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Abstract: Propylene is one of the most important feedstocks in the chemical industry, as it is used in
the production of widely diffused materials such as polypropylene. Conventionally, propylene is
obtained by cracking petroleum-derived naphtha and is a by-product of ethylene production. To
ensure adequate propylene production, an alternative is needed, and propane dehydrogenation
is considered the most interesting process. In literature, the catalysts that have shown the best
performance in the dehydrogenation reaction are Cr-based and Pt-based. Chromium has the nonnegligible disadvantage of toxicity; on the other hand, platinum shows several advantages, such as
a higher reaction rate and stability. This review article summarizes the latest published results on
the use of platinum-based catalysts for the propane dehydrogenation reaction. The manuscript is
based on relevant articles from the past three years and mainly focuses on how both promoters and
supports may affect the catalytic activity. The published results clearly show the crucial importance
of the choice of the support, as not only the use of promoters but also the use of supports with tuned
acid/base properties and particular shape can suppress the formation of coke and prevent the deep
dehydrogenation of propylene.
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1. Introduction

(Dion) D. Dionysiou,

Propylene [1] is the feedstock of strategic materials such as acrolein, polypropylene,
acetone, polyacrylonitrile, propylene oxide and other industrial products [2]. The conventional propylene production industrial processes are the fluid catalytic cracking and the
naphtha and light diesel steam cracking [3]. The fast consumption of fossil fuels is making
conventional propylene production methods unsuitable to meet the growing demand
for propylene; therefore, the development of more efficient and economical production
methods is a major concern [4]. Innovative methods to produce propylene have been
proposed, including the propane dehydrogenation (PDH), the methanol–olefin process
and the Fischer–Tropsch olefin process [2]. The development of shale gas [5] extraction
methods has generated an abundance of light alkanes, therefore making propane dehydrogenation the best candidate for replacing conventional propylene production processes [6].
Several catalysts and propane dehydrogenation processes have been developed, whose
representatives are UOP Oleflex, Lummus Catofin, Linde–BASF PDH, Uhde STA and
Snamprogetti–Yarsintez FBD [2]. Currently, Lummus Catofin [7] and UOP Oleflex [8] are
mainly used in industrialized devices. The Catofin process uses chromium/aluminumbased catalysts, which show good performance, assuring good stability and high propylene
yield and resulting in a propylene selectivity higher than 87% [2]. However, this process
has low efficiency due to frequent switching to high-temperature conditions [2]; moreover,
chromium is not considered an environmentally friendly catalyst. The Oleflex process uses
platinum/aluminum-based catalysts, and the hydrogen produced together with propylene
can be used as fuel in the unit; furthermore, the dehydrogenation unit can be integrated
with downstream conversion processes [2]. At the moment, therefore, processes using
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promote the propane dehydrogenation to give the corresponding [Pt + propylene]+ and
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3. Theoretical Studies
Several theoretical studies have recently been published on the use of platinum-based
Several theoretical studies have recently been published on the use of platinumcatalysts for the PDH reaction. The trends in the activity and selectivity for propylene
based catalysts for the PDH reaction. The trends in the activity and selectivity for propylproduction on a group of transition metals (Cu, Ag, Ni, Pt, Pd, Co, Rh, Ir, Ru, Re and
ene production on a group of transition metals (Cu, Ag, Ni, Pt, Pd, Co, Rh, Ir, Ru, Re and
Os) have been studied and parameterized as a function of two relevant C3 descriptors
Os) have been studied and parameterized as a function of two relevant C3 descriptors
(CH3 CHCH2 and CH3 CH2 CH) [19]. The simulation clearly showed that Pt is the only pure
(CH3CHCH2 and CH3CH2CH) [19]. The simulation clearly showed that Pt is the only pure
metal catalyst with good activity and propylene selectivity in PDH reaction.
metal catalyst with good activity and propylene selectivity in PDH reaction.
Among the bimetallic catalytic systems, the Pt-Sn has been extensively studied through
density functional theory (DFT) calculations. The reaction pathway for Pt-Sn catalytic
systems was studied, demonstrating that a single Pt site can break the propane C–H bond;
moreover, the interface and Sn can increase the catalyst stability and suppress the deep
dehydrogenation [20]. Compared to the monometallic Pt catalyst, the Pt-Sn bimetallic
catalysts showed improved turnover rates, propylene selectivity and stability in PDH

