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Light olefin synthesis from a diversity of renewable
and fossil feedstocks: state-of the-art and outlook†
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Light olefins are important feedstocks and platform molecules for the chemical industry. Their synthesis has

been a research priority in both academia and industry. There are many different approaches to the synthesis

of these compounds, which differ by the choice of raw materials, catalysts and reaction conditions. The goals

of this review are to highlight the most recent trends in light olefin synthesis and to perform a comparative

analysis of different synthetic routes using several quantitative characteristics: selectivity, productivity, severity

of operating conditions, stability, technological maturity and sustainability. Traditionally, on an industrial scale,

the cracking of oil fractions has been used to produce light olefins. Methanol-to-olefins, alkane direct or

oxidative dehydrogenation technologies have great potential in the short term and have already reached

scientific and technological maturities. Major progress should be made in the field of methanol-mediated CO

and CO2 direct hydrogenation to light olefins. The electrocatalytic reduction of CO2 to light olefins is a very

attractive process in the long run due to the low reaction temperature and possible use of sustainable

electricity. The application of modern concepts such as electricity-driven process intensification, looping, CO2

management and nanoscale catalyst design should lead in the near future to more environmentally friendly,

energy efficient and selective large-scale technologies for light olefin synthesis.

1. Light olefins: general information,
demand and feedstocks

Light olefins (LO; ethylene, propylene and butylenes) are
important feedstocks and platform molecules for the chemical
industry (Fig. 1). The global olefin market is set to grow at a rate
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of 4.5% from 2020 and is expected to reach USD 329.30 Billion
by 2028.1 The current driver of LOs demand is the high
penetration of polymers, plastics and fibers in electronic
devices and vehicles.

Ethylene is the largest-volume chemical and has a broad
range of applications and end-uses. It is often seen as a
barometer of the performance of the whole chemical industry.
Ethylene is employed in manufacturing polyethylene, ethylene
oxide, ethylene glycols, ethanol, ethoxylates, PVC, ethylben-
zene, ethanolamine, etc. The ethylene-based products are used
in the following industries: packaging, transportation, electri-
cal/electronic, textile, construction, consumer chemicals,
metals, coatings, adhesives, food industry, agriculture and
medicine.

The world consumption of propylene is over 100 million
tons and is expected to raise 4% per year.2 Propylene is mostly
consumed for manufacturing polypropylene.3 The latter is one
of the most versatile polymers due to a combination of good
mechanical and chemical properties. Propylene is also used to
produce acrylonitrile, propylene oxide, alcohols, cumene and

acrylic acid (Fig. 1). The chemical industry is experiencing a
‘‘propylene gap’’ – an excess of demand for propylene over its
production.3

The main uses of butylene are in the production of gasoline
additives and polybutadiene rubber. High-purity butylene is
used as a co-monomer for different sorts of polyethylene. About
15% of butylenes are converted to specific chemicals: buta-
diene, butylene oxide, acetic acid, vinyl acetate, isobutylene,
methyl t-butyl ether (MTBE) and solvents.

The literature shows a sharply growing interest in the
synthesis of LOs, which can be produced from a diversity of
renewable and fossil raw materials. In this review, we will
consider the main groups of LO synthesis technologies depend-
ing on the feedstock (Fig. 2).

First, hydrocarbon feedstocks such as oil, natural gas or
shale gas can be employed for LO synthesis. The hydrocarbon-
feedstock based LO synthesis technologies involve steam-
cracking of light oil and gas fractions, fluid catalytic cracking
(FCC), methane coupling and direct or oxidative dehydrogena-
tion of propane and butane. Steam cracking and FCC currently
account for 81% of propylene production.4

The second type of feedstocks for LO synthesis involves
oxygenates such as biomass, organic waste or methanol. The
olefins are produced from these feedstocks either via pyrolysis
or methanol-to-olefins (MTO) process. Finally, in recent years,
CO and CO2 have emerged as important raw materials for the
synthesis of fuels and chemicals. CO is a major component of
syngas, which is produced by gasification of alternative fossil
(heavy oil, shale gas, coal) and renewable feedstocks (biomass,
organic and plastic waste). Monetization of CO2, emitted by
power plants and other industrial facilities, is principally
driven by environmental concerns and sustainability. The
newly developed technologies for LO synthesis involve CO or
CO2-based Fischer–Tropsch synthesis or methanol-mediated
CO/CO2 hydrogenation. In addition to the thermochemical
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and thermocatalytic processes, electrochemical conversion of
CO2 to LOs, and in particular to ethylene, has been attracting
much attention.

Previous reviews about LO synthesis have only focused on
specific routes such as Fischer–Tropsch synthesis,5–9 methanol-

mediated routes,7–11 direct dehydrogenation,12–14 oxidative
dehydrogenation,14–16 cracking,4,17–19 methanol-to-olefins
process20,21 or on specific materials (e.g. zeolites22). To the best
of our knowledge, no attempt has been made in the past to
examine and compare in a single review article, a wide range of

Fig. 1 Light olefins, platform molecules for the chemical industry.

Fig. 2 Raw materials and technologies for the synthesis of LOs.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 9
/3

0/
20

23
 1

0:
18

:4
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs01036k


This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev., 2022, 51, 7994–8044 |  7997

LO synthesis reactions involving diverse raw renewable and
fossil materials and technologies. This review includes not
only a discussion of the literature mainly published in the last
10 years but also a comparative analysis of LO synthesis
routes from various fossil and renewable feedstocks using
several quantitative criteria such as selectivity, productivity,
stability, temperature, pressure, technological maturity and
sustainability.

2. Light olefin synthesis from
hydrocarbons
2.1. Cracking of hydrocarbons

Steam cracking (SC) and fluid catalytic cracking (FCC) are
currently the most common routes for LO production. The first
commercial plant for ethylene and propylene production has
been built by Union Carbide Corporation in Clendenin in 1925.
Nowadays, these two technologies produce together worldwide
about 80–90% of ethylene and propylene.4,19,23–26

2.1.1. Steam cracking of light hydrocarbons. Thermal SC27

is currently used on a large scale in the industry and produces
LOs from light oil fractions (naphtha, light paraffins, middle
distillate) or shale gas. SC is performed28 without catalyst
at high temperatures (4800 1C). The SC reactions are highly
endothermic and consume a large amount of energy. Conse-
quently, the energy29 in typical shale gas- or naphtha-based
olefin plants represents approximately 70% of production
costs. Moreover, the SC plants generate large amounts of
greenhouse gases.18 More than 90% of CO2 emissions in SC
is related to the combustion of fossil fuels (fuel gas, Fig. 3b)
used for maintaining the cracking furnaces at high
temperatures.

Propylene is a by-product of ethylene production in SC.30

The yields of ethylene and propylene vary31 between 24–80%
and 1.5–18%, respectively, depending on the feedstock and
operating conditions (Fig. 3a). If ethane is used as feedstock,
only 0.019 t of propylene is produced for every ton of ethylene
made.32 Higher amounts of propylene are produced from SC of
propane, butane, naphtha and longer-chain hydrocarbons.
Operating conditions also affect the selectivity of this technol-
ogy. Propylene and butylene are produced at lower SC tempera-
tures, while ethylene production requires higher temperatures.
A recent trend in steam crackers has been the use of shale gas
as feedstock. This leads to even higher SC temperatures, higher
ethylene yields, with less propylene produced as a by-product.

The conventional naphtha-based SC plants are composed of
four main sections: cracking furnaces, quench sections, com-
pression, chilling units and separation columns. The cracking
furnace is the heart of SC plants. The main parts of a cracking
furnace29 are the radiation section including numerous
burners on the walls and bottom of the firebox, tubular
reactors, convection section, heat transfer facilities and stack
(Fig. 3b). The heated feedstock stream enters the tube reactors
in the furnace, where the burners provide a temperature up to
1100–1200 1C. The reactions take place in a fraction of a second

(0.4–1.0 s) in the tubular reactors. The heat of flue gases is
transferred to the feed/steam, high-pressure steam and boiler
feed water (BFW).

The SC process is conventionally conducted without any
catalyst. The possible use of catalyst in the SC process allows
reducing the reaction temperature and energy costs33 by
10–20%. Catalytic SC operates at the temperature range of
750–780 1C, lower than the thermal process by about 50–
100 1C. In addition, catalyst-assisted SC gave34–36 higher pro-
pylene and aromatics yields. R&D on catalytic SC of hydrocar-
bons to LOs started34 in the late 1960s. Three types of catalysts
were tested in SC, i.e., acidic catalysts, basic catalysts and
transition metal oxide catalysts. Zeolites with strong acidity
and high surface area (ZSM-22, ZSM-5, MOR, ZSM-48, etc.). have

Fig. 3 Hydrocarbon steam cracking: yields of various petrochemical
fractions from a steam cracker using ethane, propane, butane, naphtha
and gasoil as feedstock (a);4 schematic diagram of a typical cracking
furnace in the SC plants (b). Reprinted from ref. 19 Copyright (2019), with
permission from Elsevier.
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been considered. Bimetallic and trimetallic oxide catalysts were
also reported34 for naphtha cracking. The redox catalysts such
as V–Sr–Al, Mo–Li–MgO, CaMn–NaW, SrMn–NaW, Li/Mg/Mo,
Li/Mg/Bi, BaFeAl and NaW/BaFe, showed higher yields of LOs.
Note that large amounts of steam and high temperature
deactivate conventional cracking catalysts. That is the reason
why no commercial application of catalytic SC has been
reported so far.37

2.1.2. Fluid catalytic cracking of heavy oils. Fluid catalytic
cracking (FCC) is one of the most widely used processes in the
oil refinery and has been practiced since 1942. It proceeds at
lower temperatures (600–700 1C) compared to SC and involves a
catalyst. Conventional FCC produces gasoline together with
propylene as a minor product (o5% product yield) from
vacuum gas oils and residua.38 Propylene is produced in FCC
via secondary cracking of long-chain alkanes/alkenes. There are
two strategies25 for increasing the propylene yield in FCC: (i)
optimization of the operation conditions and (ii) use of an
additive or modification of the FCC catalyst. The operation
conditions can be optimized using a riser or a downer recircu-
lating reactors,39 reaction temperature, feed vaporization, con-
tact time, catalyst-to-oil ratio, hydrocarbon partial pressure and
recycling of naphtha. The objective is to crack the reactive long-
chain olefins present in the FCC-produced naphtha to LOs.
Because of its lower reactivity, cracking of paraffinic naphtha
does not occur under these conditions.

