol g−1)3 compared to Pt/H-Beta-25-Bindzil extru-
dates (sBAS of 0–7 μmol g−1; Table 1).
The negative effect of strong acid sites on the formation of the

desired DMB is in line with the literature,24 where it was shown
that strong and the highly dense acid sites can promote hexane
cracking. The relative importance of cracking via ⊎-scission also
increases with increased n-hexane conversion.46 Based on the
kinetic model developed in the literature,46 the only cracking
route in hexane hydroconversion is propane formation from
2MP. Taking this and the product distribution of by-products com-
posed mostly of cracked C5-hydrocarbons into account, it can be
assumed that the cracked product is formed predominantly from
polymerization–cracking cycles rather than from direct hexane
cracking, in line with the literature.47

The thermodynamic equilibrium composition at 250 °C is 38.8%
2,2-DMB, 25.0% 2-MP, 12.9% 3-MP, 10.0% 2,3-DMB and 13.3% n-
hexane.26 In all cases of Pt/H-Beta-25-Bindzil extrudates, methyl-
pentanes (2-MP/3-MP ratio of 1.6; Table 2) were formed almost
at their equilibrium ratio (2-MP/3-MPeq = 1.5).16 The same results
were observed in the literature over the powder Pt-zeolite cata-
lysts (2-MP/3-MP ratio of 1.5–1.7),16,19,23–26,28,45) over Pt/H-Beta-

25-bentonite extrudates (2-MP/3-MP ratio of 1.4–1.6),3 and over
Pt/Al2O3-Cl industrial extrudates (2-MP/3-MP ratio of 1.8)44 in n-
hexane hydroisomerization. It is assumed that the reaction rates
of protonated cyclopropyl branching of n-hexane towards 2-MP
and 3-MP are equal. Furthermore, an additional isomerization
step is expected from 3MP to 2MP through an alkyl shift with
the rate approximately three orders of magnitude larger, which
compensates for the identical rates of branching in a previous
step.46 This is in line with an experimentally observed higher
selectivity to 2-methylpentane.
Conversely, 2,2-dimethylbutane to 2,3-dimethylbutane ratio

(2,2-DMB/2,3-DMB = 0.4–1.7; Table 2) was different for all extru-
dates and at the same time was significantly lower than the equi-
librium value (2,2-DMB/2,3-DMBeq = 2.5).16 This is attributed to
the strong effect of n-hexane conversion, as in the case for Pt/Beta
powder catalysts,3,16,19,24–26,44 with both kinetic and thermody-
namic factors limiting formation of dimethylbutanes.47 This result
confirms that branching occurs by consecutive reactions, i.e. MP is
formed very rapidly and exclusively by isomerization of the
protonated cyclopropyl (PCP) at low conversions (<50%).
Upon increasing n-hexane conversion the yield of DMB
increases.16,24,45,46 Formation of DMB is slower and requires two
successive branching steps via protonated cyclopropanes on the

Figure 8. Selectivity to dimethylbutanes as a function of time-on-stream (TOS): (a) fresh; (b) regenerated extrudates. Selectivity to methylpentanes as a
function of TOS: (c) fresh; (d) regenerated extrudates. Pt/(H-Beta-25 + Bindzil), post synthesis (light-blue squares); Pt/(H-Beta-25 + Bindzil), in situ synthesis
(dark-blue diamonds); (Pt/Bindzil) + H-Beta-25 (red triangles); (Pt/H-Beta-25) + Bindzil (green circles); Pt/(H-Beta-25 + bentonite), post synthesis (light-
blue squares, open symbols in figure (a, c)); literature data:3 Pt/(H-Beta-25 + bentonite), in situ synthesis (dark-blue diamonds, open symbols in figure
(a, c)); (Pt/bentonite) + H-Beta-25 (red triangles, open symbols in figure (a, c)); (Pt/H-Beta-25) + bentonite (green circles, open symbols in figure (a, c)); pris-
tine H-Beta-25 powder catalyst (black cross).
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acid sites, which are the limiting ones in the bifunctional mecha-
nism. In addition, 2,2-DMB is formed even more slowly than
2,3-DMB.16 Generation of this 2,2-DMB isomer containing a qua-
ternary carbon atom requires the longest contact time and the
strongest acidity.47 A possible explanation could be the existence
of a transformation step from a stable tert-2,3-dimethylbutane cat-
ion to a sterically hindered and less stable sec-2,2-dimethyl-3-butyl
cation. Accordingly, the kinetic factors become limiting to achieve
equilibrium on all apart from the strongest acid sites due to slow
carbocation rearrangements involved in the formation of these
quaternary isomers.16,45,47