Catalysts 2021, 11, 1070

Among the bimetallic catalytic systems, the Pt-Sn has been extensively studied
through density functional theory (DFT) calculations. The reaction pathway for Pt-Sn catalytic systems was studied, demonstrating that a single Pt site can break the propane C–
H bond; moreover, the interface and Sn can increase the catalyst stability and suppress
4 of 26
the deep dehydrogenation [20]. Compared to the monometallic Pt catalyst, the Pt-Sn bimetallic catalysts showed improved turnover rates, propylene selectivity and stability in
PDH reaction [21]. The high turnover rates are attributed to the electronic effects that
reaction
[21]. The high chemisorption
turnover rates energies.
are attributed
to the electronic
effects
weaken
weaken
Pt-hydrocarbon
Moreover,
the turnover
ratethat
increases
Pt-hydrocarbon
chemisorption
energies.
Moreover,
the
turnover
rate
increases
with
with the Pt-Sn coordination number, while the higher propylene selectivity was attributedthe
coordination
number,
while
the higher
selectivity
wasrequired
attributed
to Pt-Sn
the geometric
effects
of Sn in
reducing
the Ptpropylene
ensembles.
The energy
fortoSnthe
geometric
effects
of
Sn
in
reducing
the
Pt
ensembles.
The
energy
required
for
Sn
atoms
atoms to move from the bulk to the surface in a Pt3Sn@Pt model was calculated, demon- to
move from the bulk to the surface in a Pt3 Sn@Pt model was calculated, demonstrating that
strating that the most negative segregation
energy happens with a Pt3Sn top layer and
the most negative segregation energy happens with a Pt3 Sn top layer and four Sn atoms
four Sn atoms at the surface [22]. Moreover, it has been demonstrated
that the Pt3Sn alloy
at the surface [22]. Moreover, it has been demonstrated that the Pt3 Sn alloy surface can
surface can be easily restored by reduction after an acid etching controlled
process, showbe easily restored by reduction after an acid etching controlled process, showing that the
ing that the Pt3Sn alloy surface is recoverable and thermodynamically preferable.
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Other effective bimetallic catalytic systems have been studied, such as the PtZn4 surOther effective bimetallic catalytic systems have been studied, such as the PtZn
face, whose geometric and electronic structures activate the first and second C–H bonds 4
surface, whose geometric and electronic structures activate the first and second C–H
of propane but inhibit the coke formation [23]. The Pt electronic features on boron nitride
bonds of propane but inhibit the coke formation [23]. The Pt electronic features on boron
nanosheets can be adjusted by rational deposition on the support so that different charge
nitride nanosheets can be adjusted by rational deposition on the support so that different
states show different catalytic performances in PDH reaction [24]. Calculations demoncharge states show different catalytic performances in PDH reaction [24]. Calculations
strate that Pt supported on boron vacancy is more reactive towards propane, propene and
demonstrate that Pt supported on boron vacancy is more reactive towards propane, propene
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through the formation of amorphous oxide both on the support and on the platinum particles. The studies on Co@Pt catalyst have shown that the core–shell system is catalytically
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result isofcatalytically
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The
studies
catalyst
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shown thatselectivity
the core–shell
propylene adsorption energies and higher activation energies in the PDH reaction [26].
less active than Pt but shows higher propylene selectivity as the result of less negative
The addition of vanadium to platinum results in the formation of the Pt3 V intermetallic
propylene adsorption energies and higher activation energies in the PDH reaction
[26].
compound with a structure like AuCu3 , which shows the same catalytic performance of an
The addition of vanadium to platinum results in the formation of the Pt3V intermealloy surface layer on a Pt core [27]. A change in the orbital energy in Pt-V alloys causes the
tallic compound with a structure like AuCu3, which shows the same catalytic performance
weakening of the absorbate bonding to the Pt, leading to a more stable binding geometry.
of an alloy surface layer on a Pt core [27]. A change in the orbital energy in Pt-V alloys
A comparison between the performance of MgO-supported Pt3 and Pt7 with Pt2 Ge
causes the weakening of the absorbate bonding to the Pt, leading to a more
stable binding
and Pt7 Ge has shown that Ge is a good dopant to regulate Pt selectivity [28]. Alloying Pt
geometry.
with Ge reduces the affinity between the pure metallic clusters and alkenes, thus favoring
the alkene desorption; moreover, for the smallest PtGe clusters, the sintering by Ostwald
ripening is less likely. The presence of Ge reduces the carbon affinity, thus improving the
resistance to coke formation.
As we discuss afterward, one strategy to improve the selectivity of the catalysts in
PDH reaction is to trap the metal clusters in the zeolites to suppress sintering. However,
a significant passivation effect of the surrounding zeolite structure on the center of the d-
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band and on the catalytic performance of closed Pt clusters has recently been reported [29].
The zeolitic framework suppresses the propylene desorption, decreasing the selectivity
and increasing the coke deposition, thus making the zeolitic environment surrounding not
beneficial for PDH reaction.
Platinum has also been studied as a dopant in Cr2 O3 and ZnO catalytic systems for
PDH reaction [30]; in the case of chromium oxide, the Pt doping affects the physiochemical
properties of close oxygen atoms and lowers the activation energy for rate determination.
In the case of ZnO, the Pt doping can speed up the H diffusion, stabilize the H atoms and
promote the H2 desorption.
Combining microkinetic analysis and DFT calculations, a Pt-doped Ga2 O3 catalytic
system was studied, and its bifunctional character was demonstrated [31]. At the Ga(o)–O
site, a Lewis acid–base interaction occurs when a pair of H atoms can be coadsorbed at the
Ga(o) and O ion pair, thus providing a positive effect on hydrogen recombination. The
Pt−O site is more active than the Ga(o)–O site in the propane activation, having a lower
activation energy of the rate-limiting step. However, further studies have demonstrated
that the Ir1 −Ga2 O3 catalyst is more effective than the Pt-doped Ga2 O3 catalyst in PDH
reaction [32].
In summary, in this section, a series of theoretical studies focus on the promoted and
bimetallic systems. Although platinum itself is active in the dehydrogenation reaction
of propane, the presence of promoters or bimetallic systems in general provides better
performance in terms of stability. These results are essentially attributed to the electronic
effects due to the formation of metal alloys. Interestingly, the possibility of trapping metal
species in a preorganized structure, such as a zeolite, can be detrimental in the desorption
of propylene, thus reducing the stability of the catalyst. As we will see later, a series of
experimental articles seem to contradict these results, making further investigation urgent.
4. Polymetallic and Promoted Catalysts
This section reports the main results claimed by a series of articles focusing on bi- and
polymetal promoted systems; for clarity, a summary table is provided at the end of the
section, which summarizes the best results in terms of yield and selectivity for propylene
and deactivation rate.