Ultra-stable Y (USY) zeolites with higher Si/Al ratios are
typically used as catalysts in the FCC process. They are obtained
by hydrothermal treatment of the parent Y zeolite.25 USY
zeolites exhibit improved stability and high cracking activity
due to the generation of strong acid sites.

On average, each catalyst particle goes through about 15 000
cycles,40 before it is discarded. A given particle may spend 1 to 3
months in the unit.

It was uncovered41 in the 1980ies that the addition of ZSM-5
zeolite to the Y-zeolite based FCC catalysts boosted the selec-
tivity to propylene and reduced the selectivity to naphtha
olefins. The amount of ZSM-5 used in the FCC ranges from
0.2 to 3 wt% of the USY catalyst. The addition of the ZSM-5
zeolite increases the propylene yield from about 5 wt% in

conventional FCC units to about 20 wt% depending on the
type of feedstock.42–45 The advantage of the ZSM-5 additive
relative to Y-zeolite, is its capacity to crack naphtha olefins to
propylene. Besides ZSM-5 zeolite, several other high-silica
zeolites (MCM-22,46 ITQ-1347 and others25) have been consid-
ered as additives for the enhancement of LO selectivity.

The LO synthesis from heavy oil fraction in FCC is an
example of a bifunctional process involving two types of acid
sites. First, heavy feeds (e.g., vacuum gas oil and residua) crack
to naphtha olefins over large pore Y-zeolite. Then, the produced
naphtha olefins diffuse into the ZSM-5 zeolite and crack into
the C2–C4 olefins (Fig. 4), mostly propylene. Because of the low
reactivity of the propyl carbenium ions, propylene does not
convert by hydrogen transfer to propane as easily as butenes.
High propylene yields in FCC result48 therefore, from naphtha
over-cracking and fast diffusion of target LOs. The zeolite pore
diameter plays an essential role49 in minimizing hydrogen
transfer reactions. Smaller pores of the ZSM-5 zeolite hinder
bimolecular reactions and, consequently, enhance cracking
relative to hydrogen transfer and thus, the formation of LOs.

The FCC process requires continuous catalyst regeneration
and removal of deposited coke by oxidative treatments. The
regeneration often results in zeolite dealumination and in a
decrease in the amount of Brønsted acid sites. The exothermic
coke oxidation in the FCC catalyst regeneration provides energy
for the endothermic cracking reactions.

Promotion of ZSM-5 zeolite catalyst with several elements
may improve its catalytic performance. For instance, it has been
reported that the addition of phosphorous compounds
enhanced50 the desired stability and catalytic activity in the
cracking of C4 alkenes and naphtha into propylene and ethy-
lene. Increasing the LOs yield has been also achieved25 by
incorporation of alkali earth metals in the ZSM-5 zeolite. The
transition metals added to ZSM-5 may facilitate25 dehydrogena-
tion of alkanes to alkene and their cracking to LOs.

2.1.3 Summary. Both SC and FCC are mature technologies
that currently produce the bulk of LOs in the industry. The SC
process, which runs without a catalyst, mainly produces ethy-
lene, while propylene is the target product of FCC. Both
processes require higher temperatures and are accompanied

Fig. 4 Production of aromatics vs. LOs in FCC over Y and ZSM-5 zeolites (a) Effect of the incorporation of 2.5 wt% of pentasil at USY FCC Ecat on yield of
paraffins and olefins at a conversion level of 60 wt%. An additive containing 10 wt% ZSM-5 zeolite was used (b).24
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by significant energy consumption. In the FCC process, which
is carried out in recirculating reactors, the catalyst only runs for
a very short time, because of fast deactivation and requires
continuous regeneration.

2.2. Direct alkane dehydrogenation

Direct dehydrogenation (DDH) of light alkanes is an
industrially-scaled family of reactions, which occur over
platinum-based or chromium-based catalysts (Oleflex and
CATOFIN processes). Propane, iso-butane and n-butane are
typically used as feedstocks to obtain corresponding olefins.51

The most desirable product is propylene due to the extremely
high global demand for this compound.52 This is why, most
publications in this field have focused on propane DDH. The
ethane dehydrogenation has not been commercialized due to
the economical irrelevance, which comes from the competition
with the SC process.13 Despite the commercial realization, DDH
still faces several serious issues: catalyst degradation during the
reaction/regeneration, high price of Pt and ecological/health
risks originating from the Cr-based compounds and chlorine
from the Pt precursor. These problems motivate the design of
highly selective and stable systems and development of new
catalysts, which may compete with the industrially-used Pt-
based and Cr-based counterparts.

In recent years, several detailed reviews focused on DDH
have been published.13–15 Thus, in this paper, we will briefly
describe the trends, focusing on the most recent publications,
with a particular focus on propane DDH.

2.2.1. Propane dehydrogenation
2.2.1.1. Pt-Based catalysts. Since the main challenges in

propane DDH over Pt-based catalysts are long-term operation
and high production rate, the majority of studies have
addressed the stability and selectivity-conversion correlations.
Since the catalysts based only on platinum suffer from cracking
and insufficient activity, different promoters have been applied.
For example, in the Oleflex process, tin is used to increase the
selectivity of Pt catalysts. Recently, Motagamwala52 et al. pre-
sented synthesis of a highly active and stable Pt–Sn catalyst,
which involves atomic mixing of the active components. Inter-
metallic ultra-small (mainly 0.5–2 nm) nanoparticles supported
on SiO2 exhibited thermodynamically limited propane conver-
sion as well as high stability (Fig. 5a and b). Moreover, a
propylene yield of B10% beyond the thermodynamic limit
was achieved at 250 1C over Pt–In catalyst in the electro-assisted
process.53 The intermetallic alloy-based Pt–Zn catalysts have
exhibited high stability in propane DDH (Fig. 5c and d).54 The
authors revealed the unique activity of single-site [PtZn4]
nanoclusters and highlighted the crucial role of Zn in prevent-
ing cracking and methane formation. It was also pointed out
that the SiO2 support was more preferable than alumina. A
weaker interaction between silica and active metals enhances
the formation of intermetallic phases and increases the cataly-
tic activity. The Pt1Zn1 intermetallic nanoparticles on silica
zeolite with MFI structure showed55 the best stability among
other catalysts. The optimality of this particular composition of
nanoalloy crystals was further proven by Ingale56 et al. using

Fig. 5 PtSn/SiO2 and PtZn/SiO2 intermetallic catalysts for propane DDH: bright-field TEM image of Pt–Sn nanoparticles formed on SiO2 (a), catalytic
performance using pure propane and comparison with benchmark alumina-supported catalyst (b). From ref. 52 reprinted with permission from AAAS.
AC-HAADF-STEM images of [Pt3], [Pt3Zn], and [PtZn4] ensembles of PtZn/SiO2 catalyst (c) and corresponding catalytic performance of these ensembles (d).
Reprinted from ref. 54 Copyright (2021), with permission from Elsevier.
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atomic layer deposition of ZnO on the SiO2. Encapsulation of
sub-nanometric Pt–Zn alloy clusters inside the silicalite allowed
achieving stable operation at 550 1C for 13 000 min without
hydrogen addition to the inlet.57 The stability of Pt–Zn system
has been enhanced by the localization of Zn species on the
surface of Pt nanoparticles, which prevented Pt aggregation.58

An ultra-stable catalyst was developed for propane DDH
using a double decoration of PtGa active sites by Pb and Ca:
almost no deactivation was observed for 1 month.59 Pb blocked
the Pt3 sites, which were proposed to be labile to deactivation,
while Ca had an electron-donor function and afforded an
electron-enriched single-atom-like Pt1 site. Combined DFT
and experimental analysis of Pt–Ga system revealed the role
of Ga as a structural promotor, which reduced the Pt inter-
action with support and increased both the Pt site isolation and
mobility of surface atoms.60 Such effects led to the significant
enhancement of the catalyst activity, selectivity, and stability.
Gallium facilitated the activation and heterolytic dissociation of
C–H bonds, while cerium suppressed the Pt sintering by
increasing metal–support interactions.61 The calcium addition
blocked strong acid sites and enhanced the Ga reducibility and
formation of Pt–Ga alloy.62

The effect of support on the performance of Pt-based cata-
lysts was studied and the important role of silanol ‘‘nests’’ for
the alloying promotion of Pt catalysts promoted with rare-earth
metals was observed.63,64 Covering of the Pt-based catalysts by
the atomic layers of silica or alumina positively affected the
stability and activity by preventing the active phase from
sintering and coking.65,66 Moreover, the SiO2 thin layer allowed
decreasing the Pt loading to 0.1 wt% without any loss of
activity. In the case of the alumina support, the function of
unsaturated Al3+ sites was relevant to the anchoring of Pt atoms
by bonding them in the Al–O–Pt fragments and enhancing the
sintering resistance of Pt–Sn2 clusters.67 Moreover, unsaturated
alumina contained a lot of oxygen vacancies, which reduced the
activation barriers.68 At the same time, the effect of strong
interaction of Pt-based particles with the zeolite support was
not always positive: encapsulation of Pt-clusters inside the NaX
zeolite matrix strongly passivated the active phase and hin-
dered the propane activation compared to the metal particles
localized on the outer surface of the zeolite.69

2.2.1.2. Non-Pt-based catalysts. The development of new
active platinum-free catalysts is another trend in propane
DDH. First, other precious metals were tested. The new RhCu
single-atom alloy was found active in propane DDH.70 Despite
the Rh itself does not catalyse this process due to the strong
coking, its atomic dispersion over copper nanoparticles
resulted in the synergy effect: single-atom distribution pre-
vented the over-dehydrogenation and bonding with carbon
atoms of the Rh, while the latter greatly enhanced the stability
of copper against sintering. As a result, selectivity to propene of
100% was achieved at a higher reaction rate than on the
benchmark Pt/Al2O3 catalyst. Another alternative system was
proposed by Chang71 et al., where Ir single atom doping
boosted the Ga2O3 activity via tuning the Lewis acid–base

interactions on the catalyst surface. The promotion of Ru
catalyst with phosphorous led to the formation of the separate
Ru clusters and lower energy barrier for propane DDH: the
synthesis of RuP active sites supported on silica sharply
increased the catalyst stability.72

Second, there is an increasing focus on propane DDH
catalysts without precious metals. The most popular systems
are Mo, Ti, Cr, V, Zn, Ga, Sn or Co, which are used without or
with promoters.14 Ni, Si, Sn, Na, and N-doped carbon were used
as promoters to enhance the catalyst stability, activity and
selectivity.73–83 Molybdenum-based species were proposed as
active sites for propane DDH. For example, the molybdenum
nitride single crystals with porous surfaces were considered as
new perspective systems.84 Such catalysts showed a high den-
sity of Lewis acid sites on the top layer attributed to the Mo–N1/6

and Mo–N1/3 species, which effectively activated C–H bonds
without the destruction of carbon-carbon bonds at 500 1C. A
propane conversion of 11% and B95–97% propylene selectivity
were observed. In another study, machine learning predicted
the activity of NiMo catalyst, which was then proved
experimentally.85 Titania containing oxygen vacancies were also
confirmed as the active phase for DDH of propane, while their
propane conversion and stability can be further improved by Sc
promotion.77,86 The iron-based catalyst supported on alumina
after the sulfidation of the surface87 showed high conversion up
to 52% and was extremely selective to propylene (B99%).
Finally, recent studies showed the great potential of Zn-based
catalysts supported on silicalite.88 The authors found that the
method of support preparation was crucial for the formation of
ZnOx active species and the proposed approach provided flex-
ibility for adjusting the active site concentration and structure.