In the second stage of experiments with fresh catalysts (under a
lower H2 flow rate of 5 mL min−1), significant changes in both
conversion and selectivity were observed. A 4.8-fold faster cata-
lyst deactivation was observed for catalysts A and D. In the case
of catalyst B, the conversion decline increased from 0 to 0.9%
per hour. The fastest deactivation and the largest decrease in
selectivity to C6 isomers (i.e. the most prominent increase of by-
products; Fig. 7) was observed for catalyst C, where Pt was depos-
ited on the Bindzil binder, i.e. with the second maximal distance
between the metal and acid sites (Fig. 1) and the second highest
cPt/cAS ratio (0.54; Table 1). This is contrary to literature
reports5,9,20,48,49 when a decrease in cPt/cAS ratio promoted faster
deactivation; namely, the ratio below 0.03 resulted in rapid deac-
tivation, while very slow or no deactivation was achieved for cPt/
cAS ≥ 0.1 in the n-C7 and n-C10 transformations over Pt/H-Y and
Pt/H-MOR catalysts. Based on the experimental data obtained in
the current work, it can be tentatively concluded that not only
the metal-to-acid sites ratio or their proximity influences catalyst
deactivation.
A delayed response to changes in the conditions was observed

for catalysts A and B with random deposition of Pt on both the
zeolite and the binder. This led to a significant decrease in C6 iso-
mer selectivity at 16 h of TOS. Thereafter, selectivity to C6 isomers
increased with TOS in the same way as was observed for catalysts
C and D right from the beginning of the second stage (i.e. from
11.6 h of TOS). Nevertheless, the final selectivity to C6 isomers
(at 21.6 h of TOS) was lower than at the end of the first stage
(at 6.6 h of TOS). A significant decrease by 10% and 5% was
observed for catalysts C and B, respectively. For catalysts A
and D, the final C6 isomer selectivity was comparable, exhibiting
a decrease of only 1%.

Overall, for fresh extrudates, the most stable catalytic activity
was obtained with catalyst B, where Pt was distributed uniformly
in the entire shaped body randomly on both H-Beta-25 zeolite
and on the Bindzil binder (Figs 1 and 8(a)). A very slow deactiva-
tion and at the same time a high selectivity to the desired C6 iso-
mers was obtained with catalyst D, where Pt was deposited
exclusively on H-Beta-25 zeolite (Figs 1 and 8(b)). A plausible
explanation for slow deactivation Pt/H-Beta-25-Bindzil extrudates
where Pt is deposited on the H-Beta-25 zeolite is the coke resis-
tance property of Beta zeolite.24 Furthermore, changes in the con-
centration of Brønsted acid sites after introduction of Pt (i.e. low
amount of strong BAS compared to the metal-free extrudates;
Table 1) can also contribute to coke resistance26,43,50,51 and
enhance formation of the desired C6 isomers.
Regeneration of the catalyst after ~24 h of TOS had a different

effect on different catalysts, depending on Pt location (Table 2
and Figs 6, 8). Only for catalyst C with Pt deposited on the binder
was a significant increase in catalytic activity, namely by 64% and
6%, observed compared to the last point before catalyst regener-
ation and to the first point measured over the fresh catalyst,
respectively. Regeneration of the catalyst had a minimal effect
on catalysts A and D, illustrated by ~20% lower conversion than
for the first point over the fresh catalysts. Unexpectedly, a sub-
stantial decrease in the conversion by 50% and 55%was observed
for catalyst B compared to the last point before catalyst regener-
ation and to the first point measured over the fresh catalyst,
respectively. On the other hand, in the second stage after regen-
eration (Fig. 6(b)), conversion over catalyst B was fairly stable.
For other catalysts (A, C, D), ~3% h−1 of the conversion decline
was observed, pointing clearly at catalyst deactivation (Fig. 6(d)).
Selectivity to the desired products was lower for all regenerated
catalysts. DMB selectivity (Fig. 8(d)) was significantly different with
TOS, while MP selectivity (Fig. 8(b)) was almost constant. Compar-
ison of total changes in catalyst activity and selectivity with char-
acterization results of fresh and spent catalyst revealed some
correlations, illustrated in Fig. 9.
In line with the literature,1,5,9,20,26,52 deactivation of the solid

acid catalyst is attributed to coke formation. The total decline of
n-hexane conversion (the first point of the fresh catalyst to the
final point of the regenerated catalyst) was correlated with
changes in the textural properties of the deactivated catalysts
(Fig. 9(a, b)). The total decrease in selectivity to C6 isomers

Figure 9. Difference of n-hexane conversion (between the last point of the regenerated catalyst and the first point of the fresh catalyst) as a function of:
(a) difference in the specific surface area; (b) difference in the pore volume (between spent and fresh catalyst); and (c) difference of C6 isomer selectivity
(between the last point of the regenerated catalyst and the first point of the fresh catalyst) as a function of the difference of total acid sites (between spent
and fresh catalyst). Pt/(H-Beta-25 + Bindzil), post synthesis (light-blue square); Pt/(H-Beta-25 + Bindzil), in situ synthesis (dark-blue diamond); (Pt/Bindzil)
+ H-Beta-25 (red triangle); (Pt/H-Beta-25) + Bindzil (green circle).
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increased with increasing acid sites of the deactivated catalyst
(Fig. 9(c)). Apparently, no correlations between the sintering of
metal particles and the different behavior of catalysts during the
deactivation process could be seen.
A direct comparison with the published data is very difficult due

to utilization of different types of catalysts (e.g. supports, metals
and their loading), different reaction conditions and reactors.
However, overall, it can be stated that in the current work, by
using Pt/H-Beta-25 extrudates with Bindzil as a binder similar or
better catalytic activity (X = 74%; Table 2D) and selectivity to C6
isomers (SiC6 = 97%; Table 2D) at 250 °C were obtained than in
the literature for Pt bifunctional catalysts at 240–280 °C
(X ~ 5–82, SiC6 ~ 40–99%).16,19,23–26,46,47,53,54