Several bimetallic catalytic systems have been studied, including Pt-Sn, Pt-Co, Pt-Ge,
Pt-Zn and so on. Synthetic methodology and characterization are crucial steps toward
understanding structure–activity relationships in PDH bimetallic catalysts [33]. The most
used preparation method is impregnation followed by reduction, with the aim to obtain
an alloy. Recently, colloidal methods to obtain supported Pt-In and Pt-Ga nanoparticles
have been reported, displaying uniform phases, ensuring that promoter atoms are fully
incorporated into the bimetallic nanoparticle and no excess promoter oxide remains on the
surface [33].
4.1. Bimetallic and Promoted Catalysts
The effect of different promoters, including Ce, In, La and Fe, was evaluated with
Pt/Sn-SBA-15 catalyst, in which Sn was used as dopant for SBA-15 [34]. The addition
of promotors affected the reducibility, acidity, surface content and stability of metallic Pt
particles and the coke formation. The FePt/Sn-SBA-15 catalyst showed the best initial
propane conversion; on the other hand, the InPt/Sn-SBA-15 catalyst exhibited the best
performance in time on stream test (Figure 3). Indium promoted the formation of surface
Pt oxides and their reduction; moreover, it stabilized the metallic Pt under the reaction
conditions. Indium and platinum oxides were partially reduced, suggesting that oxygen
vacancies can be generated during the reaction.
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vacancies can be generated during the reaction.
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promoted MPt/SnSBA-15 (M = Ce, In, La, Fe) (reaction conditions: C H /Ar = 1/4, WHSV = 4.05 h−1 , 853 K). Reprinted
SBA-15 (M = Ce, In, La, Fe) (reaction conditions: C33H88/Ar = 1/4, WHSV = 4.05 h−1, 853 K). Reprinted
with
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from
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[34].Copyright
Copyright2019
2019American
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Chemical Society.
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from
ref.
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Both DFT calculation and experimental results demonstrated that the formation of
which inhibits
the C–C bond cleavage, the hydrogenolysis and the coke formation, thus
PtMn alloy nanoparticles on the SiO2 -based support increases the electron density of Pt
obtaining enhanced propylene selectivity.
due to the electron transfer from Mn to Pt [41]. The Mn doping is able to improve the
dispersion and stabilize the Pt clusters, thus improving the performance in PDH reaction.
Zeolite-stabilized Pt-Zn catalysts, in which Zn species are stabilized by silanols from
dealumination of the zeolite structure, act as anchor sites for Pt species [42]. Pt-Zn species
are highly dispersed on the support surface; the two metals are in close contact, and strong
electronic interaction is guaranteed. The 0.1Pt-2Zn/Si-beta catalyst showed high propylene
production rate and selectivity and a sustainable deactivation rate during the PDH reaction.
The coke deposition was very low; therefore, the irreversible deactivation of the catalyst
was attributed to the loss of Zn species and the consequent aggregation of Pt species. Of
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great interest is the 10Zn0.1Pt/HZSM-5 catalytic system, the good performance of which
has been attributed to the presence of two kinds of active centers that work corporately,
Lewis acidic sites created by Zn framework species and small-sized PtZn particles [43].
Similarly, the titanium framework of the titanium silicon zeolite TS-1 is able to localize Pt
and Zn together, in PtZn/TS-1 catalyst, by increasing the dispersion of Pt and improving
its modification by Zn [44].
Atomic layer deposition (ALD) has been used to tailor the interface between Pt
nanoparticles and the SiO2 support [45]; the SiO2 surface was modified by homogeneous
deposition of a thin ZnO layer, and the resulting support was impregnated with platinum
precursor. Reductive thermal treatment gave rise to a phase transformation to form Pt1Zn1
alloy nanoparticles. The resulting catalyst showed higher activity than the corresponding
catalyst prepared by incipient wetness impregnation. The nanoalloy formation induces
electronic and geometric modification of Pt, which reduces side reactions.
4.2. Supported Liquid Metal Solutions
Liquid metal catalysts do not have some of the problems of heterogeneous catalysts,
such as the presence of different active centers, i.e., defects and irregularities of the solid
surface [46]. In the case of the liquid metal solution, the active metals are in a uniform
steric and electronic environment. However, they may suffer from stability problems
at high temperatures, and the separation of the reaction products from the catalyst is
sometimes difficult to accomplish. The possibility of supporting these catalysts on solid
porous supports, to obtain the so-called supported catalytically active liquid metal solutions
(SCALMS), allows merging the positive features of both heterogeneous and molecular
catalysis. The key difference, with respect to the conventional intermetallic compounds, is
the low melting temperature of the system. Under dehydrogenation conditions (>623 K)
the Ga/noble metal phase is present as a homogeneous liquid [47]. Diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), with CO as a probe molecule, has been
applied to Ga/Al2 O3 , Pt/Al2 O3 and Ga37 Pt/Al2 O3 catalysts to investigate the nature of the
active Pt species, demonstrating the presence of isolated Pt atoms on the liquid SCALMS
surface [47]. Under operando conditions, during PDH in CO/propane and in Ar/propane,
Pt/Al2 O3 sample is rapidly poisoned by CO adsorption and coke formation, while no
poisoning was observed over Ga37 Pt/Al2 O3 . Ga/Al2 O3 is more active than Pt/Al2 O3 due
to the presence of Ga+ species on the surface of the catalyst. IR spectra and DFT studies
suggested that the Ga matrix and the presence of coadsorbates modify the electronic
properties of the surface Pt species.
Spatially resolved kinetic data were acquired during PDH over GaPt/SiO2 SCALMS [48].
The results showed an enhanced deactivation of the catalyst at the end of the bed, with the
deactivation front moving from the end to the beginning of the catalyst bed over the time on
stream, probably due to the enhanced coking of the catalyst under high conversion.
4.3. Polymetallic Catalysts
Polymetallic catalysts have also been studied, such as K-PtSn/Al2 O3 [49] and Ce,
Zn and Co (0.3, 0.5 and 0.7 wt%) promoted trimetallic Pt-Sn-K/Al2 O3 catalysts for PDH
reaction [50]. The results highlighted the superior promoting effect of Ce; the Pt–Ce
interactions could prevent the Pt particle agglomeration, and Ce could promote the thermal
stability of γ-Al2 O3 . The synergic effect of Co and Zn can enhance the Pt reducibility and
consequently suppress the coke formation.
Lanthanum was used to improve the performance of PtSn/γ-Al2 O3 catalyst; the
parent catalyst was impregnated with different amounts of lanthanum salt precursor to
obtain a loading of 0, 1.2, 2.2 or 3.2 wt% [51]. La can improve both propane conversion and
propylene selectivity, and the best performance was obtained with a loading of 2.2 wt%.
Ca and Pb have been used to modify the geometric and electronic features of PtGa/SiO2
catalyst by decorating the PtGa nanoparticles on silica support [52]. Lead was deposited on
the three-fold Pt and Ga sites of the PtGa nanoparticles to block the Pt3 sites, thus favoring
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Table 1. Polymetallic and promoted catalysts: reaction conditions, propylene selectivity, propylene yield and deactivation rate per selected catalyst of each article.