2.2.2. Ethane and butane dehydrogenation. The main
drawbacks of commercial ethylene production via SC, are
extremely high temperatures of B850–950 1C and CO2 formation.
The advantages of ethane direct dehydrogenation are lower tem-
peratures (B750 1C), absence of CO2, and ethylene yields up to
B95%.89 At the same time, because of thermodynamic limitations,
temperatures of ethane DDH has to be higher than those in propane
DDH (Fig. 6).89,90

Fig. 6 Equilibrium constants of direct (red) and oxidative (green) alkane
dehydrogenation processes.
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The catalysts for ethane DDH are usually similar to those for
propane and can be also divided into Pt or Cr-based and other
systems. Several attempts for the fixation of active sites of the
Pt- and Cr-based catalysts inside the zeolite structure were
realized. Single-atomic Pt distribution inside the 2D-layered
Ti–Si-zeolite nanosheets and embedding of nanoclusters in
HZSM-5 resulted in significantly better stability, higher activity
and ethylene selectivity.91,92 Application of MFI silicalite as
support allowed obtaining highly active and stable Cr-based
catalysts. Their catalytic performance was attributed to the
CrII(O–SiR)2 sites identified by operando XAS.93 New catalyst
formulations were proposed for ethane DDH. The performance
of single crystals of vanadium oxides, nitride and cobalt-based
catalysts supported on ZSM-5 and CeO2

94–96 was promising.
The Ga-doping of alumina led to the formation of active Ga-Al
sites, while DFT calculations predicted the high activity of NiCu
single-atom alloys.97,98

It is also important to mention the electro-assisted approach
to ethane DDH, which allows the achievement of higher
ethylene yields at lower temperatures. For example, an
ethane conversion of 75.2% and an ethylene selectivity of
100% were observed using the proton-conductive NiCu-doped
Nb–Ti–Mn–O electrodes at 700 1C.99 In another study, an
ethylene yield of 26.7% was achieved at only 550 1C over the
PtGa–ZSM-5 and Pr–Ba–Fe–Mo–O ceramic textile anodes.100

Theoretical calculations made by the authors showed that such
an approach improved energy efficiency by B50% compared to
conventional ethane SC.

Dehydrogenation of n- and iso-butanes to butenes is a
commercial route and has been realized in the C4 and C3/C4

OLEFLEX UOP processes. Several studies focused on Pt-based
catalysts have been published. Chen101 et al. compared the
efficiency of different types of Pt clusters supported on a hybrid
non-diamond-graphene base. They demonstrated that the most
active form was Pt3 clusters, which showed an ultra-high
selectivity of B99%, conversion of B35% and, hence, a high
reaction rate at a low synthesis temperature of 450 1C compared
to single-atom and nanoparticles (Fig. 7). Application of
Ti-silicalite and LaAlO3-perovskite as supports as well as

promotion by MgO and CaO increased the dispersion and
sintering resistance of Pt nanoparticles and suppressed side
reactions and coking.102–104 Promotion with potassium was
found to improve the efficiency of Cr–Al catalysts in isobutane
DDH. In the activated catalysts, potassium preferably interacts
with alumina and modifies the average dispersion of Cr3+Ox

species. Higher conversion and selectivity were observed in the
potassium promoted catalysts.105 Regarding other active sys-
tems, the Mo4+ species in the alumina-supported catalysts were
identified as the most active sites for butane and isobutane
DDH, while careful support design is needed for the active site
stabilization.106,107

2.2.3. Summary. Development of new single-atom, single-
alloy and single-crystalline catalysts, as well as the electro-
assisted DDH process carried out at lower temperatures, are
promising research directions, which can contribute to the
production of LO and higher stability of DDH catalysts.
Chromium-based catalysts are used in the CATOFIN process
but many studies are directed to substitute them with either
new Pt-based or other precious/non-precious metal-based sys-
tems. The promotion of Pt-based catalysts allows obtaining
ultra-stable catalysts with high activities and conversions close
to the thermodynamic limit. The electro-assisted approach may
be of great interest due to the possible use of renewable energy,
reduced carbon footprint and overcoming the thermodynamic
limitations of conventional thermocatalytic reactions.

2.3. Alkane oxidative dehydrogenation

Oxidative dehydrogenation (ODH), which is carried out in the
presence of an oxidising agent, improves the thermodynamics
of light alkane dehydrogenation (Fig. 6). The catalyst stability
can be also improved, since coke deposition can be slowed
down in the presence of an oxidising agent. The deposited coke
can be removed by oxidation. Different oxidising agents can be
used. Air and oxygen are commonly used for alkane ODH. The
presence of oxygen increases the conversion of alkanes, but it
can lower the LO selectivity due to the abundant release of
unwanted carbon dioxide and carbon monoxide.15 During the
past two decades, the use of ‘‘soft’’ oxidants such as CO2, N2O,

Fig. 7 DFT calculations for the structure of Pt3/graphene catalyst and energy profile of butane dehydrogenation to 2-butene of n-butane DDH over
different platinum configurations (a) and the conversion rate of n-butane over the Pt catalysts with different Pt–Pt coordination number (b).101
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and even sulphur108–112 has been considered most promising,
since it does not lead to hydrocarbon overoxidation, implies the
rational utilization of the most ecology-risked greenhouse gases
and prevents the formation of explosive mixtures.113 Somewhat
lower LO selectivity of ODH relative to DDH is due to higher
reactivity and higher probability of oxidation of LO compared to
light alkanes in the presence of oxidizing agents.

Chemical-looping ODH (CL-ODH) is one of the possible
routes to overcome the overoxidation of alkane ODH inter-
mediates and to minimize the production of carbon oxides.
This strategy is based on the Mars-van Krevelen mechanism,
which commonly operates in numerous reactions of partial
oxidation. In the chemical looping, the reaction is divided into
two parts: first, alkane ODH is occurred by lattice oxygen of
reducible metal oxides and, second, the catalyst is regenerated
via the oxidation by air or CO2.114,115

The CO2-assisted ODH often coincides with the unwanted
side process of dry reforming, which is prominent at tempera-
tures higher than B500 1C. CO2, as O2, may remove carbon
from the catalyst by reverse Boudouard reaction: CO2 + C 2

2CO. The CO2-assisted ODH compared to DDH, promotes
higher conversion at the same temperature or enables the same
conversion at the lower temperature.113

The literature concerning the conventional and CO2-assisted
ODH of ethane, propane, and butanes up to 2020 was consid-
ered in detail in the recently published reviews.14,15,116,117 We
will focus only on the very recent publications in order to reveal
the ‘‘hottest’’ trends in these areas. We will discuss new
catalytic systems including non-metallic ones, new approaches
for enhancing the LO selectivity of metal oxide catalysts for O2–
ODH by nanoscale material design, chemical looping and CO2-
assisted ODH process.

2.3.1. Conventional O2-oxidative dehydrogenation. The
catalysts for propane ODH can be divided into two main
categories: metal oxide based and non-metallic ones. Metal
oxide systems contain two types of active centers for the O2–
ODH: nucleophilic sites such as MQO and bridged oxygen
M–O–M groups catalyzing the conversion of alkanes to LOs,
and electrophilic ones such as M–O–O–M and M–O2

� respon-
sible for deep oxidation to carbon oxides.117 Both types of sites
are usually present on the surface simultaneously. Operando
studies of propane O2-ODH showed112 that the rate-
determining step of propane ODH was iso-propoxide formation

on the surface of the V–Zr–O catalyst. The decomposition of iso-
propoxide resulted either in propylene or in oxidation to
acetone, followed by oxidation to acetate/formate and, finally,
to COx.

2.3.1.1. Non-metallic catalysts. Non-metallic catalysts based
on the boron nitride, isolated boron and carbon nitride cata-
lysts were discovered a few years ago. Such systems prevent
olefin oxidation and show extremely high selectivity to LO up to
more than 90%.118 Application of non-metallic compounds
gave nearly 80% selectivity to propylene at the 14% conversion
already at 490 1C. The first studies of hexagonal boron nitride
(h-BN) and BN-nanotubes have proposed a possible mechanism
for propane activation. The 4B–O–O–No species were
assumed to be the active sites for the reaction.118 At the initial
stage, BN is oxidized by oxygen, then propane gives hydrogen to
these active sites forming the nitroxyl radical on the surface and
propyl radical. Then, nitroxyl stabilizes the propyl radical and
prevents its further oxidation to carbon oxides, while the
second hydrogen from the latter forms the 4B–OH group
and gives propylene and water. Recent studies debated the
precise mechanism of ODH over BN. Several authors now
propose the double-localized combined surface-gas phase reac-
tion pathway, which includes activation of propane by both the
catalyst surface and radicals in the gaseous phase.119–121

Several approaches have been proposed to further increase
the activity and productivity of h-BN. For example, the applica-
tion of fibrous silica as the support further enhances the h-BN
catalytic performance. It was assumed that higher h-BN disper-
sion facilitated higher activity or productivity. The active sites
in such a system are surface B2O3 nanoclusters. In some cases,
however, higher dispersion of active phase can decrease the LO
selectivity.122,123 Another approach for the optimization implies
N2 plasma-assisted treatment of h-BN (Fig. 8a) resulting in
three-boron active sites. Consequently, a propane conversion
of 26% and a propylene selectivity of 89.4% were achieved at
520 1C.124 Crystallinity was found to be an important parameter
for the h-BN performance and its higher degree enhanced O2

binding. A selectivity of 82% at a conversion of 42% was
obtained.125 Moreover, use of BPO4 as a nonmetallic oxygen
vacancy source for the h-BN@BPO4@h-BN sandwich-like struc-
ture resulted in O-vacancies, which increased the propane
adsorption. At the same time, the confinement of BPO4

Fig. 8 New approaches for the design of propane ODH catalysts: (a) plasma-assisted generation of N-defects and its evolution into ‘‘BOx’’ during the
ODH reaction of propane over BN catalyst. From ref. 124 Reprinted with permission from John Wiley and Sons. (b) Transition state structure of
–B[OH� � �O(H)–Si]2 reacting with oxygen and propane in boron-based system. From ref. 127 Reprinted with permission from AAAS.
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between the two h-BN layers may weaken the propylene
adsorption.126 Such configuration also changes the mechanism
of the process from Eley–Rideal to Langmuir–Hinshelwood.