In general, Beta-based catalysts are considered relatively cata-
lytically stable in n-hexane hydroisomerization,24,26,54 especially
compared to mordenite-based catalysts, giving a conversion
decline of respectively 6%16 and 35% h−1.24 Such significant cata-
lyst deactivation was explained by the higher acid site density and
the unidimensional pore system of mordenite catalysts.24 Only
slight changes in the catalytic activity of n-hexane and selectivity
to C6 isomers were observed over Pt/Beta catalysts up to ~12 h
(0.3% h−1),26 13 h54 and 55 h (0.03% h−1).24 This is in line with
the results over Pt extrudates B (0% h−1; Table 2) and D
(0.3% h−1; Table 2) tested in the first stage (up to 7 h) in the
current work.
Considering that the selectivity of the individual mono- and di-

branched products are strongly influenced by n-hexane
conversion19,24–26,47 and by the catalyst type,24 these results were
compared only with the literature data obtained over Pt/Beta cat-
alysts at a similar conversion level and reaction temperature to
those in the current work.
The distribution of the desired products and selectivity to

methylpentanes (SMP = 75%; Table 2) and dimethylbutanes
(SDMB = 23%; Table 2) were significantly better for D shaped cata-
lyst than for 0.6% Pt/Beta catalyst (SMP = 35%, SDMB = 7%, catalyst
fraction = 1.2–2.4 mm, X = 72%, 250 °C)54 and the same (except
for the 2,2-DMB/2,3-DMB ratio) as for 0.5% Pt/H-Beta catalyst at
a higher temperature (SMP = 76%, SDMB = 23%,
2,2-DMB/2,3-DMB = 0.8, 2-MP/3-MP = 1.6, X = 73%, 275 °C).24

CONCLUSIONS
This work describes the preparation of bifunctional catalysts in
the form of extrudates with controlled metal (platinum) deposi-
tion on either a zeolite H-Beta-25, a silica (Bindzil) binder or ran-
domly on both. In the last cases shaping was done either prior
to or before deposition of platinum, resulting in themetal location
mostly in the outer layer of extrudates or randomly in the entire
volume, respectively. All four catalysts contained the same Pt
nominal loading, i.e. 2 wt%, and 70/30 weight ratio of H-Beta-25
zeolite/Bindzil binder. Catalytic behavior and regeneration were
investigated using n-hexane hydroisomerization as a model reac-
tion in a fixed-bed reactor. The catalytic tests were performed at
250 °C, atmospheric pressure and hydrogen flow rate of 5 or
30 mL min−1. After the reaction, the catalysts were regenerated
using calcination at 600 °C for 3 h, subsequent flushingwith nitro-
gen and reduction under hydrogen at 400 °C for 1 h before reuse.
TEM images confirmed that location of the metal (Pt) in the

extrudates can be successfully regulated using the preparation
strategy adopted in the current work. Extrudates with different
mechanical strength, Pt particle size, number of acid sites
(Brønsted and Lewis) and their strength, the metal-to-acid site

(cPt/cAS) ratio and proximity between these two types of active
sites were obtained, while the textural properties were
comparable.
The catalysts exhibited high selectivity to C6 isomers, with the

major isomerization products being 2-methylpentane,
3-methylpentane and dimethylbutane, in that order. Selectivity
to C6 isomers was correlated with the metal-to-acid site ratio
and Pt dispersion. The ratio of dimethylbutanes to methylpen-
tanes and 2,2-dimethylbutane to 2,3-dimethylbutane was
increased with decreasing strong Brønsted acid sites of catalysts
and increasing n-hexane conversion. At the same time, the ratio
of 2-methylpentane to 3-methylpentane ratio was the same for
all extrudates.
A significantly faster deactivation andmore prominent decrease

of selectivity to C6 isomers was observed for the catalyst where Pt
was deposited on the Bindzil binder, i.e. with the second maximal
distance between themetal and acid sites and the second highest
cPt/cAS ratio. This led to the conclusion that the location of the
metal can have a larger influence on catalyst deactivation rather
than metal-to-acid site ratio or their proximity. Only for this cata-
lyst was the regeneration of spent catalyst successful. Conversely,
a very slow deactivation and at the same time high selectivity to
the desired C6 isomers was obtained for the catalyst where Pt
was deposited solely on H-Beta-25 zeolite, i.e. with the minimal
distance between the metal to acid sites, the second lowest cPt/
cAS ratio, and absence of strong Brønsted acid sites.
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