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Propane to olefins tandem catalysis: a selective
route towards light olefins production†
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On-purpose synthetic routes for propylene production have emerged in the last couple of decades in

response to the increasing demand for plastics and a shift to shale gas feedstocks for ethylene production.

Propane dehydrogenation (PDH), an efficient and selective route to produce propylene, saw booming

investments to fill the so-called propylene gap. In the coming years, however, a fluctuating light olefins

market will call for flexibility in end-product of PDH plants. This can be achieved by combining PDH with

propylene metathesis in a single step, propane to olefins (PTO), which allows production of mixtures of

propylene, ethylene and butenes, which are important chemical building blocks for a.o. thermoplastics.

The metathesis technology introduced by Phillips in the 1960s and mostly operated in reverse to produce

propylene, is thus undergoing a renaissance of scientific and technological interest in the context of the

PTO reaction. In this review, we will describe the state-of-the-art of PDH, propylene metathesis and PTO

reactions, highlighting the open challenges and opportunities in the field. While the separate PDH and

metathesis reactions have been extensively studied in the literature, understanding the whole PTO

tandem-catalysis system will require new efforts in theoretical modelling and operando spectroscopy

experiments, to gain mechanistic insights into the combined reactions and finally improve catalytic

selectivity and stability for on-purpose olefins production.
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1. Introduction
1.1 Socio-economical context

Although seldom used as final products, light olefins are the

backbone of the chemical industry. Ethylene and propylene

alone are the first and second most highly produced organic

chemicals worldwide (Fig. 1). They are used as feedstocks for

the production of polymers (e.g. polyethylene, polypropylene,

polyesters, and polyurethanes), oxygenates (e.g. ethylene glycol,

acetone, and acetaldehyde), intermediates and personal care

products and detergents.1,2 Fig. 1 summarizes the main

applications of light olefins together with their market size,

trends and predicted growth. Notably, while the ethylene

market is projected to grow steadily over the next years, the

propylene market is set to shrink slightly, mainly due to safety

regulations on manufacture and transportation.3 The 2020

COVID pandemic has impacted petrochemical and refinery

markets, and put some PDH installations plans on hold,

especially in Canada.4 Other a-olefins markets are instead

projected to grow, pulled by the ethylene market, in particular

for the production of HDPE and LDPE (high and low-density

polyethylene).5 It is thus economically and socially relevant to

introduce flexibility in the olefin supply chain by converting

propylene to other olefins, e.g., by the metathesis reaction.

Just like molecular hydrogen, olefins are not occurring as

natural resources due to their reactivity, and have to be synthesized

starting from other feedstocks, almost entirely from fossil fuels.

To date, olefins are mainly produced by refinery technologies

such as steam cracking (SC) and fluid catalytic cracking (FCC)

of naphtha, diesel or other oil byproducts.6,7 While established

since the 1940s, refinery technologies have a low selectivity for

light olefins, because they were developed with the purpose to

produce other products, such as aromatics and gasoline (Fig. 2a

and b). In the last couple of decades, on-purpose technologies

to produce light olefins with higher selectivity have emerged,

due to a number of technological and economical drivers,

including the boom in plastic production in the ‘70–80s’ rising

oil prices in the ‘90s’ and most importantly the advent of

fracking technologies to produce cheap shale gas at the

beginning of the 21st century.8 The shale gas share in U.S.

natural gas went from 1% to 20% in the turn of 10 years, causing

a drop in gas cost and a shift away from oil and coal for the

production of fuels and chemicals. SC units, originally using

naphtha as feedstock, began to be retrofitted to accommodate

ethane or propane cracking, to increase margin thanks to lower

feedstock cost while producing 80 or 40% ethylene on a weight

feed basis, respectively, compared to 23% of naphtha.9,10

A similar trend is currently observed worldwide, with Asia and

South America aiming to select the most optimal feed mix based

on market conditions. This sets naphtha share in ethylene

production to decrease from 47% in 2017 to 44% by 2027, while

ethane is expected to rise from 35% to 39% in the same period.10

Since propylene and butenes were historically produced as

byproducts of naphtha steam cracking, and because the yield of

such products from natural gas cracking is about 1 order of

magnitude lower than for naphtha (Fig. 2b), the shift towards

shale gas cracking negatively impacted propylene and C4

olefins production, to the point that a shortage of propylene

came into being. On-purpose technologies such as propane

dehydrogenation (PDH) thus became very profitable, due to the

gap between propylene production and demand and the differ-

ence in price of propane and propylene (spread of 600–800 $ ton�1

on average, 2010–2019, see Fig. S1, ESI†). Two main players

emerged, i.e. Chevron (Catofin technology, now Lummus) and

UOP (Oleflex technology), which patented their technology in

196812 and 1970.13–15 Hundred-billion dollar investments in

PDH installations during the years 2000s in China, the U.S.

and the Middle East, brought propylene production by PDH to
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5 million tonnes (Mt) in 2013 (5% of total), a number more than

doubled in 2019 (13.5 Mt, 12% of total) (Fig. 2c).

In the last ten years, other technologies for the production of

propylene, such as Methanol to Olefins or to Propylene (MTO,

MTP) and Olefin Conversion Technology (OCT) underwent a

similar development (5% of current production each, Fig. 2c).

A map of the world showing existing and planned PDH installa-

tions is reported in Fig. 3 (see ESI† for list of installations).

It should also be noted that while FCC were traditionally

operated to maximize gasoline or distillate production, current

catalysts formulations and improvement in process technology

(high severity-FCC, HS-FCC) now allow to produce propylene

with yields around 25 wt% (compared to the traditional

4–6 wt%).16

As can be seen in Fig. 2b, PDH is extremely selective for

propylene production, which is why it is considered the technology

of choice for the ‘‘propylene rush’’. Nonetheless, being able to

produce more than one olefin feedstock can be advantageous

in a scenario of lower propylene demand (Fig. 1) and expanding

market of thermoplastic, i.e., copolymers of ethylene, propylene

and butene such as LDPE and HDPE. Production of butenes is

also interesting per se, because of a gap between supply and

demand similar to propylene’s market case. Since the 1970s,

the use of isobutylene for the production of the gasoline

additive methyl tert-butyl ether (MTBE) caused a spike in

demand, which could not be met with the existing cracking

technologies. This lead to the spread of butane dehydrogenation

plants in the 1980s, with a consequent 15 time increase of MTBE

capacity.17 MTBE was phased out as a gasoline additive from

2000 to 2004 in the US, due to its detection in wells and ground

water. Notably, no similar bans have been put in place in the rest

of the world.18

Flexibility in olefins production can be achieved by combining

PDH with propylene self-metathesis (Met), in the so-called Propy-

lene to Olefins (PTO), which leads to the production of propylene,

ethylene and 2-butenes (Fig. 4a).

Notably, interest in combining PDH and Met reactions dates

back to the 1960s, when Phillips patented the ‘‘Combined

dehydrogenation and disproportionation’’ technology (Fig. 2a

and 4b).19 Some years later, Chevron patented a similar

concept, ‘‘Disproportionation of saturated hydrocarbons’’, only

aimed to produce higher alkanes by re-hydrogenation of the

metathesized olefins.20 So far, Phillips metathesis technology

has actually been operated in reverse, in OCT plants, in which

ethylene and butenes are converted to propylene,21 or in

ethylene-to-propylene (ETP) plants, in which ethylene is first

dimerized to butene, and then the mixture is converted to

propylene.22 In principle, any PDH installation can be adapted

to PTO by changing the catalyst to a mixture or dehydrogenation

and metathesis catalysts, which makes a strong case for PTO

to increase flexibility in the olefin supply chain. New PTO

technologies are emerging to improve on the time yield and

selectivity of the original Phillips process, by changing catalyst

design, contact state and more of operation. Nonetheless,

combining PDH and Met in such a tandem-reaction system

poses intrinsic challenges, such as understanding combined

deactivationmechanisms, achieve regeneration of both catalysts,

and leveraging the interplay of the two catalytic components, in

turn influenced by their contact state.

1.2 Scope of the review

Propane dehydrogenation, olefin metathesis and their combi-

nation in PTO have emerged as strategic technologies for the

chemical industry. This review will provide the readers with a

complete overview of the PDH and Met reactions and catalysts

therefor, with an emphasis on their combination in PTO

technologies and the relative challenges and opportunities.

First, we will summarize and compare the commercial

processes and patents for the three reactions. Next, we will

discuss the thermodynamic boundaries of the reactions and

evidence the importance of kinetic control by catalysts design. In

Section 4, we will discuss catalytic aspects of the PTO reaction,

Fig. 1 Olefin markets status and projections: the volume of each pie chart represents the size of the respective olefin market in million tonnes (Mt) in

2019. The global market value as of 2019 is also reported, in billion dollars (B$). Ethylene and propylene markets are divided by application, polymers

production accounting for 61 and 68% of the total, respectively. Alpha-olefins market is an order of magnitude smaller, and here organized by olefin type

(1-butene accounts for 19% of the total by weight). Compound Annual Growth Rates (CAGR) over the years 2015–2019 (brown) and the projected CAGR

for 2019–2023 (green) are reported as bars. The effects of the COVID-19 outbreak are not taken into account but are set to negatively affect the markets.

See ESI† for CAGR formula and summary tables.
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focusing on PDH and Met compatibility in terms of temperature

and feed composition and expected effects of contact state on

catalytic performance, feasibility and catalysts stability.

We further point out the need for operando characterization

and theoretical calculations relevant to PTO. Finally, Section 5

provides an outlook for the development of PTO technologies,

taking into account the impact and opportunities offered by

recent efforts towards sustainability, such as plastic recycling

and CO2 capture and valorization.