Catalyst

Reaction Conditions

Reactor

Time on Stream Test

Propylene Selectivity
(S) and Yield (Y)

Deactivation Rate a

Ref.

InPt/Sn-SBA-15

C3 H8 /Ar = 1/4
WHSV = 4.05 h−1

Fixed bed
i.d. = 10 mm
l = 200 mm

1 atm
853 K
33 h

S = 99%
Y = 40.5%

0.007 h−1

[34]

Pt-Sn3.00 /θ-Al2 O3

C3 H8 /H2 /He = 1/1/8
WHSV = 11.8 h−1

Fixed bed
-

1 atm
823 K
24 h

S = 99%
Y = 37.6%

0.009 h−1

[36]

Pt-Sn/Al2 O3

C3 H8 /H2 /N2 = 3/3/7
WHSV = 8.9 h−1

Fixed bed
i.d. = 18 mm

1atm
873 K
5h

S > 94%
Y = 29.7%

0.083 h−1

[37]

Pt1 Sn1 /SiO2

C 3 H8 = 1
WHSV = 4.7 h−1

Packed bed
i.d. = 7 mm

1 atm
853 K
30 h

S > 99%
Y = 38%

0.003 h−1

[38]

Pt0. 5-Ge1.5 /Al2 O3

C3 H8 /H2 /N2 /Ar =
1/1.5/18/24/1

Fixed bed
i.d. = 5 mm
l = 600 mm

1 atm
873 K
250 min

S = 97.2%
Y = 51.4%

0.10 h−1

[40]

Pt/0.5Mn-DMSN

C3 H8 /N2 = 1/2
WHSV = 2.4 h−1

Fixed bed
-

863 K
100 h

S > 99%
Y = 40.1%

0.007 h−1

[41]

0.1Pt-2Zn/Si-beta

C3 H8 /He = 1/9
WHSV = 2.4 h−1

Fixed bed
i.d. = 6 mm

1 atm
823 K
150 h

S = 98%
Y = 36%

0.008 h−1

[42]

10Zn0.1Pt/HZ

C3 H8 /N2 = 5/95
WHSV = 0.24 h−1

Fixed bed
i.d. = 6 mm

1 atm
798 K
65 h

S = 93%
Y = 40%

0.008 h−1

[43]
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Table 1. Cont.
Catalyst

Reaction Conditions

Reactor

Time on Stream Test

Propylene Selectivity
(S) and Yield (Y)

Deactivation Rate a

Ref.

PtZn/TS-170

C3 H8 = 1
WHSV = 12 h−1

Fixed bed
-

1 atm
873 K
97 h

S > 96%
Y = 19.7%

0.0158 h−1

[44]

PtZn/SiO2

C3 H8 /He = 2/8
GHSV = 6000 mL g−1 h−1

Fixed bed
i.d. = 10 mm

1 atm
873 K
12 h

S = 97%
Y = 47.5%

0.0133 h−1

[45]

Ga-Pt
SCALMS

C3 H8 /He = 3/22
WHSV = 1.4 h−1

Compact Profile Reactor
(CPR)
i.d. = 4 mm
o.d. = 6 mm
l = 180 mm

773 K
15 h

S ≈ 100%
Y = 8%

0.064 h−1

[48]

Pt-Sn-K-Co0.3 -Zn0.7 /γAl2 O3

C3 H8 /H2 = 1.2/1 WHSV = 2 h−1

Fixed bed
i.d. = 15 mm

1 atm
893 K
10 h

S = 90%
Y = 39.6%

0.024 h−1

[50]

Pt-Sn-La(2.2)/Al2 O3

C3 H8 = 1
WHSV = 1.9 h−1

Fixed bed
i.d. = 18 mm

1 atm
873 K
13 h

S = 84.6%
Y = 29%

0.042 h−1

[51]

PtGa-CaPb/SiO2

C3 H8 /H2 /He = 2.5/1.25/3.75
WHSV = 5.9 h−1

Fixed bed
i.d. = 8 mm

1 atm
873 K
720 h

S > 99%
Y > 30%

0.00033 h−1

[52]