A series of recent studies optimized the unique properties of
boron-based catalysts supported on silica, zeolite, or silicon
matrix. Lu128 et al. found high productivity of boron oxide
supported on silica compared with h-BN catalyst and such a
catalyst showed activity even at 405 1C. It was proposed that,
analogously to nitroxyls in BN, oxidized boron species on the
surface acted as stabilizing agents for the alkoxide intermedi-
ates preventing their further oxidation. Nevertheless, the struc-
ture of the active sites for B–Si-based catalysts is also debatable.
The B[OH� � �O(H)–Si]2 fragments in the isolated boron clusters
supported on zeolite framework (Fig. 8b) were found to be
active and stable due to the prevention of hydrolysis and
leaching of surface boron oxide species. The stabilization of
active sites was due to the presence of the B–O–SiOx linkage127

detected using 11B NMR.129 Despite the differences in the exact
active centre structure, the B–OH groups seem to be the most
probable species responsible for the propane activation. This
was also pointed out in the case of boron-doped silicon
particles synthesized by the laser pyrolysis technique.130 A
rather high propane conversion of B44% and a selectivity to
propylene and ethylene of B80% were achieved on the boron/
zeolite catalyst.127

Another type of metal-free system is carbon-based nanoma-
terials, such as graphitic carbon nitride or N-doped meso-
porous carbon.131,132 The edge-localized carbonyl groups were
proposed to be active centres in carbon nitride for propane
activation. A combined C2 + C3 olefin selectivity of 89.6% at the
conversion of 12.8% was measured on this catalyst at 500 1C.131

2.3.1.2. Metal oxide catalysts. The catalytic systems based on
the metal oxides can be divided into several groups: noble
metals supported on oxide matrix; reducible metal oxides of
Mo, V, Co, and Ni; non-reducible oxides of the rare-earth
elements; perovskites; alkali- and alkaline-earth metal
oxides.14,15 As it was mentioned before, the main disadvantage
of such catalysts is the formation of electrophilic active sites,
which oxidize the hydrocarbons to carbon oxides. The latter
fact was confirmed by recent publications, which concluded
that the over-oxidation of the catalyst surface led to the for-
mation of electrophilic centers. A less intensive oxygen treat-
ment of the catalyst surface, achieved both by catalyst design
and by reducing the oxygen concentration, promotes the dom-
inance of nucleophilic sites.133–136 This phenomenon is inde-
pendent of the catalyst structure and works for different
systems.

Propane ODH can be also performed using bifunctional
catalysts. A tandem In2O3–Pt/Al2O3 catalyst was proposed,
where platinum nanoclusters were responsible for the DDH
of propane, while indium oxide took part in the oxidation of
released hydrogen.137 The authors covered Pt/alumina catalyst
by indium oxide via atomic layer deposition and reached an
yield of 430% by the careful material design. Overcoating led
to the performance similar to the non-platinum system show-
ing hindering of the reagents’ access to the metallic surface
(Fig. 9). Moreover, indium coating prevented platinum from
sintering and increased the catalyst stability.

Two catalytic systems have attracted scientific interest for
ethane ODH: M1 orthorhombic MoVTeNbOx mixed oxide and
NiO-based catalysts. Both types allow a selectivity to ethylene up
to 97% and a yield up to 75%. The benefit of the M1

Fig. 9 Tandem catalyst design for propane ODH process and scheme of the reaction (a); STEM-EDX analysis of Pt/alumina@In2O3 catalyst (b). From
ref. 137 reprinted with permission from AAAS.
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MoVTeNbOx structure relative to other systems is lower oxidiz-
ing olefin ability at high alkane conversion. Consequently, a
high yield of ethylene up to 75% and a productivity of up to
1770 gC2H4

kgcat
�1 h�1 were achieved134,138 The selectivity and

productivity of such catalyst can be significantly improved by
tuning the V5+ surface concentration, using the conductive
supports, modification by Nd, Mn, Ge or Ga or realizing the
process under supercritical conditions.138–141 The latter makes
it possible to achieve an ethylene productivity up to 288 gC2H4

kgcat
�1 h�1 at as low temperature as 280 1C. This is crucial for

MoVTeNbOx, since the M1 structure may strongly deactivate at
temperatures higher than 360 1C.142,143 The careful design and
modification of the NiO-based systems by tuning the surface
oxygen concentration, addition of Sn, Ti and Nb oxides, or
simple variation of NiO concentration can also help to achieve a
higher olefin selectivity and a higher productivity.135,136,144–147

Finally, a technico-economic analysis of the ethane ODH
indicates its potential for industrial implementation, competi-
tive with the SC process.148

2.3.2. CO2-Assisted oxidative dehydrogenation. The appli-
cation of CO2 as a soft oxidant for alkane dehydrogenation can
address two different challenges: enhancement of olefin pro-
duction and CO2 rational utilization. From a thermodynamic
point of view, addition of CO2 into the DDH process increases
the olefin yield. It does not produce a lot of heat compared to
the O2-assisted process but, at the same time, increases the
selectivity. CO2-Assisted ODH is safer than O2-ODH. Since CO2

is a highly stable molecule, CO2 assisted ODH requires a higher
temperature compared to O2-ODH. The catalysts for CO2-
assisted ODH can be divided into three groups: Cr-based
catalysts, other transition metal-oxide catalysts and precious
metal-based systems.

The Cr-based catalysts are well-known for the propane DDH
process. They were initially used in the CATOFIN process,
where several parallel reactors were packed with the Cr-
alumina catalyst. The studies of Cr-based systems in CO2-
ODH have focused on the effects of CO2 compared to DDH
and O2-ODH, effects of different supports, Cr concentration,
catalyst pre-treatment, and specific operating conditions. Xie149

et al. studied zirconia-based CrOx catalysts and found that
carbon dioxide slightly reduced the activity in the first 30 min
of the process. After 2 h, the deactivation rate in the presence of
CO2 was significantly lower and led to a much higher conver-
sion: B60% compared to B30% without CO2. The in situ
Raman investigation revealed that oligomeric and unsaturated
isolated Cr3+ species were the main active sites for the CO2-
assisted process. Carbon dioxide prevented both the Cr3+

reduction to Cr2+ and catalyst coking. At the same time,
Michorczyk150 et al. showed that the CO2 addition could bring
both positive and negative effects to the propane dehydrogena-
tion over Cr-based catalysts, depending on the support: the
formation rate and selectivity to propylene increased over
dealuminated Si-beta zeolite due to inhibiting the cracking of
propane, while the alumina-enriched support enhanced CO2

strong adsorption and poisoning of the active sites. Polymeric
and isolated Cr6+ sites were suggested to be responsible for the

ODH activity in the silicalite-1-supported Cr-based catalyst.
Interestingly, the polymeric species were more active but less
selective to propylene.151 The activity of Cr6+ species was also
demonstrated for ethane CO2-ODH over the Cr/TUD-1 meso-
porous silica based catalyst.152 The authors of the latter work
also revealed that the addition of O2 to CO2 enhanced stability.
On the one hand, it facilitated coke removal and re-oxidation of
Cr2O3 or CrOx components but on the other hand, it reduced
the selectivity to ethylene because of over-oxidation.

Additional inhibition of carbon deposition can be also
reached by promoting the catalyst by CaO, which increases
both the conversion and the selectivity of ODH.153 Al-
Mamoori154 et al. proposed an interesting approach for CO2-
ODH involving physically mixing of the Cr/H-ZSM-5 catalyst
with a K–Ca oxide–carbonate mixture. The two-step process, in
which the K–Ca component catches CO2, while the Cr catalyst
dehydrogenates ethane, allowed achieving a selectivity to ethy-
lene of 88% at the 25% ethane conversion. Conducting the
propane CO2-ODH in supercritical conditions provided a three
times higher propylene productivity on the Cr/SiO2 catalyst
compared to the tests in regular conditions. The phenomenon
is explained by a highly dense reagent mass-flow and an
intensification of the process.155

A study of the effect of carbon support on the performance
of the Cr-based catalyst in the CO2-ODH propane process
showed that the porosity and surface graphitization of the
support were the main factors responsible for the best activity
and selectivity. The undoped graphene nanoflakes and oxidized
carbon nanotubes, which possessed a developed mesoporous
structure and the highest sp2/sp3-C surface ratio, showed a
propylene yield up to 20%.156 The porosity effect in the silica
support was studied for ethane CO2-ODH. The pore size of 7 nm
was the best for an optimal conversion of B26% and an
ethylene selectivity of 81%.157 The carbon-supported Fe–Cr
catalyst was developed after the study of the activity of carbo-
nized stainless-steel reactor and at 700 1C high ethane selectiv-
ity was achieved, up to 82% at a conversion of about 20%.158

Along with Cr-based catalysts, other non-precious metal
binary compounds such as FeOx, NiO, VOx, MoCx, MoOx,
Ga2O3, GaN, and ZnO exhibited promising activity in CO2-ODH.
Lawson159–161 et al. obtained a set of different oxide catalysts
and their mixture supported on HZSM-5 using 3D-printing.
This approach increased the activity and selectivity of catalysts.
The Cr–V–Zr–Ga–Ox/HZSM-5 hybrid catalyst showed the best
performance. The conversion was enhanced up to 40% and
selectivity up to B95%. Moreover, the removal of CO2 from the
alkane gas feed decreased both conversion and selectivity to
propylene showing the importance of carbon dioxide. The
ternary Pt–Co–In/CeO2 catalyst was developed recently for this
process and showed promising results at 550 1C: the conversion
of propane was about 50% at the 95% propylene selectivity due
to the nanoalloys of Pt with Co and In and efficient reagent
activation by metallic Pt–Co–In and ceria species.162

Photocatalytic conversion of ethane to ethylene can be
mentioned separately. The Pd/TiO2 catalysts showed an ethy-
lene productivity up to B614 mmol gcat

�1 h�1. The mechanism
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of the process included activation of ethane molecules over
TiO2 and conversion of CO2 to CO over electron enriched Pd
nanoclusters.163,164 Both CO2-assisted ODH and DDH were
realized in these works.