To the best of our knowledge, this is the first review on

emerging PTO technologies. Although PDH- and Met-oriented

reviews have been published in recent years,6,23–26 the present

work is uniquely positioned to critically discuss their combination

in a tandem catalysis system, with a focus on mechanistic

Fig. 2 Historical perspective of olefins production and the rise of metathesis and on-purpose technologies: (a) timeline showing the main break-

throughs in olefins production (blue text) and metathesis (brown text). A detailed list of patents is provided in the ESI.† The worldwide plastic production

trend in megatonnes per year from 1950 to 2018 is reported on the left (adapted from ref. 11 with permission from Elsevier); (b) product selectivity

(in weight percent) of different olefin production technologies (FCC: Fluid Catalytic Cracking, SC: Steam Cracking; PDH: Propane DeHydrogenation;

MTO: Methanol to Olefins), showing the advantage of on-purpose technologies to produce the desired olefin; (c) trend of propylene production in

megatonnes divided by technology over the years 2000–2020 (OCT: Olefin Conversion Technology, i.e. metathesis of ethylene and butene). On-

purpose technologies share increased to 23% in two decades to fill the so-called propylene gap. Adapted from ref. 7 with permission from the National

Academies Press.
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understanding of PTO heterogeneous catalysts and their relevant

deactivation mechanisms. An extensive list of previous reviews on

PDH and Met heterogeneous catalysts relevant to the light olefin

production and interconversion field can be found in the ESI.†

Fig. 3 World map showing PDH (propane dehydrogenation) installations. Plants in operation or under construction are indicated by blue (UOP Oleflex),

orange (Catofin, Lummus) or pink dots (STAR, Uhde). Planned installations for which the technology is not disclosed are marked with a green dot.

Installations proposed but cancelled are marked in dark grey. See ESI† for a list of installations and a link to an interactive map.

Fig. 4 The Propane to Olefins (PTO) process in context: (a) olefins feedstocks are almost entirely fossil-fuels derivatives. PTO enables to convert propane to

propylene, ethylene and butenes, introducing flexibility in Propane DeHydrogenation (PDH) plants. The main technologies to produce olefins starting from crude

oil, coal or natural gas are summarized (SC: Steam Cracking, F–T: Fischer–Tropsch, Met: Metathesis, MTO: Methanol To Olefins, BDH: Butene DeHydrogenation,

(HS) FCC: High Severity Fluid Catalytic Cracking); (b) schematic representation of the PTO process (adapted from patent US3445541A, ref. 19).
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The present review will not address homogeneous catalysts for

olefins metathesis, despite their interest for certain specialty

products production due to their high activity, selectivity and

compatibility with functional groups. Their cost, difficult catalyst

recovery and separation and stability limit their applications in

the field of simple light olefins. Advances in the field of (sup-

ported) homogeneous catalysts for industrial applications can be

found in existing reviews.21,27,28

2. Commercial processes
2.1 Propane dehydrogenation

The first light alkane dehydrogenation plants were introduced

already in the 1940, first by UOP and ICI, and then by Phillips,

Shell and Dow a.o.29 Such early projects in light olefin

dehydrogenations were shut down due to the rise of naphtha

cracking and FCC technologies, which produced a variety of

olefins as byproducts. Nonetheless, already in those early years,

Eugene Houdry designed and commercialized (together with

Petro-Tex Chemical Corporation, with the name Oxo-D) the

butane dehydrogenation process operated at lower temperature

which will be later renamed CATOFIN process in the 1980s.

The first CATOFIN PDH plant had a 250 kt per year capacity

and came in operation in 1986 in Texas,30 followed by the

first Oleflex PDH plant by UOP in Thailand, which became

operational in 1990 with a capacity of 315 kt per year.31

The Phillips Petroleum’s STAR Krupp-Uhde (Steam Active

Reforming) Process and FBD Yarsintez–Snamprogetti followed

a couple of years later.6

In total, nine propane dehydrogenation technologies were

developed over the years, which mainly differ in three features:

(i) the operation and regeneration mode, which can be cyclic or

continuous; (ii) the catalyst composition, based either on Cr or

Pt, and (iii) the heat management, to support the highly

endothermic dehydrogenation reaction. A summary and

comparison of eight of the existing technologies for PDH is

reported in Table 1, their schematic representation is given in

Fig. 5, and the overview of the catalytic conditions used is given

in Fig. 6. KBR (Kellogg Brown & Root) recently announced a new

propane dehydrogenation technology, which according to the

company offers high propylene selectivity and conversions.32

However, no information could be gathered regarding the

process or catalyst used and the technology is thus not discussed

herein. Since the product mixture separation section down-

stream of the reactor(s) is quite similar for all the technologies

(compressors, pressure swing adsorption, cryogenic unit, and

fractionators), in this section we will focus on describing the

strategies to enhance time yield and process efficiency by reactor

design.

Some general consideration can be made as to what are the

key parameters to achieve high efficiencies and lower the cost

of PDH: (i) high selectivity and product recovery, since propane

consumption accounts for more than 80% of operation cost

(i.e. 60% production cost), (ii) an efficient heat supply to utilize

the catalyst during the endothermic reaction, (iii) a minimized T
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impact of regeneration on the plant productivity, (iv) possibly

operate at higher pressure (which although shifts the DH

equilibrium to the left) to reduce cost of final gas compression

to 15–35 bar, (v) improve energy efficiency by heat

recovery.6,18,33 Integrating PDH plants with polypropylene (PP)

plants can lead to numerous advantages, as outlined in ref. 33,

such as combining the downstream gas separation units,

using the hydrogen produced by PDH in the PP reactors and,

vice versa, using the oxygen separated from the PP nitrogen

production unit for e.g. regeneration operations in the

PDH plant.

The same design used for PDH can be applied to the

catalytic dehydrogenation of butanes (pure or in mixture) to

make iso, normal, or mixed butylenes. Traditionally, this

process has been used for the production of gasoline additives

such as methyl and ethyl tert-butyl ether (MTBE and ETBE).

Such compounds were phased out in the U.S. starting from

2000 due to public health concerns, but are still in use in other

Fig. 5 Schematic representation of commercial PDH processes. Top: CATOFIN, STAR and Linde–BASF cyclic technologies, in which the dehydrogenation

(DH) reactor is subjected to alternating operation, purging and regeneration conditions. Bottom: Continuously operated technologies, in which the catalyst

is continuously regenerated in a continuous catalyst regenerator (CCR). Heat sources and sinks are represented in orange and blue, respectively. GS = Gas

Separation; OCT = Olefin Conversion Technology.
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parts of the world, including Europe. The butane DH process

can be also used to produce isobutene for butyl rubber or other

specialty applications.

CATOFIN was the first PDH technology to be developed, and

it is now adopted in more than 30 projects worldwide (of which

21 since 2017), with a capacity of more than 15 Mt per year.

In the CATOFIN process, adiabatic fixed-bed reactors are

connected in parallel and cyclically operated in DH, purge and

regeneration mode at 565–650 1C. The catalyst is based on CrOx

supported on alkali-promoted alumina, but it has constantly

evolved over the years and the latest catalyst generation

(CATOFIN-311, undisclosed formulation) was introduced in

2019. The process is performed in short dehydrogenation–

regeneration cycles (15–30 min total), and thus 5 to 8 reactors

are used for continuous process operation.

The heat released by burning off carbon deposits in the

course of catalyst regeneration is used to perform the endothermic

dehydrogenation reactions (Fig. 5, top left). Additional heat is

provided by fuel gas during the regeneration step and by

burners to preheat the reaction gasses. The reaction cycle is

carried on (usually for about 8 minutes) until the temperature

of the reactor bed is not sufficient to obtain an adequate

conversion. The cycling time is shortened over the catalyst life

to maintain stable performances. Catalyst dilution with inert

material is also necessary to provide an energy reservoir for the

DH reaction. Nonetheless, under practical DH operations, the

reactor temperature can be lowered of as much as 100 1C due to

the reaction acting as a heat sink.35 In order to overcome this

issue, Clariant has patented a technology in which CuO/Al2O3

(promoted by e.g., Ca ad Mn oxides) can act as a heat-

generating materials (HGM) under reducing conditions, by

the exothermal reduction to Cu (see Table S18 for thermo-

dynamic values, ESI†). This offers a number of advantages,

such as optimization of the catalyst bed temperature profile,

lower energy and air consumption during regeneration, and

longer catalyst life.

The STAR process, also cyclic but using Pt-based catalysts

supported on alkali promoted Ca and Zn aluminates, was first

designed and commissioned by Phillips Petroleum for the

production of isobutene in Cheyenne, WY (US, 1992), and in

Ensenada, Argentina (1994).36 In 1999, Uhde acquired the

technology, patents and catalyst, and commissioned three

PDH plants thereafter, for a total capacity of 1.3 Mt per year

projected for year 2021. There are currently 3 operational

facilities using the STAR technology, and 3 more PDH plants

have been licensed.37 The STAR technology is composed of two

stages, loaded with the same catalyst: a reformer, where the

dehydrogenation reaction takes place, and an oxyreactor

(optional) to shift the equilibrium towards higher olefin yields.

In the first stage, reformer-like oxidative dehydrogenation

reactors are placed in a furnace, which grants an increasing

temperature profile along the reactor bed from 510 to 550–

580 1C. Steam is co-fed with propane to convert most of the

coke to CO2, allowing a much long operation time (B7 h)

before regeneration is required (1 h). No addition of sulfur to

suppress coke formation, or chlorine to improve catalyst

activity via Pt redispersion is needed, as in the Oleflex

technology (see below). Before the second stage, the products

are cooled and added with steam to adjust the steam-to-

hydrocarbon ratio. In the oxyreactor, oxygen is injected right

above the catalyst bed with a patented technology, to selectively

combust H2 and thus shift the thermodynamic equilibrium

while providing additional heat for the dehydrogenation

reaction (Fig. 5, top right). The final product mixture is cooled

in a heat exchanger, where heat is supplied to the feed, steam

production and downstream separation operations, to improve

the overall process efficiency.33

A conceptually similar technology was developed by Linde–

BASF–Statoil, as announced in 1992 by Linde AG,38 but to the

best of our knowledge the company has so far built two semi-

works: at the BASF Ludwigshafen petrochemical complex, and

at the Mongstad Statoil plant in Norway.39 The original alumina

supported CrOx catalyst was developed by Engelhard de Meern,

and contained promoters such as Cs (up to 10 wt%) and Zr

(up to 15 wt%). A PtSn catalyst supported on hydrotalcite was

then introduced, claiming record one-pass conversions of 50%

with competitive selectivity (91 mol% propylene selectivity

compared to 90 mol% for Oleflex).6,39 However, no information

on application of such technology can be found after the

year 2000.