a

kd =

ln

 100− X

end
Xend



−ln

t

 100− X
Xin

in



; [40].
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5. The Effect of the Support
This section reports the main results claimed by a series of articles focused on the
effect of the support; a summary table is provided at the end of the section to summarize
the best results in terms of propylene yield and selectivity and deactivation rate.
The surface and textural properties of the catalyst support have a crucial role in
regulating the catalytic performance of the catalysts. Specific surface area, acid–base
properties, shape and thermal stability may have significant influences on the catalytic
performance of Pt-based catalysts [53]. Alumina is the most used support [54]; it was
shown that the unsaturated coordinate Al3+ sites (penta-coordinated Al3+ , Al3+ penta ) play
a crucial role in the PDH activity of the Pt/Ga/Al2 O3 catalysts [55]. Al3+ penta sites are able
to promote the dispersion of Pt and Ga ions on the Al2 O3 support, thus facilitating the
effective hydrogen spillover between Pt and Ga and generating hydrogen desorption from
the active sites of Ga2 O3 . Highly ordered mesoporous Al2 O3 supports, with different levels
of Al3+ penta sites, have been prepared and tested to disperse Pt-Sn2 clusters via a formation
of Al–O–Pt bonds, thus preventing the agglomeration of the clusters [56].
5.1. Support Acid–Base Properties
As already mentioned, the regulation of the acid–base properties of the support can
be fundamental to prevent side reactions and coke formation. Direct evidence of the
relation between Lewis acid sites and coke formation, in alumina-based catalysts, has been
demonstrated; in fact, the reduction of the strong Lewis acid sites leads to suppression of
metal sintering and coke formation [57]. The effect of physically adding nanostructured
metal oxides TiO2 , ZrO2 and Al2 O3 to Pt-Sn/γ-Al2 O3 catalysts in PDH reaction at 823 K
was investigated [58]. The additives did not affect the performance of the catalysts but
markedly enhanced the catalyst stability, in terms of less coke formation (both aliphatic and
aromatic), with a decrease by approximately 3%, 19% and 32% in presence of Al2 O3 , ZrO2
and TiO2 , respectively. These results were explained in terms of the number of oxygen
vacancy defect sites, which are involved in the adsorption of coke precursors generated on
Pt particles, in that a decrease in coke formation on Pt-Sn/γ-Al2 O3 catalyst corresponds
to an increase in the coke deposition on the acidic sites of the additives. The effect of
different percentages of TiO2 in TiO2 Al2 O3 support (ATn, n = TiO2 /(Al2 O3 + TiO2 ) =
0–100), in Pt-Sn/TiO2 Al2 O3 catalysts, has been investigated, showing that the addition
of TiO2 can regulate the acid properties of the composite support and promote the metal–
support interactions [59]. The best performance was obtained with PtSn/AT20 catalyst; the
proper acidity prevents the coke formation and side reactions, and enhanced metal support
interactions improve the dispersion of PtSn on the support and prevent the Pt aggregation.
Calcium has been reported to promote the catalytic activity of Pt0.5 -Ge1.5 /Al2 O3 in
the PDH reaction, in terms of higher propylene selectivity and lower coke formation, thus
improving the stability as the result of the suppression of the strongest acid sites [60].
The aging temperature in the alumina preparation has a significant effect on the
physical and chemical properties of the support [61]. The increase in the aging temperature
led to an increase in the pore size and the pore volume; moreover, the pore size distribution
became broader due to the boehmite phase formation and to needle or rod-like alumina
structures formed after calcination. The aging temperature also has an influence on the
surface properties of the PtSnK/Al2 O3 catalyst. By increasing the aging temperature, the
dispersion of Pt and the total acid content of the catalyst increase until reaching a maximum,
located between 423 and 523 K, and then decrease with the temperature. Moreover, an
increase in the aging temperature enhances the interaction between SnOx and the support,
thus inhibiting the reduction and reducing the Sn0 formation.
The Lewis acid sites of beta zeolites can improve the conversion by increasing the metal
dispersion, while Brønsted acid sites can catalyze the cracking reactions, oligomerization
and aromatization [62]. When comparing the performance of the Pt-Sn/beta catalysts
(SiO2 /Al2 O3 = 38 or 300), the Pt-Sn/beta catalyst (300) showed the best catalytic activity of
PDH despite the lower dispersion of Pt [62].
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The dealumination of zeolites allows the decrease in the acidity of the support and the
incorporation of Sn atoms into the zeolite (BEA, SiO2 /Al2 O3 ratio of 25) framework [63].
The corresponding Pt-Sn/zeolite catalysts show a Pt-Sn interaction that provides high
selectivity and an increase in the agglomeration resistance of the active phase.
Titanium-based zeolite TS-1 has been enwrapped with SBA-16 silica to obtain a
composite material to use as support for Pt-Sn-based catalysts [64]. Comparing the effect of
different percentages of TS-1 (0–20%), the best performance in PDH reaction was obtained
with the amount of 10% in the composite. The catalytic performance of Pt-SnOx/TS1@SBA-16 was interpreted as the result of the synergistic effect in the effective mass transfer
through the hierarchical porous structure of the suited acidity and of the electronic effect of
Ti species, which stabilizes the SnOx species.
Three different pH values (9–11) were used for the synthesis of Boron-modified ZrO2
(B-ZrO2 ), subsequently adopted as the supports of PtSn catalysts (PtSn/B-ZrO2 -x); the
characterization results showed that the acid strength increased with the synthesis pH [65].
In particular, the moderate interaction occurring between the metal species and B-ZrO2 -10
support results in a stronger interaction between Pt and Sn. In this way, the migration of
coke precursor from the active sites to the support is facilitated, resulting in better stability
in PDH conditions.
5.2. Support Morphology
In order to suppress aggregation, metal leaching and sintering during high-temperature
reactions, supports with different morphologies have been studied. Sub-nanometric metal
species show unique catalytic behavior compared to their nanoparticulate counterparts.
However, the poor stabilization of these species towards sintering at high temperatures,
under oxidative or reductive reaction conditions, limits their catalytic application.
The strong metal–support interactions (SMSIs) are defined as an encapsulation of the
metal nanoparticles by the oxide over layers, blocking access to the nanoparticle surface [66].
SMSI encapsulation is performed by reducing substoichiometric oxide supports, which
migrate over the metal nanoparticles. Good examples are Pt-Ti/SiO2 and Pt-Nb/SiO2
catalysts, obtained by impregnation of organometallic precursors, which showed SMSI
behaviors [66]. Partial covering of the catalytic surface by the SMSI oxides resulted in lower
activity per gram of Pt but similar TORs in PDH reaction; however, higher selectivity for
propylene was obtained.
Highly stable and active Pt and Pt-Sn sub-nanometric clusters can be located in
sinusoidal zeolite channels (pure-silica MFI), obtaining improved performance in PDH
reaction [67,68]. Pt-Ni alloy nanoparticles have been encapsulated in perovskite-type
oxide [69]. The appropriate amount of Pt, which is optimal to be confined in the lattice
and to obtain the Pt-Ni alloy sites with moderate Pt-Ni interaction, was found to be 0.4%.
The confinement has been shown to be crucial to enhance the propane conversion and
the propene selectivity. Dealuminated Hβ (SiO2 /Al2 O3 = 25) was used to encapsulate Sn
species existing in tetrahedral coordination states into the framework of dealuminated beta
(Si-beta) [70]. The strong Pt-Sn (IV) interactions inhibited the coke formation, while high
dispersion of the ultrasmall nanoclusters inhibited the sintering of Pi clusters [71].
Stabilized Pt-Zn/Si-beta catalyst has been prepared by dealumination followed by Zn
stabilization by the silanol defects of the zeolite framework, which then act as the anchoring
sites for Pt species [42]. The resulting catalyst showed high propylene production rate
and selectivity, and the irreversible deactivation was attributed to the loss of Zn species,
which led to the Pt aggregation at high temperatures. Similarly, ultrasmall PtZn bimetallic
nanoclusters have been encapsulated in silicalite-1 zeolite (S-1) (Figure 5), thus obtaining a
highly active and selective catalyst for propane dehydrogenation [72]. The introduction
of Cs+ ions into the zeolite is able to improve the regeneration of the catalyst, without
affecting the catalytic activity [73].
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a propensity to segregate on the support surface. The electronic modification of the Pt
particles in the Pt/MgAl(In)O catalysts enhances the dehydrogenation activity and the
anticoking capacity.
The addition of Zn to MgAlO layered double oxide support in PtSn-Mg(Zn)AlO
catalyst has been studied, showing a promotional effect of Zn [89]. The addition of Zn can
change the structure of the catalyst by changing the interfacial character between the metal
particles and support, thus increasing the metal dispersion.
Au-Pt/MgAl layered double hydroxide catalysts have been extensively studied, showing
that the anchoring of active metals complexes in the interlayer space of the support decreases
the metal particle size and, as a consequence, improves the catalytic activity [90]. An increase
in the Mg/Al ratio in the support leads to a decrease in the platinum dispersion; moreover,
gold does not perform a dehydrogenating function, but the introduction of gold promotes the
geometric dilution of platinum active centers, leading to an increased dispersion.
In summary, most of the articles published in the last three years on the dehydrogenation of propane in the presence of platinum-based catalysts focus on the effect of the
support. The strategy is based on two main assumptions, namely regulating the surface
acidity of the support to prevent the formation of coke and trapping the metal nanoparticles to avoid sintering. From the data summarized in Table 2 it is evident that the best
performances were reported in the case of alumina-based substrate modified with calcium
oxide and in the case of Si-beta zeolites obtained by dealumination. Concerning the latter
case, theoretical studies have suggested that trapping structures can prevent the rapid
desorption of propylene, thereby undermining the stability of the catalyst. On the contrary,
the modification of the acid–base properties of the support seems to be a winning strategy
in all cases.
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Table 2. The effect of the support: reaction conditions, propylene selectivity, propylene yield and deactivation rate per selected catalyst of each article.