To summarize, CO2 can play multiple roles in the CO2-ODH
process. The reaction of CO2 with hydrocarbons not only makes
the process thermodynamically favorable but also inhibits
methane formation.165 One of the most important roles of
CO2 is the prevention of coking. CO2 may remove carbon from
the surface by reverse Boudouard reaction. However, compared
to O2, carbon dioxide is a much softer oxidant. Recent studies
showed that the rate of the reverse Boudouard process should
be too low under the reaction conditions (the rate is compar-
able with that of the main reaction). The main function of CO2

in this reaction was to prevent carbon formation rather than
eliminating it after the deposition.149 Another important func-
tion of CO2 is re-oxidation of the reduced active phase. Such
phenomenon was observed in the systems with reducible
oxides, for example, MoOx,166 Pd/CeZrAlOx,167 Ga2O3.168 This
process occurs in the case of the one-stage ‘‘looping-like’’ ODH,
when alkane is directly oxidized by lattice oxygen resulting in
the olefin and water production, after which the reduced metal
species are re-oxidized by CO2. At the same time, the oxidation
of the catalyst may have a negative effect. CO2 was found to
oxidize Sn to SnOx in the Pt–Sn nanoalloy system, deactivating
the sample.169 The authors reported that this process could be
easily inhibited by decreasing the CO2 : C3H8 ratio, which
noticeably raised the conversion. Finally, CO2 can also mask
non-selective sites on the catalyst surface, thus increasing the
selectivity and, sometimes, the conversion.170

2.3.3. Chemical looping approach. Chemical looping (CL)
has been used for numerous reactions of partial oxidation. It
implies at least two stages: oxidation of the substrate by the
catalyst, usually reducible metal oxide, and then regeneration
of the latter by an oxidizing agent. Chemical looping can be
also applied for the ODH reactions:171

CnH2n+2 + MeOx - CnH2n +MeOx�1 + H2O

MeOx�1 + 1/2O2 - MeOx

The major advantages of CL-ODH are higher selectivity to target
products, much safer realization compared to the O2-assisted
way, and much easier separation of the products, since the
dehydrogenation and re-oxidation proceed in two separate
stages. Both oxygen and carbon dioxide can be used as oxidiz-
ing agents for catalyst regeneration. Here, we will briefly
describe recent achievements in this field.

The vast majority of the recently published studies focus on
ethane CL-ODH, since ethylene is not produced by direct
dehydrogenation in the industry compared to propylene and
butylenes. Despite the significant advantage of steady-state O2-
ODH of ethane in terms of lower reaction temperatures com-
pared to SC, the safety and selectivity of this process are still
limiting factors for its implementation. From this point of
view, CL-ODH can be seen as a solution. No explosive mixtures
of hydrocarbons with oxygen are generated in CL-ODH.

The selectivity of looping can be much higher, since the
oxidation is carried out not by molecular but by lattice oxygen.

Different catalytic systems for O2- and CO2-based CL-ODH
have been studied in recent years and promising results for
olefin yield were reported over the promoted or modified
perovskite-based or other mixed oxide materials. Ding172 et al.
studied the effect of alkali promoters on the performance of
LaMnO3 perovskite and concluded that the sodium compounds
like Na3PO4 or Na2WO4 enhanced the stability of the catalyst.
The yield of ethylene increased up to 60% at 775 1C during
25 redox cycles. A similar effect was found when using the
modification of CuMn2O4 by Na2WO4: core-shell structure,
where the CuMn2O4 mixed oxide is in the core covered by
tungstate. The selectivity increased up to 86.4% at 720 1C and a
conversion level of 58.8%.173 The effect of Mo-doping was
studied in the catalytic systems consisting of Co–Mo–Fe2O3

and Mo–V–O oxides. Molybdenum was found to be a selectivity-
responsible component, which decreased the oxidation ability
of CoFe2O4 and increased the V–O binding energy reducing the
overoxidation of ethane and propane.174,175 The Mo-doped
catalyst gave a selectivity of 87.3% to ethylene in C2H6 CL-
ODH at a conversion of 56.2% and 825 1C. The propane CL-
ODH was studied at 500 1C and the conversion was 36% with a
selectivity to propylene of 89% during the 100 cycles. An
ethylene selectivity close to 100% at B16% conversion of
ethane at 600 1C was achieved using the Ni-based HY zeolite-
supported catalyst with two simultaneously present active
sites embedded into the cages of the matrix. The Ni2+ Lewis
acid sites were responsible for dehydrogenation, while the NiO
nanoclusters acted as selective hydrogen combustion
centers.144

Modification of SrFeO3 perovskite by Ce facilitated the
formation of surface oxygen vacancies during the CO2-
assisted CL-ODH of ethane.176 The catalyst showed a selectivity
of 82% at a conversion of 29% at 725 1C. The benefit of CO2

over O2 as an oxidant was observed due to the formation of
more nucleophilic centers in the former case during the
regeneration stage. Another perovskite-type structure was
observed in FeOx/TiO2, where the transition between the FeTiO3

and Fe2O3 phases facilitated the ethylene formation with a
selectivity and a conversion of 91% and 10% respectively, at
only 500 1C.115 CO2-Assisted CL-ODH was also realized using an
electrochemical approach at 600 1C: porous single-crystal CeO2

electrodes were designed and used with solid single-crystal
Y2O3/ZrO2 electrolyte and an ethylene selectivity of B95% at a
conversion of 10% was observed.177 During the process, ethy-
lene is generated on the anode while, in parallel, the CO2

reduction to CO on the cathode gave oxygen ions transferred
to the anode.

An interesting approach for the realization of both CO2 and
O2 CL-ODH involves the application of the molten salts as the
reaction medium with or without oxidizing catalyst. Modifica-
tion of La0.8Sr0.2FeO3 by lithium carbonate shells enhanced the
transport of O2

2� species to the reagent and blocked the non-
selective sites giving at 700 1C a very high ethylene yield of 59%
at a more than 90% selectivity.178 Moreover, the molten salts
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without any catalysts were applied for CO2-CL-ODH. This
process is schematically depicted in Fig. 10a. The following
reactions were proposed based on in situ DRIFTS:179

2OH� + CO2QCO3
2� + H2O (3)

CO3
2� + H2Q2OH� + CO (4)

A conversion of 47% and a selectivity of 96% were achieved over
Li–K carbonates (Fig. 10b).

Significant effort was made180 for the techno-economic
analysis of O2-CL-ODH of ethane. The authors compared the
capital costs, energy efficiency, and ecological risks for this
process with SC and concluded that noticeable benefits for
energy saving, final ethylene price, and lower CO2 emission
could be achieved in O2-CL-ODH due to a higher product yield,
reduction of temperature used, lower safety risks, absence of air
separation and exothermic character of the process. The sensi-
tive analysis showed that the main parameter for the technol-
ogy economics was the ethane price. The CO2-assisted looping
in molten salts was also modeled. Up to 44.6% of energy saving
was demonstrated, accompanied by highly effective ‘‘super-
equilibrium’’ CO2 transformation to CO.179 Looping approach
was considered for propane conversion. Modelling estimated a
maximum yield of propylene of 73.4%, which is attractive even
compared with the already realized DDH technology.181

2.3.4. Summary. Fig. 11 displays the conversion-selectivity
dependence for the different alkane dehydrogenation processes
based on most recently published works. The catalytic data of
Fig. 11 are also displayed in Table S1 (ESI†). It can be concluded
that DDH of propane still shows more suitable results com-
pared to ethane. Note that DDH of propane in addition to
propylene, produces also hydrogen, which is also a valuable
molecule for the chemical industry. Alkane oxidative dehydro-
genation allows reducing the operating temperature. O2-ODH
of light alkanes carried out in a continuous mode shows a lower
selectivity and hence a lower yield of olefins. It also leads to by-
products, which, combined with the safety risks regarding O2–
CxHy mixtures, make a practical implementation rather diffi-
cult. This determines the fact that ODH has not yet been
implemented in the industry, even though the process was
discovered a long time ago. The CO2-ODH route may act as an

alternative way to O2-based alkane ODH. Released CO can be
used in power-to-X process, which implies the utilization of
renewable electricity.

CL-ODH can be considered the most promising technology
for ethane conversion to ethylene. CL-ODH can be conducted at
a much lower temperature compared to ethane SC. The
chemical looping approach allows avoiding a direct reaction
between an oxidizing agent and alkanes and reducing the
undesired side products. Moreover, looping can be compatible
with the commercial Oleflex and CATOFIN processes, where
several parallel reactors operate in a cycle mode with periodic
regeneration.

2.4. Methane coupling

Methane is one of the most abundant carbon-based molecules
on the earth. Natural and alternative gases (shale gas, biogas)
are getting more and more demanded by the economy, due to
the substitution of oil and coal as polluting energy sources.188

Methane is used for the production of chemicals by an indirect
pathway through the formation of syngas (CO/H2) with

Fig. 10 Molten-salt-mediated-CO2-ODH scheme (a) and CO2 utilization performance using this process (b). Reprinted from ref. 179 Copyright (2021),
with permission from Elsevier.

Fig. 11 Selectivity and conversion of the catalysts in different dehydro-
genation processes: DDP and DDE – direct dehydrogenation of propane
and ethane; ODP and ODE – oxidative dehydrogenation of propane and
ethane with oxygen; CO2-ODP and CO2-ODE – CO2-assisted oxidative
dehydrogenation of propane and ethane; loop – chemical looping
approach. Square and circle symbols show the propane- and ethane-
based processes, respectively. Curves represent the yields of the olefins.
Catalytic data from ref. 52, 54, 56, 57, 61, 63, 75, 88, 92–95, 99, 114, 118,
122–125, 127, 129, 131, 135, 137, 138, 142, 144, 146, 149, 151–153, 157, 159,
162, 166, 172, 173, 175, 176, 178, 179 and 182–187.
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subsequent FT synthesis.189 Alternatively, syngas can be con-
verted to methanol with subsequent conversion of methanol by
MTO to LOs.10 However, the multistep processes require high
energy consumption for the separation and purification of the
intermediates and products. The direct route for methane
conversion to high-value products through oxidative (OCM)
and non-oxidative routes (NOCM) would be highly desirable.