The Oleflex process is the second-oldest PDH technology,

which first came on stream in 1990 in Thailand.31 It uses a

Fig. 6 Overview of PDH processes conditions. Ranges of temperature (left) and pressure (right) used in the CATOFIN (1), Oleflex (2), Uhde STAR (3), FBD

Yarsintez–Snamprogetti (4), Linde–BASF PDH (5), FLOTU/Tsinghua (6), and SABIC (7). Stripes fill: cyclic operation; solid fill: continuous operation; orange:

Cr-based catalyst; blue: Pt-based catalyst; grey: Pt or Cr-based catalysts.
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Pt–Sn-based catalyst which is transferred through a series

of radial-flow moving bed reactors, to be continuously

regenerated in a continuous catalyst regeneration (CCR) unit,

from which it is transferred back to the first DH reactor in a

cycle of 5–10 days (Fig. 5, middle left). The heat is provided by

feed pre-heating, interstage heating and regenerated catalyst

coming from the exothermic CCR section (about 700 1C).40

In the CCR, air and chlorine are added to burn coke and

redisperse sintered Pt by formation of oxychlorinated species.

Sulfur in the form of dimethyl sulfide is also added to the DH

reactors to suppress coke formation and avoid embrittlement

of reactor metal walls by interaction with olefins. The formed

sulfur has to be naturalized (after removing coke from the

reactor walls) before exposure to air during maintenance to

avoid polythionic acid damage of the reactor.31 Oleflex is now

one of the leaders in PDH technologies with 68 PDH projects

worldwide and a capacity of 7.9 Mt per year.

The Yarsintez–Snamprogetti technology is based on a

Fluidized Bed Dehydrogenation (FBD) technology, developed

in the former Soviet Union in the 1960s for synthetic rubbers

production. The first FBD plant was licensed to Snamprogetti

by SABIC in 1994 for the dehydrogenation of butane, aimed to

produce MTBE for a plant in Jubail (Saudi Arabia).41 The

technology is abbreviated as FBD-3 and FBD-4, where 3 stands

for propane and 4 for isobutane. The catalyst is similar to the

CATOFIN chromium oxide-based catalyst, but has a lower metal

loading (around 15–19 wt%).42 The catalysts particles are

suspended by the gas and air flow using a distributor, and

have a 10–30 min residence time in the reactor and regenerator

(Fig. 5, middle right). The bed behaves like a liquid with a high

level of mixing, which favors heat and mass transfer phenomena,

but increases attrition. The catalysts lifetime is indeed mostly

determined by catalyst loss by attrition, which in turn depends on

the circulation rate and the catalyst mechanical strength.17

New catalyst can be added in the regenerator during operation

to compensate such loss, without affecting yield and reactor

hydrodynamics. Notably, in the FBD technology less coke is

formed compared to the Oleflex case, and thus some fuel has to

be added in the generator to supply the heat necessary to satisfy

the overall thermal balance (Fig. 5, middle right). After the

regenerator, catalysts are stripped of adsorbed oxygenates by

reduction in the stripping section, and finally transferred back

to the FBD reactor to close the cycle.

In the last decade, four other continuous technologies have

been proposed: the SABIC integrated Fluidized Bed Reactor

(FBR), Dow’s Fluidized Catalytic Dehydrogenation (FCDht)

process (announced in 2016), the FLOTU/Tsinghua University

technology and the K-PROt fluidized bed process by KBR

(announced late 2018). The advantage of the SABIC FBR design

is that the dehydrogenation reactor is integrated with an

internal regenerator, so that continuous production is achieved

by a single unit. The heat produced by burning off coke is used

to run the endothermic PDH reaction isothermally, with a lower

catalyst circulation and thus reduced attrition (Fig. 5, bottom

left).6 Temperature loss and attrition are further reduced by

using just one transfer line. The technology also allows for

more flexibility in the choice of catalyst: chromium-based or

Pt-based catalysts can be used by changing the regeneration

frequency (8–20 min vs. 6–12 h respectively).

The FLOTU/Tsinghua University technology is also an

integrated process, piloted at Tsinghua University, in Beijing

(China) in late 2009, in which the dehydrogenation reactor is

attached to an OCT reactor, which interconverts higher olefins

to lower olefins. Only after this stage a regenerator is placed

(Fig. 5, bottom right). Notably, the process uses two catalysts,

with different particle size: the principal catalyst (PtSn/Al2O3–

SAPO-34, i.e. silico–alumino-phosphate molecular sieve zeolite)

is used for the DH reaction and stays in the DH unit, while the

smaller secondary catalyst (SAPO-34) is cycled through the

system, and while it is inert in the DH reaction, it serves as

an OCT catalyst and as a heat transfer material (from the

regeneration unit to the DH unit).43 It was proposed that a

transfer of coke from the principal to the secondary catalyst

helps to increase the lifetime of the principal catalyst to 6–8 h,

enhancing productivity.44

The FCDht process by Dow is based on the company’s

proprietary fluidized catalytic cracking technology, and it uses

a Pt–Ga–K/Si–Al2O3 catalyst. The claimed advantages of the

FDCht process over established PDH processes are: (i) 25%

lower capital and 20% less energy consumption during

operation, (ii) lower emissions in terms of CO2 and NOx and

(iii) higher per pass conversion and propylene selectivity.34 The

company announced in 2019 that it will retrofit the FDCht

technology into one of its mixed-feed crackers in Louisiana

(USA), to produce on-purpose propylene. The KBR’s K-PROt

process uses a non-precious metal catalyst and is based on

KBR’s Catalytic Olefins Technology (K-COTt) process, a

commercial fluidized bed technology for converting mixed

olefin and paraffin streams into high value propylene.26

2.2 Olefin metathesis and PTO

Olefin metathesis, one of the latest fundamentally new organic

reactions discovered, rapidly came to large-scale industrial

application in the late 1960s, for the production of petrochemicals,

polymers and specialty chemicals. Here, we will focus on industrial

metathesis reactions over heterogeneous catalysts relevant for the

PTO reaction, while broader metathesis reviews and more details

on the fascinating chemistry of polymerization metathesis

reactions and the Shell Higher Olefin Process (SHOP) can be found

elsewhere.21,27,45

The olefin metathesis reaction was discovered serendipi-

tously by Banks and Bailey, who were looking for alternatives

to HF as a catalyst to produce high-octane gasoline by olefin-

isoparaffin alkylation.46 They noted that, when using a Mo-

based catalyst, propene was not alkylating the co-fed paraffin,

but rather split to ethylene and butene: this set the basis for the

Phillips Triolefin Process, patented in 1965.47 Interestingly, the

term metathesis was introduced only later, in 1967, by

Calderon, and the reaction mechanism, now widely-accepted,

was first described in 1971 by Chauvin (awarded the Nobel Prize

in Chemistry in 2005 together with Schrock and Grubbs).48

Chevron alkane disproportionation (patent US3856876A) followed
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Phillips in 1971: it introduced a one-pot method to dispropor-

tionate paraffins to new hydrocarbons having higher and lower

molecular weights. They proposed to combine dehydrogenation

Pt/Al2O3 supported catalyst with metathesis WO3/SiO2 supported

catalyst, at 200–425 1C and 7–138 bar in presence of not more

than 5 wt% of olefins to avoid deactivation. This process was thus

developed to produce higher weight paraffins from short chain

paraffins, with limited olefins production.

The Phillips Triolefin Process instead combined the

dehydrogenation of propane feed with the disproportionation

of the resulting propylene in ethylene and butenes in a single

bed reactor.19,49,50 The first plant was already operational in

1966 in Montreal (Canada). The technology was operated in this

way until 1972 due to the lower propylene demand at the time,

but it is now mostly run in reverse to produce propylene by the

OCT technology offered by ABB Lummus (now CB&I).

The original patent proposed a large variety of catalysts

for the dehydrogenation reaction, such as oxides or other

compounds containing Pt, Fe, K, Na, Cr, Mo, W, U, Be, Mg,

Cu, Ca, Th but indicated Cr2O3/Al2O3 supported catalysts as

preferred ones. WO3/SiO2 or alternatively MoO3/SiO2 were listed

as disproportionation catalyst. DH and Met components are

physically mixed and need to be activated at high temperatures

up to 850 1C. The reaction takes place between 425–650 1C, at

0–100 bar. Using Cr2O3/Al2O3 and WO3/SiO2 in 50–50 wt% at

570 1C and 14 bar leads to 40.2 mol% of total ethylene,

propylene and butane selectivity, due to competitive reactions,

which lead to 46.1 mol% ethane + butanes, 6.1 mol%

methane and 4.8 mol% C5+ paraffins selectivity and catalysts

deactivation over time, as discussed in Section 3.