Catalyst

Reaction Conditions

Reactor

Time on Stream Test

Propylene Selectivity
(S) and Yield (Y)

Deactivation Rate a

Ref.

Pt/Ga/Al2 O3

C3 H8 /N2 = 1:9
WHSV = 2.4 h−1

Fixed bed
i.d. = 8 mm

100 KPa
853 K
2h

S > 97%
Y > 46%

0.373 h−1

[55]

Pt-Sn2 /meso-Al2 O3

C3 H8 /H2 /N2 =
1/1/3
WHSV = 2.9 h−1

Fixed bed
-

853 K
160 h

S > 95%
Y > 38%

0.0033 h−1

[56]

Pt-Sn/TiO2 Al2 O3

C3 H8 /H2 = 1/1
GHSV = 1600 h−1

Fixed bed
-

1 atm
873 K
10 h

S > 88%
Y > 23%

0.034 h−1

[59]

Pt0.5 -Ge1.5 /Al2 O3 CaO

C3 H8 /H2 /N2 /Ar =
2/1/16.78/0.22
WHSV = 23.5 h−1

Fixed bed
i.d. = 5 mm

1 atm
873 K
25 h

S > 98%
Y > 16%

0.013 h−1

[60]

PtSnK/Al2 O3

H2 /C3 H8 = 1/2
WHSV = 4 h−1

Fixed bed
i.d. = 10 mm
l = 450 mm

1 atm
873 K
50 h

S = 96.5%
Y = 32.8%

0.005 h−1

[61]

PtSn/beta (300)

N2 /C3 H8 = 1/10
WHSV = 6 h−1

Fixed bed
-

1 atm
893 K
4h

S = 65.5%
Y = 21.6%

0.319 h−1

[62]

Pt/Sn
(1.0)/Na-BEA-D

C 3 H8 = 1
WHSV = 3.5 h−1

Fixed bed
-

1 atm
823 K
4h

S = 98.8%
Y = 25.7%

0.025 h−1

[63]

Pt-SnOx/10%
TS-1@SBA-16

C3 H8 /H2 /N2 = 1/1/4
WHSV = 3 h−1

Fixed bed
-

1 atm
863 K
7h

S = 96.5%
Y = 49.5%

0.018 h−1

[64]

PtSn/B-ZrO2

C3 H8 /H2 /N2 = 1/1/8
WHSV = 3 h−1

Fixed bed
i.d. = 8 mm

1 atm
823 K
5h

S > 99.5%
Y > 34.3%

0.0127 h−1

[65]
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Table 2. Cont.
Catalyst

Reaction Conditions

Reactor

Time on Stream Test

Propylene Selectivity
(S) and Yield (Y)

Deactivation Rate a

Ref.

K-PtSn@MFI

C3 H8 /N2 = 5/16
WHSV = 1.85 h−1

Fixed bed
-

1 atm
873 K
65 h

S = 97.5%
Y = 46.3%

0.013 h−1

[67]

Zn(Ni)Ti(0.4%Pt)O3 /SiO2

C3 H8 /H2 /N2 = 8/7/35
WHSV = 3 h−1

Fixed bed
-

1 atm
873 K
14 h

S = 96.6%
Y = 26.6 %

0.061 h−1

[69]

0.3Pt/0.5Sn-Si-beta

C3 H8 /N2 = 1/19
WHSV = 1 h−1

Fixed bed
i.d. = 5 mm

1 atm
823 K
24 h

S = 94%
Y = 24.4%

0.002 h−1

[70]

Pt-Sn2 /SnBeta

C3 H8 /H2 /N2 = 1/1/8
WHSV = 140 h−1

Fixed bed
i.d. = 6 mm

1 atm
843 K
159 h

S = 99%
Y = 42%

0.0063 h−1

[71]

0.3Pt0.5Zn@S-1

C3 H8 /N2 = 11/19 WHSV = 6.5
h−1

Fixed bed
i.d. = 5 mm

1 atm
823 K
60 h

S = 99.8%
Y = 42.4%

0.002 h−1

[72]

PtZn4@S-1-H

C3 H8 /N2 = 1/3
WHSV= 3.6 h−1

Fixed bed
i.d. = 20 mm

1 atm
823 K
217 h

S = 99.2%
Y = 40.1%

0.001 h−1

[73]

PtSn/Fe-S1

C3 H8 /Ar = 20/80
WHSV= 4.05 h−1

Fixed bed
i.d. = 10 mm
l = 200 mm

1 atm
853 K
50 h

S = 95%
Y = 18.3%

0.03 h−1

[74]

GaPt@S-1

C3 H8 /N2 = 1/19
WHSV = 0.65 h−1

Fixed bed
i.d. = 5 mm

1 atm
873 K
24 h

S = 95%
Y = 39.4%

0.0068 h−1

[75]

PtGa@MFI

C3 H8 /H2 /N2 =
1/1/2.
WHSV = 5.9 h−1

Fixed bed
i.d. = 10 mm

1 atm
873 K
20 h

S = 98%
Y = 14.3%

0.027 h−1

[76]
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Table 2. Cont.
Catalyst

Reaction Conditions

Reactor

Time on Stream Test

Propylene Selectivity
(S) and Yield (Y)

Deactivation Rate a

Ref.