2.4.1 Methane oxidative coupling. The OCM process
implies reactions between methane and oxygen with the gen-
eration of target products such as ethylene and full oxidation of
methane to CO2 and CO, which are undesirable side products.
The process has been studied since the 1980s; however, it still
has not been implemented due to the relatively low yield of
ethylene (o30%).

The reaction mechanism should involve the abstraction of H
atom from methane with the generation of hydroxyl group
using surface oxygen and subsequent recombination to pro-
duce water and oxygen vacancy. The oxygen vacancies are then
regenerated by the reaction with gaseous oxygen. The methyl
radicals undergo coupling to produce ethane followed by
dehydrogenation to ethylene (Fig. 12).16

Traditionally, oxide catalysts doped by alkali metals, mod-
ified transition metal oxides, rare earth metal oxides, perovs-
kites and pyrochlore catalysts188,190–192 have been used for the
OCM reaction. The statistical analysis of about 1000 catalytic
compositions (Fig. 13) indicate that rare-earth metal oxides and

alkaline metal oxides demonstrate the best performance for the
OCM reactions.193

2.4.1.1. Alkali earth metal doped oxide catalysts. Conven-
tional metal oxide catalysts exhibit relatively low C2 selectivity
and fast deactivation. The presence of promoters changes the
catalytic performance due to the presence of oxygen vacancies
needed for methane activation.194–196 Thus, modification of
CeO2 by Ca2+ with a similar ionic radius to Ce4+ provided the
highest content of vacancies and basic sites with the best
performance in OCM reaction.197 Among substituted titanates,
SrTiO3 provided198 a selectivity of about 66% with the highest
C2 yield up to 25%. Mesoporous TiO2 with supported MnxOy–
Na2WO4 has demonstrated195 stable catalytic performance in
OCM for 16 h. Li-Doped SnO2 catalyst exhibited196 the best
performance among other dopants due to the high amount of
electrophilic oxygen species in the catalyst. Mobile lattice
oxygen was responsible199 for the production of C2 hydrocar-
bons in the lanthanum-based perovskite catalysts. The rare
earth oxides (Sm2O3, TbOx, PrOy and CeO2) doped with alkali
metals showed200 improved catalytic performance to C2 hydro-
carbons in terms of activity, selectivity and stability due to the
presence of strong basic sites.

One of the most efficient and studied systems for OCM
reaction is Li-doped MgO.201,202,212,213 The reaction proceeds201

via interaction of methane with polarised Li+O� centres:

Li+O� + CH4 = Li+OH� + CH3
�

2Li+OH� = Li+O2� + Li+V0 + H2O

Li+O2� + Li+ V0 + 1/2O2 = 2Li+O�

The Li/MgO catalyst prepared using sol–gel procedure demon-
strated a higher yield of product in comparison with that
prepared by impregnation. The effect has been explained by
higher surface area and higher quantity of Li incorporated in the
MgO matrix.202 It has been reported also that Li is involved in the
reconstruction of MgO surface with the formation of high indexed
facets with an exposition of Mg2+ sites catalysing the OCM
reaction by the generation of CH3

� radicals in comparison with
other radicals, which oxidize to CO2.214 The key issue related to
the use of Li promoted catalyst is its high volatility at high
temperature resulting in Li migration in MgO lattice and catalyst
deactivation.215 Highly crystalline Li2CaSiO4 has been proposed
with high stability at 750 1C in the OCM reaction with a C2+

selectivity of 77% and a CH4 conversion of 28%.203

2.4.1.2. Transition metal oxides. One of the most conven-
tional transition metal oxide catalysts for OCM reaction is Mn–
Na2WO4/SiO2. This catalyst provides a C2 yield as high as 27%,
which is one of the best in the literature195,206,216–218 (Table 1).
For example, Wang219 et al. have studied the effect of the
preparation method of Na2WO4–Mn/SiO2 catalysts on their
performance in the OCM reaction. The catalysts were prepared
by impregnation, slurry and sol–gel. The catalyst prepared by
mixture slurry demonstrated stable performance during 500 h

Fig. 12 Mechanism of oxidative coupling of methane to ethylene over
alkali metal catalyst.

Fig. 13 Selectivity to the C2 products as a function of methane conver-
sion over various catalsyst.193 Dashed line indicates 30% yield.
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at 800 1C with a C2 hydocarbon yield and a selectivity as high as
31% and 71%, respectively.

The catalysts containing only Na and W oxides are inactive
in the OCM reaction, however, the Na/W/Mn composites
demonstrated synergetic effects with a high yield of C2

products.218,220 The catalysts containing Na and Mn oxides or
Mn and W are selective but have low activity. Thus, each
component in the three-component systems plays important
role: Mn promotes oxygen mobility between lattice oxygen and
gas phase, W dissociates methane on the surface, while Na is
needed to maintain Mn and W on the catalyst surface (Fig. 14).

A study of electronic properties and structure of Mn and W
in the Mn–Na2WO4/SiO2 catalyst demonstrated the absence of
correlation of OCM activity with the crystallinity.221 Thus,
heating of catalysts leads to the transformation of W oxide to
molten Na2WO4 with significant distortion of bond orders and
a switch of the tetrahedral Td to octahedral Oh symmetry. The
authors concluded that the Oh-W6+ species were inactive in
OCM reaction, however, Td-W6+ activated methane in the
presence of Mn3+ octahedral sites.

2.4.1.3. A2B2O7 Pyrochlore catalysts. The A2B2O7 pyrochlore
catalysts are among the most promising for OCM due to their
high stability, basicity and a high content of oxygen
vacancies.222–224 The different types of pyrochlore catalysts
can be prepared by variation of A to B ratio between 1.46 and
1.78.222 The pyrochlore structure contains oxygen vacancies,
which increase the oxygen mobility in the catalyst.225

The catalytic activity of A2B2O7 pyrochlore (A – rare earth
metals, B – Ti, Sn, Zr) increases with a decrease in the B–O
strength.210 Wang222,223 et al. investigated the structure,
amount of oxygen sites, vacancies and alkaline sites in different
types of pyrochlore catalysts (Table 1). The OCM catalytic
activity changed in the order La2Ce2O7 4 La2Zr2O7 4 La2Ti2O7,
which is consistent with the amount of surface-active
oxygen.223 The optimization of La2Ce2O7 by doping with Ca
led to a better yield (22%) due to higher alkalinity and higher
oxygen mobility.211 Substitution of Ce4+ by Ca2+ and Sr2+ having
a similar ionic radius resulted in the higher selectivity and yield
of C2 hydrocarbons. It correlates with high reduction tempera-
ture and the amount of lattice oxygen according to H2-TPR.
La2Ce1.5Sr0.5O7 demonstrated the best performance among all
the studied catalysts.

2.4.2 Methane non-oxidative coupling. Non-oxidative
methane coupling is an alternative approach for LO synthesis.
The thermodynamic limitation is the key issue resulting in less
than 10% conversion at the temperature of 700 1C.226 Carbon
deposition often results in catalyst deactivation. There are
several types of catalysts, which have been proposed for NOCM.

Table 1 The performance of catalysts in the isothermal mode OCM

Catalyst

Reaction conditions

CH4 conv., % C2 sel., % C2 yield, % Ref.T, 1C CH4 : O2 GHSV, h�1

Alkali metals
Li/MgO 720 1 : 2 — 38 50 19 201
Li/MgO-SG 700 3 : 1 2400 39 66 26 202
Li/MgO-IWI 26 61 16
Li2CaSiO4 800 4 : 1 — 30 72 22 203
Li–Sm2O3/MgO 700 4 : 1 2400 21 62 13 204
Transition metal oxides
Na2WO4/Mn/SiO2 850 3.5 : 1 10 000 32 45 14 205
Na2WO4/Mn/SiO2 800 4 : 1 — — — 24 206
Mn–Na2WO4/SiO2 800 4 : 1 — 28 73 18 207
MnOx–Na2WO4/SiO2 770 4 : 1 60 000 23 70 16 208
A2B2O7 Pyrochlore catalysts
La2Sn2O7 727 2 : 1 — 30 15 4 209
Sm2Sn2O7 750 2 : 1 — 40 49 20 210
La2Ce1.5Ca0.5O7 800 4 : 1 18 000 32 70 22 211

Fig. 14 Mechanism of oxidative coupling of methane to ethylene over
Mn–Na2WO4 catalyst. Reprinted with permission from ref. 217 Copyright
2019 American Chemical Society.
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Zeolites such as ZSM-5, ZSM-11, MCM-22 modified by
transition metals such as Mo or Zn demonstrate activation of
methane at 700 1C with dimerization to ethane, dehydrogena-
tion to ethylene and rapid subsequent aromatization to ben-
zene over Brønsted acid sites.227 Thus, the LO synthesis from
methane via NOCM seems difficult over the Mo catalysts.

The Pt-based catalysts have demonstrated a significantly
higher ethylene selectivity. In 1990s, Belgued228 reported the
conversion of methane to ethane over Pt/SiO2 catalyst already at
250 1C, however, the yield was very low. Later, Dumesic229

demonstrated that the addition of Sn to Pt/SiO2 was beneficial
for ethylene formation during methane coupling (Fig. 15). The
bimetallic and stepped surfaces were found to be efficient for
ethylene generation.52,229 Varma230 reported the same effect
using a bimetallic Pt–Bi/ZSM-5 catalyst that could afford more
than 90% selectivity to the C2 species.

The GaN catalysts have also demonstrated a high potential
for the conversion of methane to ethylene. Kopyscinski231 et al.
used GaN/SBA-15 for direct conversion of methane to ethylene
with a selectivity as high as 71% and reduced coke
formation.232 Further, they studied the regeneration capability
of GaN catalyst and demonstrated renitridation of Ga2O3 by
ammonia.

The catalysts consisting of single iron sites embedded in a
silica matrix have been proposed for NOCM. A high selectivity
towards ethylene (450%) at relatively high conversion (430%)
has been exclusively reported233 by DICP in Dalian. A mecha-
nism has been proposed,234 where the true active site is an iron
carbide, on which ethylene is formed through the methyl group
formation and recombination.

2.4.3 Summary. The recent catalytic results have demon-
strated rapid progress in OCM. The C2 hydrocarbon yield
reaches up to 30%. The Li-based materials show high activity
and selectivity. Their drawback is deactivation because of the
loss of Li during the reaction. Transition metal catalysts such as
Mn–Na2WO4/SiO2 demonstrate high selectivity and activity,
however, they require high temperature. The pyrochlore

catalysts show promising results, however, their structure
may evolve during the reaction, which may lead to the alterna-
tion of catalytic performance. Further progress could address
the development of stable structures containing Li-based spe-
cies possessing high O mobility and basicity for methane
activation.