The inverse, OCT process is instead run with a butene

mixture and ethylene, over a fixed bed containing WO3/SiO2

metathesis catalyst and a MgO isomerization catalysts

(to isomerize 1-butene to the 2-butene which is consumed in

the reaction).51 Conversion above 60% and selectivity to propy-

lene exceeding 90% can be obtained. The first plant was

operational in 1985, in Channelview, Texas (U.S.), with a

capacity of 135 000 t propylene per year: it used part of the

ethylene produced by ethane cracking to produce 2-butene

on-site by dimerization over a nickel catalyst, and finally

convert the two to propylene by OCT.21 In a similar way, the

technology can be applied to naphtha steam crackers to adjust

the final balance of ethylene and propylene. OCT currently

accounts for about 10% of propylene production worldwide,

with new plants being commissioned by a number of parties,

especially in Asia (Fig. 2c and 3).

Olefin metathesis is emerging as a technology for the

synthesis of 1-hexene, a high value comonomer for polyethylene

production, which is conventionally obtained by ethylene

trimerization. The Comonomer Production Technology (CPT),

announced in 2003 by Lummus/CB&I, and demonstrated at

a plant scale in 2010,52 exploits 1-butene self-metathesis to

produce ethylene, 3-hexene and propylene (as a byproduct

by the reaction of ethylene with butene). 3-Hexene is then

isomerized to produce the final product 1-hexene. Notably,

replacing ethylene with butene can reduce the feedstock costs

by more than half. Moreover, butene and hexene are produced

without co-production of higher alpha-olefin (LAO) cuts, as is

the case in conventional wide range LAO processes, which

would require a wider business management.

Recently, a new PTO technology was patented by SMH Co.,

Ltd (WO/2017/001445, WO/2017/001446 and their family, see

ESI†), in which systems of mixture of metals such as Pt, W, K,

Se, Y, and Yb on mixed oxide of Si, Al, Zr, and Mg supports were

employed. Such systems can be operated under relatively

milder conditions compared to the prior state-of-the-art

technology. The activation temperature was reduced to 400–

600 1C and a conversion temperature of 350–550 1C was

preferred. A total olefin selectivity of 86–94%, including,

11–22% ethylene, 50–61% propylene, and 15–23% butenes

was obtained at the operating conditions. Multi-layered catalyst

(WO/2018/108443) of DH, such as Pt on SiO2–Al2O3 support,

mixed metal oxide such as Mg–Ca–Al–O, and/or zeolites, and

W, or Mo on oxide supports were also developed by the

company. The catalyst system improves olefin selectivity due

to quenching of side reactions such as, (re-)hydrogenation of

ethylene, hydrogenolysis cracking of propane, and catalyst

deactivation. Such effects take place when mixture of DH-Met

catalysts, feed, and products are in contact at high temperature.

3. Thermodynamics of the PTO
reaction

The PTO reaction is a two-step tandem reaction: first, propane

is dehydrogenated to yield propylene (Scheme 1, reaction (1)),

and then two propylene molecules react in a metathesis step to

yield ethylene and butene (Scheme 1, reaction (2)). Scheme 1

depicts the complete reaction network including the main side

reactions that are usually observed under practical PTO conditions.

Propane dehydrogenation is reversible, highly endothermic and

involves volume expansion, so it is favored by low pressures and

high temperatures according to the Le Chatelier’s principle (eqn (1)

and Fig. 7a). On the other hand, the metathesis reaction is

thermally neutral since it only involves scrambling of CQC bonds

(eqn (2), lines in Fig. 7b, other details in ESI†).8,53 Therefore, typical

temperatures employed in DH are 550–750 1C, while themetathesis

reaction is usually operated at 300–600 1C to achieve sensible

reaction rates.

C3H8" C3H6 + H2 (DH
0
298K = 124.3 kJ mol�1) (1)

2C3H8" C2H4 + C4H8 (DH0
298K,trans-butene = 0.7 kJ mol�1,

DH0
298K,cis-butene = 5.0 kJ mol�1) (2)

When not restricted by the metathesis reaction stoichiometry,

the most thermodynamically stable olefin mixture changes with

temperature (Fig. 7b), due to the entropically favored ethylene

formation via endothermic cracking and hydrogenolysis reactions

(reactions (3)–(6), Scheme 1). This is also the case for the thermo-

dynamic equilibrium of the PTO reaction mixture (Fig. 7c–f,

further calculations in the ESI†). The theoretical yield of C4 olefins

in the PTO reaction reaches a maximum at 600 1C (Fig. 7c) as a
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result of a higher propane conversion coupled with a steadily

decreasing C4 selectivity (Fig. 7e). C4 yield and selectivity are only

mildly affected by pressure changes (Fig. 7e and f), while they may

be improved by H2 removal by the use of e.g.membrane reactors54

or selective hydrogen combustion (SHC) (Fig. 7d), similar to what

is done in the STAR process (Fig. 5).55 Recent advances in both

fields will be highlighted in Section 5 of this review.

So far, we discussed the thermodynamic boundaries in place

for the sole species directly involved in the PTO tandem

reaction. However, as summarized in Scheme 1, the following

side reactions must also be considered when optimizing the

reaction conditions: (3, 5) thermal or catalytic cracking, (4, 6)

hydrogenolysis, (7) coke formation, (8) isomerization and (9)

metathesis of isomerized olefins leading to higher olefins.

Thermodynamic calculations including the main products of

side reactions, such as methane, ethane, BTX (benzene,

toluene, xylenes), and coke, can be found in the ESI,† (Fig. S2

and S3). Notably, byproducts formation is thermodynamically

favored at relevant reaction conditions (Scheme 1), due to these

general considerations: (i) C–C bonds are less thermodynami-

cally stable than the C–H bonds, favoring cracking over dehy-

drogenation; (ii) olefins are more reactive than paraffines due

to the presence of allylic C–H bonds and CQC bonds, which

can react to form to coke, in turn leading to deactivation.

Therefore, a proper balance between propane conversion and

stability must be found, and kinetic control over the reaction by

catalyst design is pivotal in order to yield olefins with good

selectivity and hinder catalyst deactivation by coking. We will

focus on this aspect in the next section.

4. Catalytic aspects in the PTO
reaction

In this section, the most relevant dehydrogenation and

metathesis catalysts are presented and contextualized with

Scheme 1 PTO reaction network and reactions free energy at 600 1C. Propane dehydrogenation (1) yields propene, which in turn undergoes

self-metathesis (2) to produce ethylene and a mixture of 2-butenes (the most stable trans isomer is shown). Cracking (3, 5) and hydrogenolysis (4, 6)

reactions yield a mixture of lower hydrocarbons, while propylene coupling (7) can initiate coke formation by e.g., a Diels–Adler type of addition of

benzene and 1,3-dibutene. Isomerization of 2-butenes over Brønsted Acid Sites (BAS, reaction (8)) yields terminal butenes that may react further by

metathesis (9) yielding linear and branched C5, which can react further inducing chain growth. The bars (bottom left) report the Gibbs free energy values

at 600 1C for the main reactions involved in the network: PTO is thermodynamically unfavored against other side reactions. Kinetic control can be

achieved by ensemble control on Pt by addition of Sn and inhibiting BAS.
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respect to PTO technologies for light olefins production.

Combining propane dehydrogenation and metathesis catalysts

in PTO brings about both challenges and opportunities, related

to reactor design and operation, and the chemistry and

physicochemical properties of the involved materials. First,

we will briefly summarize structure–activity relationships in

PDH and Met catalysts. With this understanding at hand, we

will then critically discuss the effect of combining PDH and Met

catalysts in different contact states in the reactor (e.g., physi-

cally mixed or separated bed), in terms of (i) thermodynamic

boundaries shifts and heat control, (ii) exposure to different gas

mixtures and temperatures during catalysts activation, operation

and regeneration, (iii) interactions between the components of the

catalysts, in terms of promotion and poisoning. We emphasize

what theoretical and experimental studies are needed to gain

fundamental insights into catalysts design specific for PTO.

We anticipate that choosing the right combination of materials

and operation conditions will have a great impact on catalysts

performance and lifetime in the PTO technology. Recent, detailed

reviews on PDH and Met catalysts can be found elsewhere,26,56

and are out of the scope of the present review.

4.1 Dehydrogenation catalysts overview

Pt-Based and chromium oxide-based supported catalysts,

respectively involved in the Oleflex and CATOFIN technologies

(Fig. 5 and 6), represent to date the state-of-the-art commercial

catalysts for PDH commercial processes and are the main

catalysts used in the existing Chevron20 and Phillips19 light

alkanes dehydrogenation and metathesis technologies

previously described. Both Pt-based and CrOx-based catalysts

can achieve high activity and selectivity to olefins, being also

adaptable to different types of reactors. The preference of

one metal or the other may depend on many factors: for Pt,

drawbacks may be low availability and high price, the need for

a purified feedstock due to high tendency to poisoning and

the required elaborate regeneration procedures; while for CrOx-

based catalysts the main drawback is the formation of toxic and

carcinogenic Cr6+, which raises sustainability issues about

catalysts disposal.57

Given their wide commercial use, the structure–

performance relationships of these catalysts and their reaction

mechanisms have been extensively studied in the past years,

with the aim to optimize the catalyst design and enhance

Fig. 7 Thermodynamics boundaries of the PTO reaction. Equilibrium amounts of reagents and products involved in (a) propane dehydrogenation,

(b) propylene metathesis and (c) PTO reaction according to the Gibbs free energy minimization algorithm, as a function of reaction temperature. Lines in

(b) correspond to the amount of C3 (light green) and C2 or C4 (light brown) calculated according to the sole metathesis reaction (see ESI† for details);

(d) increase in yield and conversion in the PTO reaction enabled by selective removal of H2 in e.g. amembrane reactor at 600 1C (40% of producedH2 removed

as initial condition for each datapoint); (e and f) C4 selectivity and yield as a function of reaction temperature and pressure in the PTO reaction. Equilibrium

calculations were performed through HSC Chemistry 9.1 software. For further thermodynamics calculations including all possible species, see the ESI.†
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catalysts resistance to deactivation.8,57–60 Despite these efforts,

deactivation by coking still demands continuous regeneration.