0.7Pt0.7Zn/MZ

C3 H8 = 1
WHSV = 13 h−1

Fixed bed
i.d. = 8 mm

853 K
600 h

S > 93%
Y > 15%

0.0017 h−1

[77]

Pt/Si-MFI-NS

C3 H8 /N2 = 1/1
WHSV = 2.82 h−1

Fixed bed
-

1 atm
823 K
13 h

S = 95%
Y = 29.3%

0.022 h−1

[78]

PtSnNa/ZFS

H2 /C3 H8 = 1/4
WHSV = 3 h−1

Fixed bed
-

0.1 MPa
863 K
100 h

S > 99.4%
Y > 30.7%

0.004 h−1

[79]

Pt/P-CNTs

C3 H8 /N2 = 5/95
WHSV = 1.8 h−1

Fixed bed
-

0.13 MPa
873 K
10 h

S > 85%
Y > 4%

0.039 h−1

[80]

Pt-Sn/Al2 O3

C3 H8 /Ar = 1/2.8 WHSV = 36.5
h−1

Fixed bed
i.d. = 4 mm

1 atm
873 K
36 h

S = 99.1%
Y = 26.4%

0.017 h−1

[81]

Pt/Cu/h-BN-sheet

C3 H8 /H2 /N2 = 1/1/4

Fixed bed
-

1 atm
793 K
6h

S > 99.5%
Y > 11.7%

0.05 h−1

[82]

PtIn/LaAlO/AlO

C3 H8 /H2 /N2 = 8/7/35
WHSV = 3 h−1

Fixed bed
i.d. = 8 mm

1 atm
873 K
16 h

S > 90%
Y > 25%

0.054 h−1

[83]

PtIn/HT

C3 H8 /H2 /N2 = 8/7/35
WHSV = 3 h−1

Fixed bed
-

873 K
190 h

S > 95%
Y > 34%

0.0035 h−1

[87]

Pt/MgAl(1.6In)O

C3 H8 = 1
WHSV = 1.6 h−1

Fixed bed
i.d. = 19 mm

1 atm
873 K
5h

S > 96%
Y > 26%

0.013 h−1

[88]
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Table 2. Cont.
Catalyst

Reaction Conditions

Reactor

Time on Stream Test

Propylene Selectivity
(S) and Yield (Y)

Deactivation Rate a

Ref.

PtSn-Mg(3Zn)AlO

H2 /C3 H8 /N2 = 0.15/1/4
WHSV = 6.3 h−1

Fixed bed
i.d. = 8 mm

1 atm
823 K
14 h

S > 99%
Y > 40%

0.042 h−1

[89]

Au-Pt/MgAlOx

H2 /C3 H8 = 0.25
WHSV = 8 h−1

Fixed bed
-

1 atm
823 K
5h

S > 99%
Y > 9.7%

0.116 h−1

[90]

a

kd =

ln

 100− X

end
Xend



−ln
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 100− X
Xin
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; [40].
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6. Reactor Configuration
The shape of the catalysts can play a decisive role in the catalytic activity, due to
limitations to mass and heat transfer. Reaction kinetics and mathematical models of pellet
catalysts, in a reactor, of WO3 /Si-Al metathesis catalyst and PtIn/hydrotalcite dehydrogenation catalyst were simulated using gPROMS [91]. Three types of pellet catalysts were
compared, including dehydrogenation-core (MDM) and dehydrogenation-shell (DMD)
and physically mixed pellet catalysts. The sensitivity analysis of the operating conditions,
ratios, shapes and sizes of pellet catalysts showed that the DMD catalyst offered the highest
catalytic performances including higher alkene yield and lower alkene loss factor.
Comparative studies between granular and monolithic catalysts (PtSnNa/ZSM-5)
highlighted the better performance of the second type of reactor configuration [92]. The
worst performance of the granular catalysts in the fixed-bed reactor was attributed to the
disordered arrangement and to the resultant diffusion restriction. The granular catalysts
reduced the contact time of propane with the active center and led to the deep dehydrogenation of propylene, reducing its selectivity. In the case of monolithic configuration,
the propane concentration inside the channels was higher than that on the surface, thus
facilitating the diffusion into the fluid. The regular straight channel improved the contact of propane and reduced the contact time of propylene, thus suppressing the deep
dehydrogenation.
A possible strategy to improve the propylene selectivity and yield is the use of a
membrane reactor. The reduction in the operating reaction temperature allows decreasing
the extent of side reactions responsible for coke formation. The integration of the reaction
unit with a Pd-based membrane for the recovery of hydrogen allows shifting the chemical
equilibrium and obtaining high propane conversion even at a lower temperature than
the conventional one. This kind of reactor configuration may lead to better stability of
the catalyst and an increase in the operation time, avoiding catalyst regeneration [93].
Computational analysis demonstrated that higher propane conversion and hydrogen
selectivity are obtained at high temperatures, sweep ratios and steam ratios; moreover,
increasing the operating pressure enhances the hydrogen recovery, although it decreases
the propane conversion, propylene selectivity and hydrogen selectivity [94].
A summary table (Table 3) is provided to summarize the best results in terms of propylene yield and selectivity and deactivation rate, from the article reviewed in this section.
Table 3. Reactor configuration: reaction conditions, propylene selectivity and deactivation rate per selected catalyst of each article.
Catalyst

Reaction
Conditions

Reactor

Time on Stream
Test

Propylene
Selectivity (S)
and Yield (Y)

Deactivation
Rate a

Ref.

PtSnNa/ZSM-5

C3 H8 /H2 = 3/1
WHSV = 155 h−1

Fixed bed
i.d. = 25 mm
l = 650 mm

0.1 MPa
863 K
12 h

S > 95%
Y > 23.5%

0.011 h−1

[92]

PtSn-based
catalyst
Pd membrane

C3 H8 /H2 O = 4/1
WHSV = 8 h−1

Fixed bed
o.d. = 33.6 mm
l = 400 mm
w.t. = 3.78 mm

6 atm
773 K
40 h

S > 95%
Y > 5%

0.005 h−1

[93]

PtSn/Al2 O3
Pd-Ag membrane

C3 H8 /H2 O = 4/1
N2 /C3H8 = 6

Catalytic membrane reactor
Membrane
thickness = 0.006 mm
Membrane length = 150 mm
Number of tubes = 600

3 bar
823 K

S = 96.3%
Y = 19%

-

[94]

a

kd =

ln

 100− X

end
Xend



−ln

t

 100− X
Xin

in



; [40].