NOCM can proceed with selectivity up to 90% over PtSn, PtBi
and GaN catalysts, however, the yield of the product is very low
(o2%) due to the thermodynamic limitations at higher
temperatures.

3. Light olefin synthesis from
oxygenates
3.1. Methanol to olefins (MTO)

The Methanol to Olefins process (MTO) has been studied for
more than forty years. To date, MTO is the only technology used
for the industrial production of LOs from non-petroleum
resources. The information about the most common MTO
catalysts can be found in several review articles.20,235–238

Undoubtedly, the ZSM-5 and SAPO-34 zeolites have shown the
best results in terms of methanol conversion and selectivity to
LOs. These two materials are the most studied and are the only
ones exploited in the MTO industrial plants.21 Representative
MTO data obtained with SAPO-34 and ZSM-5 catalysts are given
in Table S2 (ESI†).

The main strength of the MTO process is complete MeOH
conversion and high selectivity to light olefins. The catalyst in
MTO usually deactivates after several hours of operation.
Catalyst regeneration is therefore an important part of MTO
process. While the short-term stability is limited to a few hours,
the long-term stability of zeolite catalysts, and in particular
SAPO-34, can exceed236 450 reaction-regeneration cycles. Gen-
erally, SAPO-34 shows complete conversion and a combined
ethene + propene selectivity of around 80–85%.239–242 In parti-
cular, this material allows obtaining high LO selectivities due to
its mild acidity, and the presence of eight-membered ring pore
openings, which limits the product molecular size and intro-
duces shape selectivity. On the other hand, a small zeolite pore
diameter causes fast catalyst deactivation. For the latter reason,
industrially SAPO-34 is used as a MTO catalyst in fluidized bed
reactors. The second common catalyst, ZSM-5, possesses med-
ium size ten-membered ring pore openings. On the one hand, it
shows lower ethene + propene selectivities compared to SAPO-
34; on the other hand, it allows obtaining higher selectivities to
propene (4 50%) and slower deactivation than SAPO-34.243–245

As a consequence, the ethene/propene ratio can be controlled
by modifying the catalyst: for the ZSM-5 based catalysts, the
propene/ethene ratio can be as high as 11.243

The definition of MTO as an autocatalytic reaction is widely
accepted. Inside the zeolite cages, LOs produced in the initial
reaction stages, react to form the so-called hydrocarbon pool
species (HCPs), which in turn promote the LO production. Two
types of cycles have been defined to describe the HCP model:
the olefinic cycle is based on the formation of higher olefins,

Fig. 15 Ethylene turnover frequency values of the PtSn/SO2 and Pt/SiO2

in NOCM.
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which are cracked to produce propylene; the aromatic cycle,
which is mainly related to the ethylene production. To better
explain the reaction mechanism, Zhang246 and co-workers
recently presented an additional cycle, based on Methyl Cyclo-
pentadiene (MCP) species. Inside the zeolite cages, the latter
species can be produced starting from olefins and they in turn
can produce aromatics. As a result, this cycle can be considered
as bridging the olefinic and aromatic cycles, forming a
hypercycle247 (Fig. 16).

The formation of HCP species inside the zeolite cages is also
linked with the main weak point of MTO catalysts, i.e. catalyst
deactivation due to carbon deposition and pore occlusion. A
better understanding of the mechanisms of coke evolution is
necessary in order to control this phenomenon and either to
limit it or to use it for beneficial purposes. Wang240 and
colleagues conducted a study on the nature of coke species
and the mechanism of coke expansion inside SAPO-34 zeolite.
The combination of DFT calculations, Matrix-Assisted Laser
Desorption/Ionization Fourier-Transform Ion Cyclotron Reso-
nance Mass Spectrometry (MALDI FT-ICR MS) and isotope
labelling revealed a two-phase deactivation mechanism: first,
polycyclic aromatic hydrocarbons (PAHs) form inside the CHA
cages, with pyrene being the largest one possible due to the
cage dimension, then different PAH units are cross-linked to
form bigger species via cage-passing growth.

Recently, Structure Illumination Microscopy (SIM) has been
used as a powerful tool to examine the spatiotemporal evolu-
tion of carbonaceous species inside molecular sieves. Using a
combination of SIM, DFT calculations and molecular dynamics
(MD)249 simulations, Gao248 et al. and Yang249 et al. explored

the deactivation phenomena for the SAPO-34 catalysts. In
particular, they focused on defining the coke composition
and on localizing the regions of affected crystals. For nano-
particles with a diameter of around 5 nm, both groups observed
an initial stage in which HCPs appear in the center of the
crystal, followed by the expansion of these deposits to the rim.
Finally, with the advancement of the reaction, HCPs transform
into coke. Furthermore, Gao et al. performed MTO on SAPO-34
catalyst with the crystallites of 5, 13, 17 and 50 mm to evaluate
the crystallite size effect and performed MD simulations to
evaluate the spatiotemporal distribution of methanol, LOs and
C4

+ species in SAPO-34 crystals during MTO. According to their
work,248 a smaller crystallite size is related to a better spatial
distribution of HCPs and coke after catalyst deactivation
(Fig. 17a and b), while for large crystals, these carbonaceous
species form only in correspondence of the rim (Fig. 17d).

Yang249 et al. studied coke evolution in order to define a way
to extend the SAPO-34 catalyst lifetime. They investigated the
long-term effects of MTO conversion on the SAPO-34 zeolite
exploiting 1D 27Al or 31P MAS NMR and 2D 31P–27Al HETCOR
MAS NMR spectroscopy, as well as XRD and DFT calculations.
They first analyzed the coke effect: with its formation, the
SAPO-34 unit cell is subjected to a reversible expansion. In fact,
the 31P MAS NMR spectra of deactivated samples showed a
chemical shift to high fields for the signal related to the
tetrahedrally coordinated P(IV) atoms (�30.1 ppm), with respect
to the fresh sample. After the catalyst regeneration, the
chemical shift turned back to the original value. For AlPO4

zeolites this parameter correlates with the mean P–O–Al bond
angle. Likewise, both the results of XRD Rietveld refinements of

Fig. 16 Scheme of the MTO reaction mechanism: initial non-autocatalytic stage; autocatalytic stage (hypercycle); coking. Reprinted with permission
from ref. 247 Copyright 2021 American Chemical Society.
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deactivated and fresh samples and DFT calculations agree with
a reversible expansion of the SAPO-34 unit cell. Water, which
formed during MTO, adsorbed on the Brønsted acid site and it
might compete with the coke-forming species.250 In particular,
water co-feeding was evaluated in order to increase the catalyst
lifetime and selectivity to LOs. Nonetheless, long exposure to
moisture determined the irreversible Si–O–Al bond hydrolysis,
leading to a partial collapse of the structure. In fact, after
exposing SAPO-34 to moisture for 90 days, a signal related to
the Si–OH group appeared at 1.8 ppm in the 1H MAS NMR
spectrum. It has been pointed out that the catalyst pre-coking
allows reducing this phenomenon. In fact, no relevant evidence
of Si–O–Al bond hydrolysis has been detected for the pre-coked
samples. Moreover, pre-coking and water co-feeding promoted
an increase in the single-pass lifetime and the stability after
multiple recycles. Another solution to slow the catalyst deacti-
vation and improve the catalyst lifetime is H2 co-feeding at high
partial pressures, as has been proposed by Bhan’s group.251,252

They managed to increase 70 times the cumulative turnover
frequency towards hydrocarbons. Moreover, they reported that

an increase in the H2 partial pressure led to a decrease in the
ethylene to propylene ratio, due to the suppression of the
aromatic cycle. To prove the role of H2, they performed analo-
gous experiments using He and no influence on the catalyst
lifetime has been observed. Recently Akhgar et al. increased the
catalyst lifetime by synthesizing hierarchical SAPO-34 with a
green synthesis route.253

Recently, Zhou241 et al. proposed a method to exploit the
role of coke in the control of selectivity to LOs and ethene/
propene ratio. The SAPO-34 zeolites deactivated by coke deposi-
tion have been treated with steam at 953 K. On the one hand,
the pore volume has been recovered due to coke decomposi-
tion, on the other hand, the HCP species have been produced
inside the zeolite cavities, with GC-MS showing naphthalene as
the predominant coke species with molecular weight less than
200. The recovery of the pore volume allows restoring a com-
plete MeOH conversion (for the coked material, it was around
75%). Similarly, the production of HCP species, related to this
steam cracking process, determines a recovery of the LO
selectivity to 88%. DFT calculations and isotopic labelling were

Fig. 17 Evolution of HCP species inside SAPO-34 crystals of different sizes with time. (a) 5 nm; (b) 12 nm; (c) 17 nm; (d) 50 nm. The different colours
represent different species: blue: benzenic carbocations; green: naphtalenic carbocations; red: phenantrenic carbocations; pink: pyrenic
carbocations.248
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exploited to prove that the predominance of naphthalene
inside the cages was related to an increase in the ethene to
propene ratio. As a result, the selectivity to ethene increases
from 49% (fresh SAPO-34) to 58% (coked SAPO-34 treated with
steam at 953 K for 20 min). Alternatively, different works
showed that ethene selectivity could be enhanced by limiting
propene diffusion inside the CHA-type zeolites. Liu’s group254

observed this effect by incorporating Zn cations in SAPO-34. Zn-
SAPO-34 allowed higher C2H4 and total LO selectivities com-
pared to SAPO-34 and was able to reach the highest ethene
selectivity obtained with SAPO-34 in a significantly shorter
time. Not only Zn ions promote the formation of HCP species
like lower methylbenzenes, which in turn facilitate ethene
production, but also it has been observed a superior amount
of naphthalene species in the external CHA cavities of Zn-SAPO-
34, which limit propylene diffusion. Ding255 et al. limited
propene diffusion by the deposition of SiO2 in SAPO-34 pores.
This result agrees with the work done by Han256 et al. about the
diffusivity of LOs over the SAPO-34 catalyst in working condi-
tions. To avoid adsorption and to evaluate only the diffusion
properties, they exploited C2–C4 alkanes as probe molecules,
considering that their size was comparable to the ones of the
corresponding olefins. They observed that ethane probe mole-
cules diffused generally via an intracrystalline pathway, while
the 75% of propane probe molecules diffused via an intercrys-
talline mode. Consequently, the ethene to propene ratio
increased with coke deposition, due to a reduction of pore size,
which in turn limited the propene diffusivity.256