In the search for alternatives, many other catalytic formulations

have been explored, such as metal oxides (e.g., VOx, GaOx,

FeOx), single atom catalysts (SACs) and nanocarbons, but

so far progress has been incremental.23 While the reaction

mechanism and the nature of active sites varies for these

different catalysts, some concepts in catalyst design can be

extrapolated to the general case, in terms of activity, selectivity

and stability. We will here use Pt-based and CrOx catalysts as an

example, and highlight the specifics of other emerging

catalysts.

Activity. The PDH reaction mechanism on metals can be

divided in three main parts: (i) propane adsorption, (ii) C–H

activation and bond breaking and (iii) H2 formation and

propylene desorption.61,62 PDH catalysts should thus have a

high activity towards C–H bond breaking, and lower towards

C–C bonds activation.8 Propane is usually physisorbed on Pt,

and in general on metal surfaces, because it is a saturated

molecule, and thus no orbital hybridization occurs with metal d

states. While so-called metal–alkane s-complexes ([M]� � �H–C)

have been reported, these are challenging to generate and

observe under standard laboratory conditions, let alone under

usual PDH conditions, because of the very low bond enthalpies

(15 kcal mol�1 or less).63 van der Waals (VdW) forces thus

control the strength of adsorption, which occurs preferentially

on stepped metal surfaces, due to the a larger contact area

(Fig. 8, top).64 The initial C–H bond cleavage of physisorbed

propane is often the RDS. Notably, alloying Pt with other metals

does not drastically change the adsorption energy, but lowers

the C–H bond cleavage activation energy by a shift in the

d-band center of Pt, resulting in more active PDH

catalysts.65–67 A concerted mechanism in which both hydrogen

atoms are abstracted from the alkane in one step was also

proposed, in the case of ethane.68 While the activation energy

of such 1-step mechanism was higher than the one calculated

for two subsequent H abstraction steps, the authors proposed

that the concerted mechanism may be favored in confined

spaces, such as zeolite channels, where the conformational

changes involved in the 3-step mechanism may be hindered.

This is relevant for zeolite-encapsulated catalysts, which are

emerging as more stable alternatives to traditional supported Pt

catalysts (vide infra).

The fundamental steps in PDH over chromium oxide

based catalysts are: (i) propylene adsorption, (ii) C–H cleavage

and O–H bond formation, (iii) second C–H cleavage and H

adsorption on Cr site, and (iv) propylene desorption and H2

formation.8,57 On CrOx and other metal oxide catalysts,

propane adsorption is strongly dependent on the exposed Lewis

acid sites, which in turn vary with M–O coordination, cluster

sizes, and oxidation state.69 The active sites of chromium-based

catalysts are defective Cr3+ and Cr2+ sites, that are usually found

as Cr2+/Cr3+ mixtures depending on metal loading and type of

support (Fig. 8, bottom). The precursors of these active species

are Cr5+/Cr6+ that are reduced during pre-treatment or simply

by in situ reduction by propane. Cr sites undergo complex

changes in oxidation state during catalysts preparation:

upon calcination, four-fold coordinated Cr(VI) (prevalently

in mono-oxo form) precursor is formed; upon reduction a

pseudo-octahedral Cr(III) site is generally obtained. However,

when chromium is highly dispersed, the reduction can further

proceed and highly defective Cr(II) species are also formed: this

happens at low loadings and preferably on silica, which due to

its electronic properties facilitates reduction more than

alumina.70

Weckhuysen et al.8,60 have extensively described the factors

that influence chromium oxide based catalysts in two reviews,

pinpointing how chromium oxidation state, coordination and

loading are key features to understand the reaction mechanism

of these catalysts. The oxide loading in the catalyst can

influence the catalytic performance, with the formation of

large crystalline domains71 being detrimental for the reaction.

Fig. 8 Propane adsorption and activation on archetypical PDH catalysts. On Pt, interaction with propane is governed by van der Waals interactions, and

thus favored on stepped edges. Alloying with e.g. Sn favors H abstraction by a downshift of the active phase d-band.61,62 For CrOx and other oxide

catalysts, activity is favored by higher CrOx dispersion and lower oxidation state, with Cr3+ and Cr2+ being the most active species.70 After H abstraction,

1-propyl and 2-propyl are formed without much preference.8
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Some possible active structures of CrOx are depicted in Fig. 8,

where clustered and monomeric Cr3+ sites are considered to be

the active site.70,72,73

Selectivity. The main selectivity problems in PDH arise from

cracking and deep dehydrogenation, leading to coke formation.

A crucial point in achieving high selectivity to propylene in PDH

is to lower propylene adsorption/desorption energy and to

increase the energy barrier for further C–H bond activation to

deep dehydrogenation products and coke. On metal surfaces,

propylene mostly chemisorbs in a di-s or pmode (Fig. 9A),62,74,75

with di-s being the more strongly adsorbed species on Pt

(with Pt(211) 4 Pt(100) 4 Pt(111), Fig. 9A).76 It is well known

that using the monometallic form of this catalyst, although

ensuring high catalytic activity, does not provide high propylene

selectivity, a key requirement for PDH and PTO technology.

The strong adsorption of alkenes on these surfaces results in

faster catalyst deactivation via consecutive deep dehydrogenations

(leading to carbon deposition and coke growth) and cracking

reactions (leading to unwanted products, such as methane and

ethane).77–79

When Pt nanoparticles are added with a promoter metal, the

geometric and electronic structure of the active sites change,

possibly enhancing catalytic performance. Alloying Pt with

transition metals leads to a weaker adsorbed, p-chemisorbed

or physisorbed propylene, and results in higher selectivity.62,74,80

On PtSn2(111) surfaces, propylene is adsorbed non-covalently.64

This is due to both a geometric and electronic effect. The

geometric effect is due to active Pt sites separation, and/or

decoration of the surface. Sn atoms are preferentially found on

step edges, such as Pt(211) surfaces: this lowers the activity

towards deep dehydrogenation and cracking on these edges.65,68

Electronic effects consist in a lowering of the energy of the Pt

d-band center, which weakens the bond strength between the

adsorbate and the metal, increasing propylene selectivity.61,81

Alloying Pt with 15% Sn increases filling of the Pt 5d-band,

decreasing the adsorption strength of the molecule and therefore

the occurrence of coke formation, hydrogenolysis and cracking

reactions.82 The addition of promoters also results in less C* (and

thus coke) formation, and in lower cracking selectivity, since the

deeply dehydrogenated species propyne (CH3CCH*) was found

to be the only C3 species that energetically prefers C–C bond

breaking to C–H bond breaking (Fig. 9A).83 Moreover, alloying

promotes the migration of polyaromatic species to the support,

slows down particle growth, hinders hydrogenolysis and isomer-

ization competitive reactions and neutralizes support acidity.8

A similar propylene desorption vs. activation concept is valid

for CrOx, but structure–activity relationships are strongly

dependent on CrOx clustering and interactions with the support.

For example, when SBA-15 is used as support four-fold

coordinated Cr3+ are more active and show higher selectivity

than Cr surface sites on chromium oxide, while when alumina

is used, oligomeric species show higher activity/selectivity.84

Propyne was also found to play a role in CrOx deactivation in

Kinetic Monte–Carlo (kMC) simulations.85

Stability. Deactivation of PDH catalysts is mainly due to loss

of active sites, by coke deposition and particle growth/agglomeration.

Fig. 9 Catalyst design concepts for selectivity and stability of propane dehydrogenation (PDH) catalysts. (A) Propylene selectivity is inversely related to its

adsorption strength on the catalysts active sites, where it forms di-s and p-adsorption modes, respectively leading to a strong and weak interaction.62

The preferential pathways in this simplified scheme are indicated with arrows, and propyne is highlighted as crucial intermediate in the formation of coke

and cracking products.83,85 (B) Main strategies to improve PDH catalysts stability: (i) ensemble control by e.g., alloying of Pt with Sn or producing

atomically dispersed catalysts (SACs) by strong anchoring on a support such as CeO2; (ii) encapsulation in e.g. zeolites; and (iii) decoration by the support,

either by strong metal-support interactions or by post-modification methods such as atomic layer deposition.
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To increase resistance against coking, the general concept of

ensemble size control applies: on metal surfaces, propane

dehydrogenation is a structure-insensitive, single-atom

catalyzed reaction, where active sites adsorbing propane are

surface atoms with low coordination. Contrarily, the side

reactions, such as coke formation, are structure-sensitive

reactions, requiring the formation of larger metal clusters.8,57

Thus, by reducing the size of the active site ensembles, for

example by alloying Pt with metals or by using atomically

dispersed catalysts, higher coking resistance can be achieved.26

Catalyst deactivation due to Sn clustering over several reduction

cycles was also observed.86 To stabilize well-dispersed catalysts

and increase resistance against particle growth, the active phase

should be strongly anchored to the support, as is the case for

Pt/CeO2 systems, or by physical barriers, such as encapsulation

in zeolites (e.g. PtZn@zeolite S-1,87 PtSn@ZSM-588) and AlOx

decoration (Fig. 9B).79

Despite these advances, catalysts regeneration is generally

required, due to the intrinsic tendency for coke formation

under PDH conditions. This is done at high temperature

(up to 750 1C) and oxidative environments, sometimes in the

presence of Cl to help redispersing Pt and recover catalytic

activity.6 Such practices may be a deal-breaker for certain

metathesis catalysts in PTO operations, and regeneration strategies

should be tweaked to allow for PDH activity restoration without

affecting metathesis activity. We will discuss this aspect further

in Section 4.3.