7. Catalyst Regeneration and Coke Combustion Kinetics
An efficient regeneration is essential to carry out a PDH process, and a continuous
process by the regenerator is essential to perform an efficient process. Regeneration is
typically achieved by periodic coke burning to realize sustainable operation; thus, the
coke combustion is a crucial aspect in the management of a propylene production plant by
propane dehydrogenation.
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The exact composition of the coke is, to date, the subject of study. It has been suggested
that the coke formed on PtSn-based catalysts in PDH reaction mainly consists of three
kinds of species: aliphatics, aromatics and pregraphite, with the aliphatic one constituting
most of the deposit, with the C/H ratio of around 1.5 [95]. Raman studies on exhausted
Pt-Sn/SBA-16 catalysts have shown an increase in coke crystal size from 60 to 180 min on
stream and from 180 to 300 min under reaction [96]. These results are consistent with the
so-called “coke migration phenomenon”, attributed to the coke movement near the particle
to the support, or to the sintering of the metallic particle.
Thermal gravimetric analysis has been used to study the non-isothermal kinetics of
coke combustion, generated from the PDH process in presence of Pt-Sn/Al2 O3 catalysts [97].
Four different catalysts were prepared by varying the Pt/Sn ratio from 3/0.5 to 3/3 by
weight, the catalytic activity was evaluated with a reactant mixture of C3 H8 (30 mL/min)
and H2 (30 mL/min) at 893 K for 5 h and the kinetic parameters for coke combustion
were calculated by evaluating the coke deposited through a thermogravimetric analyzer
in the presence of air. Three nonisothermal models (Friedman, Flynn–Wall–Ozawa and
Kissinger–Akahira–Sunose) were used to evaluate the activation energy and the best
model to fit the experimental data. The Flynn–Wall–Ozawa model fit better in the case
of 3Pt/Al2 O3 and 3Pt-0.5Sn/Al2 O3 , while the three models equally fit the data of 3Pt1Sn/Al2 O3 , 3Pt-2Sn/Al2 O3 and 3Pt-3Sn/Al2 O3 . The activation energy increased with
increasing Sn addition in the 3Pt/Al2 O3 catalyst. Plotting the experimental data by using
the Criado master-plot method, the second-order reaction was operative for α < 0.5, and
the first-order reaction for was operative for α > 0.5 (α = degree of conversion). These
results were attributed to the extent of pseudo-pyrolysis and oxidative combustion which
may affect the TGA analysis.
The cofeeding of hydrogen decreases the coke formation rate and increases the stability
of the catalyst by removing the precursor of coke, while the cofeeding of water decreases
the coke formation while increasing the activity by decreasing the apparent activation
energy of propane conversion [95].
Coke burning may result in extensive active metal sintering, so alternative regeneration processes have also been proposed, which make use of ozone, hydrogen and oxychlorination. Optimal conversion recovery has been obtained by treatment of Pt-Sn/Al2 O3
catalysts, with 35% HCl, after coke burning [98]. HCl treatment seems to play a similar
role as oxychlorination in redispersing the Pt particles and generating the Pt3 Sn alloy.
8. Conclusions and Future Perspective
The continuous growth in propylene demand as feedstock for a large variety of
specialties has driven the research to design and optimize new production processes.
Among them, PDH, which makes use of Pt-based catalytic systems, can be considered
the most effective in providing high propylene selectivity and yield. Pt-based catalysts
have been extensively studied both in theoretical and experimental studies. Promoted
catalytic formulations, shapes and acid–base properties of the supports have been studied
and optimized in order to suppress coke formation and particle sintering.
One of the strategies proposed, in the reviewed articles, to limit the sintering of active
species lies in the use of supports that trap the nanoparticles. A widely used example of
support of this type is zeolites. However, as reported in Section 3, recent studies have
shown that in some cases, these structures can reduce the selectivity for propylene, as they
delay the desorption of the propylene itself, increasing the likelihood of side reactions,
for example leading to coke formation. This discrepancy suggests the need for further
investigation. It would be desirable to have theoretical studies that compare trapping
structures, with cavities of different shapes and sizes and perhaps different functionalities,
to evaluate the morphological effect, to design trapping structures for active species but
not for propylene.
The critical points of the PDH process are certainly the selectivity for propylene and
the deactivation of the catalytic systems, which regulate the yield of the process. The need
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for frequent regeneration steps reduces the productivity of the process and the life of the
catalysts. The use of promoters such as Sn, trapping supports and the synergistic effect
of geometric and electronic promotion, which prevent the aggregation of nanoparticulate
metal species, appear to be effective strategies for obtaining efficient catalytic systems. The
studies that we have proposed in this review article are extremely promising; selectivity
of 99% has been reported, even for high temperatures that reach 873 K. Catalytic systems
with yields that approach 50% after more than 60 h of reaction, such as K-PtSn@MFI, and
yields of 30% after more than 700 h of reaction, as in the case of PtGa-CaPb/SiO2 , have
been reported. Moreover, in both cases, regeneration of the catalysts with oxygen was
achieved without evidence of deactivation. However, studies in real production conditions
are lacking, in which catalytic systems are used for thousands of hours and regenerated
dozens of times. It is not clear what would happen in these cases; this aspect should
be deepened.
An aspect that has not yet been extensively studied for Pt-based catalysts is the reactor
configuration; moreover, all the reviewed articles report studies carried out in laboratoryscale reactors. Studies on scale-up to pilot or industrial size are missing. The selectivity of
these catalytic systems is strictly related to the increased reactivity of the reaction product
with respect to the raw material; once formed, propylene is more reactive than propane,
especially in cracking reactions, resulting in coke formation and thus limiting the stability
of the catalysts. Therefore, since the propylene selectivity and yield of the overall PDH
process are also affected by its reactivity, one way to improve the process performance
may be the reduction in the persistence of propylene on the catalytic sites. One more
strategy, which can be coupled to that just mentioned, is the minimization of the propylene
conversion to coke in the homogeneous phase. In this sense, the design of reactors, by
minimizing the residence time of propylene on the catalysts and in the hot zone of the
reactor, could effectively prevent both the deactivation of the catalyst and the fouling of
the reactor (due to the coke formation on the inner walls of the reactor), allowing the use of
less sophisticated and more economical catalytic systems.
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