The discussed structure–activity relationships concepts can

be applied to a wide range of PDH catalysts, but their imple-

mentation in catalyst design requires a specific knowledge on

the type and distribution of active sites. The reducibility of the

oxide is known to play a role, as upon H adsorption on Cr3+ and

O a charge transfer occurs from O–H to Cr, which is reduced to

Cr2+.89 For VOx-based catalysts, similarly to CrOx, oligomeric

and monomeric vanadium clusters with a tetrahedral structure

are believed to be the most active.90 For ZrO2-based catalysts,

active sites can be created by introduction of vacancies, where

unsaturated Zr atoms are able to homolytically split C–H bonds

with a low activation energy.91 Over Ga/ZSM-5 catalysts, active

species were identified as [GaH]2+ ions in proximity with a

framework Brønsted-acid site.92 For nanocarbons, oxygen

functional groups are believed to be key for activity.93 The

diversity of proposed active sites gives an idea of the complex

quest of developing better PDH catalysts by rational design,

which shall be based on insights from in situ and operando

characterization and theoretical calculations.94

4.2 Metathesis catalysts overview

WOx, MoOx and ReOx are the most widely studied active phases

of heterogeneous metathesis catalysts.95 ReOx-Based catalysts

are generally the most active ones, achieving conversion at

room temperature (e.g. Re2O7/Al2O3), and being able to convert

functionalized olefins if activated with organometallic

promoters.96 Nonetheless, ReOx catalysts were never used in

the petrochemical industry, due to their fast deactivation by

poisoning upon exposure to oxidating agents and other

common impurities in industrial streams. MoOx catalysts are

somewhat intermediate between rhenium and tungsten, can

operate at 50–250 1C and are mainly used in the Shell Higher

Olefin Process (SHOP).97 However, they also tend to deactivate

due to poisoning and high mobility of Mo oxides.98 Despite

being the less active of the three (conventional operating

temperatures are 300–500 1C), WOx-based supported catalysts

(typically WO3/SiO2) are the most used in the combined

dehydrogenation and metathesis PTO industrial technologies,

due to their resistance to deactivation and to small oxygenates

concentration in the feedstock, fast regeneration and high

resistance to embrittlement over time.56,95,99–101

Activity. Metathesis catalysts activate CQC bonds in olefins

into alkylidene (carbene) intermediates, which react with a

second olefin molecule to yield the metathesis products and

a new carbene species. The most widely accepted mechanism

for metathesis was proposed by Herisson and Chauvin

(Fig. 10B), and it involves a [2+2] cycloaddition forming a

metallacyclobutane intermediate, and a cycloreversion. The

reaction was shown to proceed with different RDS, depending

on the available metal sites, adsorbate molecule (ethene or

trans-2-butene) and temperature.102,103 In any case, the metal

alkylidenes active sites are formed in situ, via partial, 2-electron

reduction of the metal (M6+) oxide by the olefin to low-valent

M4+ (Fig. 10A). Pre-treatments under inert or reducing

conditions (e.g., He, H2 or alkanes) have been shown to favor

the formation of the active sites by removing strongly bound

oxygen.104–106 This has direct implications on the way the

catalyst should be activated and regenerated during PTO, as

discussed in Section 4.3.

As for chromium-oxide based catalysts for alkanes dehydro-

genation, supported metal oxide catalysts for olefin metathesis,

such as WOx/SiO2, are very complex systems, due to the changes

in geometry and oxidation state of the metal center under

different reaction environments.95,105 Several mechanisms of

active site formation have been proposed, which will not be

discussed herein.97,107 The in situ activation, however, results in

active sites accounting for only a few percentage (5–10%) of the

total metal sites, which is due to many factors and makes the

investigation of active site formation challenging. First of all,

the formation of alkylidenes is slightly thermodynamically

unfavored, and second, the initiation is believed to occur with

participation by proton transfer from the acid OH groups of the

support.108 It is thus widely accepted that to achieve better

activity, the metathesis catalyst should be well dispersed and in

the form of defective clusters, to avoid formation of largely

inactive crystalline trioxide phases99 In the case of W, WOx

surface sites can be simultaneously found together with crystal-

line WO3 nanoparticles depending on surface coverage, with

the optimal loading for high tungsten dispersion being below

8 wt% on a 332 m2 g�1 surface area SiO2.
95

The stability of the metallacyclobutane (MCB) intermediate

is another general descriptors of metathesis activity identified

based on insights from Surface Organometallic Chemistry

(SOMC), which allow for precise design of supported

catalysts.28,109 Tungsten catalysts tend to form stable and
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detectable MCB, while on Mo-based catalysts MCB are rarely

reported. Based on computational and SOMC solid state nuclear

magnetic resonance (SS-NMR) results, this was attributed to the

fact that MCB, formed in the trigonal-bipyramidal geometry, can

more easily isomerize to the more stable, off-cycle square

pyramidal geometry on W than on Mo (Fig. 10B). Notably, such

intermediates were not yet identified on ill-defined hetero-

geneous catalysts, but recent development in SS-NMR will likely

allow to observe the specific signals of the MCB intermediates in

the near future and help in rational synthesis of better supported

metathesis catalysts.110

Selectivity. Selectivity is a central issue in metathesis

catalysis.97 In the case of propene metathesis, especially at

temperatures typical of the PTO reaction, the main issue is

related to C4 isomerization, possibly coupled with further

metathesis on the internal olefin, and C2 di- or oligomerization

to higher alkanes. The Lewis and Brønsted acid character of the

surface WOx sites and WO3 NPs, respectively, is responsible

for the byproducts formed by C2
Q dimerization to C4

Q and

oligomerization to C4–C6 alkanes.
95Non-stoichiometric metal oxide

phases have been shown to have higher selectivity towards primary

metathesis products,99 but higher temperatures and acidic sup-

ports such as silica favor isomerization and reduce selectivity.100

Dehydroaromatization to benzene and hydrogenolysis to CH4 and

ethylene were also reported at higher temperature. Therefore,

controlling and optimizing reaction conditions is here just as

important as catalyst design.

Stability. Loss of active sites in metathesis catalysts can

happen mainly by three factors: (i) coke formation, (ii) poison-

ing by impurities such as branched olefins and oxygenates

Fig. 10 Initiation, propagation and poisoning of catalytic metathesis. (A) Proposed scheme of active site formation by reaction with propylene in a

pseudo-Wittig oxygen removal, and formation of alkylidene species. High temperature pretreatments under reducing or inert conditions speed up

activation. Adapted with permission from ref. 105. Copyright 2016 American Chemical Society. (B) Proposed Chauvin’s reaction scheme of propylene

metathesis with the TBP–SP isomerization (TBP = trigonal-bipyramidal geometry, SP = square pyramidal geometry) based on insights from Surface

Organometallic Chemistry (SOMC). Adapted with permission from ref. 97 – published by The Royal Society of Chemistry. (C) Effect of poisoning agents

commonly present in industrial streams: branched olefins, causing deactivation by steric hindrance on the active site; Brønsted acids competing

adsorption; and Lewis bases inducing deactivation by oxidation of the active site via a Wittig reaction.100
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(Fig. 10C) and (iii) loss of surface area and formation of

extended trioxide phases. Coke formation can be substantial:

in the Phillips Tri-olefin process, due to the high flow rates,

27 wt% of coke deposits were formed on WOx/SiO2 after just

2 days of operation. Nonetheless, the catalyst was regenerated

for 110 times in a year by burning off the coke.99 Similar coking

behavior can be expected in the PTO reaction, where regeneration

should be implemented also due to coking of the PDH catalyst.

Coking may be slowed down by decreasing the operational

temperature and using Re or Mo alternatives. However, such

catalysts are more prone to deactivation by poisoning then W in

the presence of industrial feed stream impurities.56

WOx/SiO2 catalysts were shown to be stable against poisoning

from branched olefines, which usually result in deactivation by

steric hindrance around the metal center, mostly due to the higher

operating temperature employed.100 Oxygenates containing a Lewis

base group such as a carbonyl group (e.g., acetic acid, aldehydes,

ethyl acetate) can coordinate to the alkylidene active site and

oxidize it back in a Wittig-type reaction, forming a CQC double

bond in the leaving molecule. The resulting W6+ oxide is a non-

active site which has to be re-activated by the olefin (as described

above in the Activity section). Brønsted acids such as water or ROH

(e.g., butanol) will instead result in reversible deactivation by

competitive adsorption.100 The effect of contaminants of common

PDH streams should thus also be explored in the context of the

PTO reaction.

Finally, particle growth leads to deactivation by loss of

surface sites and transformation in crystalline MO3 phases.

This process is promoted by high temperature, and is

strongly affected by gas composition and interaction with

the support. This is extremely relevant for PTO operations

and catalysts regeneration procedures after coking.107 Mo

and Re are particularly prone to deactivation by coalescence

because of the high volatility of their oxides (vaporizing

as Re2O7 dimers111 or MoO3 trimers112) and of the oxide–

hydroxide MoO2(OH)2, already around 500 1C. Tungsten

oxides on the other hand are not as volatile, and can resist

higher operating temperatures. Accordingly, Mo was observed

to be very mobile on SiO2, but with contrasting results showing

coalescence or redispersion depending on the amount of water

in the feed, with dehydration resulting in spreading of Mo

oxide clusters, as revealed by in situ EXAFS and Raman

spectroscopy.98

As in the case of PDH catalysts, emerging strategies for

thermal stabilization involve incorporation of the active phase

in zeolites, which resulted in higher intrinsic activity for

MoOx@silicate when compared to MoOx/SiO2.
113 Similar

observations were made in the case of WOx@silicate.114

Notably, the introduction of heteroatoms in the silicate (such

as Nb) lead to even higher metathesis activity, which showed

correlation with the calculated OQWQO angle.115 This is in

accordance to SOMC insights showing that distortion of metal

complexes using different ligands resulted in unfavored MCB

isomerization, and thus less off-cycle square planar MCBs.97

These results further suggest that mixed oxides of WOx may

also result in better Met activity, which may be especially

relevant in the case of intimate contact state between PDH

and Met catalysts in PTO technologies.

4.3 Catalysts challenges and opportunities in the PTO

technology

When combining propane dehydrogenation and propylene

metathesis in one industrial process one must consider the

effect of the operating conditions of the reaction (i.e., temperature,

exposure to feedstock, other gases, products), activation and

regeneration procedures, and contact state and relative amount

of the two materials in the reactor. The contact state is the first

factor to consider as it influences all the other aspects. In

Fig. 11, the possible contact states between PDH and Met are

summarized from most separated to closest: (a) separate reactors,

where the PDH and Met are run in tandem; (b) separate PDH-Met

bed, in which the first part of a reactor is filled with PDH catalyst

bodies (usually in extrudates form); (c) physically mixed bed, in

which the PDH-only and Met-only catalyst bodies are mixed

together; (d) mixed in extrudate, where PDH and Met powdered

catalysts are mixed together in the same catalyst body, possibly

with core–shell structures; and (e) mixed on support, where PDH

and Met active phases are mixed on the same powdered support

(e.g., by co-impregnation of precursors).

The separate reactors mode (Fig. 11a) allows for the most

flexibility but is also the most complex. Here, PDH andMet may

be (i) run at different temperatures, (ii) separately or jointly

regenerated, depending on the catalysts regeneration system,

and (iii) exposed to controlled streams, by e.g., additional

separation of H2 before the Met bed. Being able to independently

operate and regenerate the PDH andMet catalysts would allow to

use more active Mo-based catalysts, which would otherwise be

deactivated by particle growth at the high PDH temperature and

in the oxidizing environment found in PDH regenerators. On the

other hand, the effect of H2 was shown to be beneficial for Met

catalysts operation, so its separation from the gas feed is not an

added value.106 For example, H2 was found to lower coke

deposition and increase the number of reduced catalytic active

sites in ReOx catalysts.
56

A remarkable drawback of the separate reactors mode is that

the PDH reaction runs independently of the Met reaction, and

thus there is no shift in the PDH thermodynamic equilibrium, as

discussed in Section 3. A similar case can be made for the

separated bed mode (Fig. 11b): since propylene is only converted

in the second half of the reactor, the PDH equilibrium is

unaltered, and it governs the amount of propane which can be

converted. Moreover, a sufficient amount of catalyst or an

adequate gas flow must be chosen to reach equilibrium and

avoid high propane slips to the Met zone. The relative amount of

PDH and Met catalyst is a general concern for all operating

modes, and requires optimization for a particular installation

and catalysts intrinsic activity.

To keep the PDH and Met bed separate, practical regeneration

should resemble the CATOFIN process, with multiple reactors in

cyclic operation (reaction conditions/purge/regeneration stages).

This means that the two catalysts must be regenerated together,

limiting (at least in principle) the Met catalysts choice to W-based
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catalysts. Multi-stage heating and change in regeneration

procedures may however overcome this problem. Differential

heating would also avoid the formation of strong thermal

gradients along the reactor. Notably, in existing PDH technologies

heat is provided by the pre-heated gas flow and by the catalyst

itself (heated during the regeneration treatment). Since PDH is an

extremely endothermic reaction and Met is almost

thermally neutral, heat will be consumed much more in the first

part of the reactor, leaving the Met zone hotter, and favoring

isomerization and coking.

A more intimate contact of PDH and Met catalysts, such as

in physically mixed bed (Fig. 11c), overcomes many of these

problems and is thus to be preferred in PTO technologies.

In this case, the PDH thermodynamic equilibrium is shifted by

the in situ conversion of produced propylene over the Met

catalyst. This should also result in a more homogeneous

thermal profile along the reactor bed, with the Met catalyst

working as a heat reservoir, in place of (or in addition to)

commonly used inert materials. Moreover, provided that PDH

and Met catalyst bodies are produced with different density,

Fig. 11 The possible catalysts contact state in the propane-to-olefins reaction are listed from most separated configuration to the most intimate one.

Pros and cons of each contact state are highlighted.
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they may be separately cycled through different regenerators

using a concept similar to FLOTU/Tsinghua bi-catalyst technology

(Fig. 5). On the downside, at this and closer contact states, the

PDH catalyst is exposed not only to the presence of propylene, but

also of other olefins, such as ethylene and butene. As a result,

ethylene selectivity can be lower than expected due to thermo-

dynamically favored re-hydrogenation of ethylene to ethane, by

reaction with H2 produced during dehydrogenation. On the other

hand, the Met catalyst portion at the reactor mouth is exposed

almost solely to propane and is thus not efficiently used. Despite

these relatively minor drawbacks, we expect this and the next two

operation modes to be the most relevant for future PTO

technologies.

PDH and Met catalysts powders may also be combined in a

single catalyst body, either randomly mixed or in the form of

core–shell spheres or extrudates (Fig. 11d, mixed in extrudate).

In this configuration, the two catalysts are in close contact, and

may not be separated at any operational stage. Core–shell

extrudates have been shown to control catalyst activity and

selectivity in e.g. branched olefin production in Fischer

Tropsch, due to control of migration of the reactants to the

tandem active sites, and are thus interesting to implement in

PTO technologies.116 Recently, Sripinun et al. have shown that

indeed catalyst bodies composed of a dehydrogenation

catalysts shell and a metathesis catalysts (Met@PHD) core out-

perform in the PTO reaction physically mixed single-catalyst

extrudates, mixed in extrudate, and inverted (dehydrogenation

catalyst core and metathesis shell – PDH@Met) alternatives,

yielding propylene with 43 mol% yield, improving by 25–35%

from the base case.117 Reaction simulations based on reaction

kinetics and mathematical models in gPROMS were developed

and used to orient catalyst bodies preparation, finally hindering

side reactions such as hydrogenolysis and ethylene hydrogenation,

and allowing to reduce the amount of (Pt-based and thus expensive)

dehydrogenation catalyst needed by 59%.

Another interesting option is the use of catalytic formulations

where PDH andMet catalysts are supported on the same support

(Fig. 11e, mixed on support): in this case it is important to

understand how the two components can influence each other

and how much they are compatible, by studying for instance the

possible formation of Pt–W alloys, the formation of Cr–W mixed

oxides upon annealing or the electron transfer between different

components. The metathesis activity of WOx was indeed shown

to be increased by the addition of promoters such as Nb2O5

(patent no. CN1618515A), while were deactivated by impurities

such as Fe and alkali in the range of 100 ppm. Notably, Fe and

Nb are both good catalysts/promoters in PDH.26 Mixed phases

and alloying can be monitored by in situ and operando X-ray

absorption spectroscopy, drawing inspiration from work on

Pt–In: changes in Pt–In alloys were monitored under O2–H2

cycles, investigating the redox behavior and the sintering

mechanism of the alloy under typical regeneration–reactivation

conditions used in PDH.118 The results showed that

during oxidation, the Pt–In alloy simultaneously undergoes

decomposition and Pt oxidation, the latter being the rate

determining step, and that oxidation requires higher thermal

activation compared to reduction. On the other side, the

reduction step has a lower activation energy and involves the

reduction of platinum and indium oxides with subsequent

formation of the highly stable Pt13In9 alloy. The authors also

observed that after 60 catalytic cycles sintering of Pt nanoparticle

takes place, as also observed for PtSn alloys. Synchrotron X-ray

characterization techniques can especially provide a unique

tool to collect precious information about bimetallic catalyst

structure, alloying mechanism and stability under different

reaction atmospheres, that are of utmost importance for

tweaking catalyst design.

Role of the support. Finding the right support to disperse

both PDH and Met catalysts will also be very important, since it

provides a physical scaffold for dispersion of the active sites,

influences the geometric and electronic structure of nano-

particles (e.g., strong metal support interactions), affects

reagent diffusion, and can participate in the reaction mechanism

directly or indirectly (e.g. spillover, providing interfacial or acid/

base sites). In PDH, using Mg(Al)O hydrotalcite support instead

of pure alumina enhances the catalytic performance of the

bimetallic catalysts, due to an overall reduction of the support

acidity, leading to a slower growth of polyaromatics. Tolek

et al.119,120 showed that adding a promoter, such as In, to the

hydrotalcite support, via co-precipitation, enhances metal-

support interaction and leads to higher amount of alloy

formation and higher catalytic performance. In the case of

CrOx, the support influences the amount of Cr3+ that is formed

upon reduction, stabilizing this species and ensuring that

chromium sites have a coordination with two oxygen vacancies.

On alumina, chromium oxide (Cr6+) is found in monomeric and

dimeric form, with dimers/monomers ratio increasing with

loading, while on silica it is found as monomeric, dimeric,

trimeric and tetrameric form, with trimers/dimers and tetramers/

dimers ratios increasing with Cr loading.121 XANES measurements

on silica–alumina supports showed that pure silica support

promotes Cr reduction and the formation of polychromate,

while alumina promotes the formation of chromate and mixed

silica/alumina can favor either, depending on the silica/

alumina ratio (silica acidity is higher than alumina).70 Kumar

et al.84 showed that Cr active sites are in the Cr3+ oxidation state

and that activity changes as the support varies: when SBA-15 is

used as support four-fold coordinated Cr3+ are more active and

show higher selectivity than Cr surface sites on chromium

oxide, while when alumina is used oligomeric species show

higher activity/selectivity.

The following trends were established: (i) at low loadings

and high surface areas, an increasing isoelectric point of the

support leads to higher monochromate/dichromate ratios; (ii)

polychromates tend to form at higher loadings and lower

surface areas; (iii) anchoring on hydroxyl groups during

calcination can lead to different structures depending on all

the discussed parameters; (iv) supported Cr ions are mobile,

and the oxide support can be envisioned as a ligand controlling

the redox properties of the supported Cr ions.122,123

The support has an influence also on the oxidation state of

the reduced Cr form: at 4 wt% loading, Cr2+ is mainly obtained
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as reduced form on silica, while a Cr2+/Cr3+ mixture is obtained

on mixed alumina/silica supports and Cr3+ species are obtained

on alumina. The authors ascribed the support effect on

reduction to the fact that the presence of silica might favor

reducibility compared to alumina, leading to a stronger

interaction of the active site with the support. Similarly, the

isoelectric point (IEP) of the support affects the amount of

surface dichromate, which increases as the IEP decreases.124

Indeed, modifications of CrOx/SiO2 catalysts have been recently

proposed either where chromium oxide is modified with

zirconia or ceria, or where the support is different from silica,

in order to enhance catalytic performance by tuning Cr redox

properties.125,126

Therefore, compatibility between dehydrogenation and

metathesis catalysts (i.e., formation of secondary phases) and

anchoring over a suitable support, is another field that to the

best of our knowledge has been unexplored so far and is

important to study, especially when considering different

catalyst contact states in the reactor. The parameters involved

prevent us from establishing an overall ‘‘compatibility table’’,

as this will depend on all the previously discussed factors. It is

thus necessary to address in future studies how such

factors influence catalyst deactivation, products selectivity

and competitive reactions. This would be of great interest to

design catalysts that are stable towards deactivation.

Operation and regeneration temperature. From the previous

discussion of contact state, two important factors emerge: the

operation temperature and the regeneration procedure.

Since the majority of Met catalysis studies focus on reaction

temperatures below 500 1C, it is important to expand the

research scope to higher operating temperatures, more relevant

for PTO settings (600–650 1C). Similarly, regeneration strategies

of both Met and PDH catalysts should be further explored. A

list of patents of Met catalysts regeneration and activation

strategies (other than common oxidative treatments) may be

found in the literature.56 Here, we will summarize some of the

most relevant options alternative to calcination in air or O2:

� ReOx/alumina was regenerated by treatments with H2O2,

or bases (e.g., NaOH, KOH, or NH4OH);

�WOx and MoOx catalysts were regenerated by water at 50 1C

or by steam at 170 1C (e.g., patent no. WO2009013964)

� H2, syngas or even the reaction products of C2–5 alkane

dehydrogenation was shown to be as or more effective than

coke combustion in O2-containing gasses (e.g., patent no

WO2002000341A2);

� 550–700 1C treatments in olefin-containing atmosphere

(e.g. propylene) were reported to increase the activity of

silica-supported WOx and MOx catalysts of 2–3 orders of

magnitude.127

�MoOx catalysts were activated by CH4 atmosphere at 600 1C

or above for 30 min.128

From the above list, it is clear that the PDH product mixture

should be actually beneficial for Met catalysts (e.g., H2 and

propylene, CH4 produced by cracking,) and that much more

should be studied in terms of activation and regeneration of

Met catalysts. For instance, pre-reduced WOx catalysts were

recently shown to be active for PDH themselves.129 The

reduction temperature during pretreatment was also shown

to influence the Cr2+/Cr3+ ratio in Cr-based PDH catalysts,

depending on the support.130 New operando studies have

started to unravel the complex interdependence of type of

support, Cr loading and pre-treatment conditions on the

catalysts structure and activity. Further work should be devoted

in understanding redox cycling during subsequent catalysts

reactivation and regeneration, to guide the development of

better catalysts and fine-tuned modes of plant operation.

We foresee that the development of better PTO technologies

will be a driver for such future investigation.

5. Conclusions and perspectives

Thanks to favorable market conditions and the development of

on-purpose PDH technologies, the propane value chain has

seen a booming growth, to become a main branch of the

(poly)olefins industry. With many more PDH installation

planned in the coming 5 years, especially in China, interest is

growing also in alternative methods for propane valorization,

targeting specific olefinic products. PTO is a promising

technology to expand the capabilities of the PDH reaction to

higher alpha olefins, but the method is still in its infancy and

increasing the olefins yield will be crucial for commercialization.

Operating the PDH and Met reactions in tandem adds a layer of

complexity, but can improve the overall olefins yield by shifting

the equilibrium via in situ propylene conversion. While the

standalone Met reaction does not present major obstacles, the

PDH step introduces some intrinsic limitations, such as low

equilibrium conversion and competing coking and cracking

reactions.

Despite fast advances in PDH technologies in the last 5 years,

practical alternatives to the classic Pt–Sn/Al2O3 (Oleflex) and

CrOx/Al2O3 (Catofin) catalysts are still lacking. Pt and Cr-based

catalysts have been optimized by using different supports,

introducing promoters, and changing their preparation

methods, but their stability under PDH conditions is still

relatively low, so that constant regeneration is required. Metal

oxides such as VOx, GaOx, FeOx single atom catalysts and

nanocarbons have been proposed and studied as PDH catalysts,

but so far they did not outperform traditional Pt- or Cr-based

materials.23 The rich chemistry of V (many oxidation states), Ga

(hydrides formation) and nanocarbons (heteroatoms and

functionalities) represents a new frontier in exploration of

PDH catalyst design, and will require efforts in theoretical

calculations, simulations and operando characterization to

develop appropriate structure–activity relationships.131 Recent

studies showed that Fe, Co and Sn are also promising

alternative for PDH, with Sn showing surprisingly stable

performance under PDH.132

While side reactions and deactivation for PDH are well

known in literature, for metathesis catalysts detailed literature

exists about homogeneous catalysts,48,133,134 but not so much

for heterogeneous supported catalysts in terms of structure–
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properties correlations. In situ and operando spectroscopic

studies are relatively new,56 but were proven crucial for rational

catalysts design to approach the activity of organometallic

catalysts.95,101,105 A series of in situ and operando spectroscopic

studies related to WOx, ReOx and MoOx supported on silica

or alumina were carried out, with the aim to shed light

on the structure–performance relationships of the catalysts at

work.95,101,102,105,107,135,136 Moreover, precise design of these

supported catalysts can be obtained using advanced strategies

for surface sites engineering, such as Surface Organometallic

Chemistry (SOMC).28,109 Advances in SS-NMR and operando

vibrational and electronic spectroscopy, on the other hand,

can provide deep insights on reaction intermediates and help

unravel activation, reaction and deactivation mechanisms.97

For the metathesis reaction, WOx/SiO2 is the optimal catalyst

due to its resistance to trace quantities of oxygenates in the

feedstock, the long catalyst lifetime compared to MoOx and

ReOx supported metathesis catalysts, the easy regeneration to

remove coke deposits and the absence of catalyst embrittle-

ment upon periodic regeneration.56,95 However, about 80 wt%

of W worldwide is mined in China, which makes tungsten a

strategic metal, and its sustainability critical.137 Fine-tuning W

oxidation state and carbide formation using promoters and

support effects will be key to make the catalysts more durable

under PTO conditions and to reduce the amount of W needed.

Increasing W recycling rates (already at 37%) and exploring alter-

natives, such asMo and Re or combinations thereof, should also be

pursued to increase resilience of Met and PTO technologies.

Catalyst design is an important part in the development of

more sustainable and efficient chemical processes, but it has to

be complemented with smart reactor design and operations.

In PDH, thermodynamic constraints are heavily limiting the

possibly achievable yield of propylene. According to the Le

Chatelier principle, removing products from the reactor will

shift the equilibrium of any reaction to the right. Therefore,

using H2 membrane reactors in PDH, one could dramatically

increase the yield of propylene. The main issue with this

approach is that membranes have limited thermal stability,

but recent advances have extended the temperature window for

their operation, and the European MACBETH consortium is

currently working to apply H2 membrane technology to PDH.138

According to some of the partners, sustainability, investment

and operating costs can also be reduced using membrane

reactors. Emerging membrane materials (such as metal or

covalent organic frameworks and polymers with intrinsic

microporosity) are also promising for olefin/paraffin separation,

crucial for DH and other petrochemical processes, as alternative

to the state-of-the-art cryogenic distillation, which is an extremely

energy-intensive process.139

Oxidative dehydrogenation (OPDH) of propane C3H8þð

1

2
O2 Ð C3H6 þH2OÞ is another emerging technology with

the potential to overcome the equilibrium limitations of nonox-

idative alkane dehydrogenation.140 Oxidizing hydrogen atoms to

water makes the reaction exothermic (DH0
298 = �117 kJ mol�1) and

thus not equilibrium limited, and it allows to produce olefins at

lower temperatures and higher pressures, resulting in lower coke

formation. Nonetheless, paraffin overoxidation to CO and CO2 is a

major drawback.72,73,140 Using CO2 as an oxidizer has recently been

proposed improve carbon utilization, while avoiding over-

oxidation.55 OPDH is however competing with dry reforming of

propane (3CO2 + C3H8 " 6CO + 4H2), so that selective catalysts

are needed. Boron-based catalysts have been proposed for the

OPDH reaction using oxygen as an oxidizer (e.g., B-substituted

zeolites141,142 and hexagonal BN or BN nanotubes143). Future

studies should focus on the application of such catalysts in

combination with CO2 as an oxidant and in deriving structure–

activity relationship principles to guide catalyst design. Finally,

combining CO2 valorization to olefin production is interesting to

evaluate in the context of CO2-neutral plastic production, in line

with worldwide goals to increase plastic sustainability.144,145

Combining emerging PDH technologies with Met in the PTO

reaction holds promise to achieve better performances.

However, it is unknown how Met catalysts will react to such

different compositions in the feed. Unraveling the role of

competitive reactions and catalyst deactivation mechanisms

occurring during the PTO process will be fundamental to

overcome the existing challenges. To this end, cooperation

between academia and industry is the key point to make these

technological advances possible: a synergistic approach is

required to gain an insight into the fundamental science of

these heterogeneous catalysts, establish structure–property

correlations and apply this knowledge to large scale processes.
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