On the other hand, reducing the zeolite acidity and limiting
hydrogen transfer increase the propene selectivity. Lin243 et al.
proposed a new material obtained through the incorporation of
Ta(V) and Al(III) in the ZSM-5 structure. The structure of the
fresh material and its stability during MTO did not change after
the introduction of the metal ions. On the contrary, the
selectivity to olefins and the propene/ethene ratio increased
compared to the results obtained with HZSM-5. This was due to
the influence of Ta(V) on the acidity of the zeolite. Also,
paraffins and coke production were lowered due to the drop

of hydrogen transfer reactions. Interestingly, Ta was responsi-
ble for the formation of the first C–C bond in propylene.
Yarulina257–259 and co-workers also evaluated the effects of
different Al loadings, post-synthesis desilication and metal
incorporation on the propene selectivity. It has been pointed
out that propene selectivity depends on the Brønsted acid site
concentration. In addition, the incorporation of extra-
framework alkaline metals promotes isolation of the Brønsted
acid sites. The latter property favours propylene as the produc-
tion of aromatic HCPs requires a vicinal Brønsted acid site.
Nonetheless, Lewis acid sites generated with the alkaline earth
metal incorporation suppress aromatic growth as they destabi-
lize cyclic carbocations that yield the aromatic cycle. Hence, it
has been observed that the presence of Lewis acid sites reduces
the formation of polyaromatic species, and the catalyst stability
can be improved by tuning the Lewis acid site/Brønsted acid
site ratio according to a volcano plot (Fig. 18).257–259

3.2. Biomass and waste pyrolysis

Pyrolysis, which is thermal degradation in the absence of
oxygen, allows carbon materials to be converted into valuable
chemicals. This route has been exploited to obtain LOs from
non-petroleum sources, like biomass or plastic waste. Unlike
fossil fuels, biomass has a high oxygen content. It is a less
efficient and bulky resource, but at the same time, it is
abundant, carbon-neutral and low-cost. Likewise, plastic waste
is an abundant, bulky and cheap feedstock, but compared to
organic matter, it is a synthetic and pollutant material. Hence,
exploiting waste for pyrolysis, as an alternative to incineration,
is particularly interesting from an environmental point of view.

Although LOs can be usually found among the components
of pyrolysis products, they can be considered secondary pro-
ducts and still very few studies focus on the production of these
species. The pyrolysis products are composed of a solid phase
(char), a liquid fraction and a gaseous one: LO products are to
be found in the latter fraction,260–266 although liquid bio-oils
obtained from pyrolysis can be further cracked to obtain LO.267

Depending on the heating rate, pyrolysis is classified into slow

Fig. 18 Influence of acid sites concentration on selectivity in MTO. (a) Dependence of ethylene selectivity on the Brønsted acid site concentration;
(b) dependence of propylene selectivity on the Brønsted acid site concentration; (c) dependence of reaction throughput on the Lewis acid site/Brønsted
acid site concentrations ratio. Z (black points): pre-synthetically modified ZSM-5 with different Si/Al ratio; M (green points): post-synthetically modified
ZSM-5 by desilication or dealumination; AE (orange points): post-synthetically modified zeolites by incorporation of alkaline-earth metals.257 Reprinted
by permission from Springer Nature: Springer Nature, Nature Chemistry, structure–performance descriptors and the role of Lewis acidity in the
methanol-to-propylene process, Irina Yarulina et al., r 2018.
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(o2 1C s�1), fast (up to 200 1C s�1) and flash pyrolysis (up to
2500 1C s�1). The fast pyrolysis promotes the production of
gaseous species; hence it should be preferred in case of LO
production. In addition, the pyrolytic process may be per-
formed with or without a catalyst. In the former case, the
catalyst may be mixed with the raw materials (in situ) or
separated from them (ex situ). In the ex situ catalytic pyrolysis
(ex situ CP), the biomass is first pyrolyzed without catalyst and
the resulting vapor products are transported to the catalyst bed
downstream the pyrolyzer. The composition of ex situ pyrolysis
products obtained with catalysts and different types of ligno-
cellulosic biomass feedstock is presented in Table S3 (ESI†).

Wang268 et al. studied the poplar wood pyrolysis using
HZSM-5 as a catalyst and demonstrated that the ex situ catalytic
fast pyrolysis (CFP) was a more convenient route to maximize
the LO synthesis from biomass. In situ CFP yielded a higher
amount of aromatics, char and coke and exhibited three times
lower LO yield.268 Along with this study, other works revealed a
higher LO yield due to the separation of the catalyst from
biomass during the process.269–271 In the same way, Xue272

and co-workers observed an increase in LO production using an
ex situ layout for polyethylene (PE), polypropylene (PP), poly-
styrene (PS) and polyethylene terephthalate (PET) pyrolysis.
Overall, ex situ CFP usually increased the aromatics and olefin
yields.260–266 In fact, an ex situ configuration allows transform-
ing only the gaseous fraction, thus reducing undesired reac-
tions of liquid and solid products.

Undoubtedly, the catalyst plays a key role in this process,
too. The main catalyst used for biomass pyrolysis is ZSM-5:
Yang273 et al. compared it to CaO, SAPO-34 and MCM-41 and
observed that ZSM-5 allowed the highest olefins and aromatics
yields. Nonetheless, according to their results, SAPO-34 and
ZSM-5 show a similar LO yield. To increase LO production from
biomass, ZSM-5 has also been impregnated with other metals.
For instance, Huang270 et al. studied the catalytic properties of
La-modified ZSM-5 in the pyrolysis of different biomass feed-
stocks. For the sugarcane bagasse conversion, the catalyst
exhibits a 21.2 C mol% LO carbon yield. Likewise, Zhang269

and co-workers pyrolyzed corn stalk, cellulose, hemicellulose
and lignin using a Fe/ZSM-5 catalyst: for cellulose pyrolysis,
they observed a total LO carbon yield of 6.98 C mol% with a
selectivity to ethene of 63.99 C mol%. With a composite feed-
stock like corn stalk, the LO yield decreased to 5.27 C mol%.
Also, Shang260 et al. pointed out that the combination of a
hollow structure and Sn impregnation enhanced ZSM-5 cataly-
tic activity for LO synthesis. They improved LO total carbon
yield from 4.2 C mol% (ZSM-5) to 12.9 C mol% (Sn/M-ZSM-5).
Similarly, for plastic waste pyrolysis, ZSM-5 is a common
catalyst: Artetxe266 et al. performed the high-density polyethy-
lene (HDPE) catalytic pyrolysis using HZSM-5 catalyst, with a
LO yield of 62.9 wt%. Eschenbacher265 and co-workers used it
as an additive to FCC catalysts in low-density PE (LDPE)
pyrolysis, obtaining a LO yield of 53 wt%. Nonetheless, other
materials have been taken into consideration for plastic waste
pyrolysis. For example, Cherednichenko274 et al. studied the
catalytic properties of MeVO3 and MeVO4 (Me = La, Gd, Lu) in

the PE, PP and PET pyrolysis. Compared to the non-catalytic
process, they observed an increase in LO yield, when using
LaVOx and GdVOx. Witpathomwong275 et al. performed waste
tyre pyrolysis using Ru/MCM-48 as a catalyst, obtaining a LO
yield of ca. 4.5%. Donaj et al. obtained an ethylene yield of
22.3 wt% and a propylene yield of 21.1 wt% using TiCl4/MgCl2

(Ziegler-Natta catalyst) in the catalytic pyrolysis of a mixture of
polyolefins.276 Steam pre-treatment can further improve67,270

the properties of zeolite-based catalysts in biomass and waste
conversion to LO.262,265 Dealumination caused by steam
reduces the amount of strong acid sites in the zeolite. More-
over, water competes with the pyrolysis vapours for the adsorp-
tion on acid sites. Consequently, a minor fraction of strong acid
in the zeolite promotes higher LO, which are produced on weak
acid sites.

A parameter that affects the process energy consumption is
the pyrolysis temperature. Thermal analysis should be consid-
ered before choosing the pyrolysis temperature. In fact, this
parameter is strictly related to the feedstock. The biomass is
composed mainly of hemicellulose, which decomposes at 220–
315 1C, cellulose, which decomposes at 315–400 1C, and lignin,
which decomposes at a broad temperature range, between 160
and 900 1C.277 Chen’s group261 observed that increasing the
temperature from 400 1C to 700 1C resulted in a higher fraction
of the gaseous phase, while LO yield varied differently for
cellulose and lignin pyrolysis: in the former case, LO weight
yield increased with temperature up to 600 1C and decreased
with further raising the temperature; in the latter case, it
continuously increased up to 700 1C. Also for plastic waste,
the decomposition temperature varies depending on the feed-
stock: for PE, PP and PET degradation stops between 450 1C
and 490 1C.274

From another point of view, the feedstock influences the
process selectivity. LOs are mainly obtained by cracking the
feedstock, which produces intermediates that are finally cata-
lytically converted into the final product. The nature of these
intermediates depends on the nature of the feedstock compo-
nents at the molecular level. Cellulose and hemicellulose
produce alcohols and ketones, which can adsorb in the zeolitic
acid sites and further react; lignin, instead, produces predomi-
nantly aromatics, which in turn cause catalyst coking.269 The
results obtained from the pyrolysis of different types of feed-
stocks at 500–600 1C are reported in Fig. 19. For pure phase
feedstocks, the total LO yield decreases following the series:
cellulose 4 hemicellulose 4 lignin. This trend reflects also
composite feedstocks, as the LO yield diminishes with increas-
ing lignin content. At the same time, higher LO yields are
obtained from the pyrolysis of polyolefins (PE and PP in
particular), compared to other plastic waste feedstocks.274

Moreover, lignocellulosic biomass and plastic waste have
been used as combined feedstock. Wang278 et al. studied the
pyrolysis of paper biomass (C 76.5 wt%, HC 15.2 wt%, L 3.3 wt%)
mixed with a blend of polyolefins (HDPE, PP and PET). They
obtained a 28 wt% LO yield with a biomass/plastics ratio of
5 : 1 in the presence of 40%Co/30%CeO2/30%Al2O3 catalyst.
Dorado et al. mixed 13C-cellulose with HDPE, LDPE, PP, PS,
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and PET to evaluate the origin of carbon in the products of
pyrolysis over HZSM-5. They observed that with HDPE, LDPE and
PP, the LO products originated mainly from the plastic source and
the LO C-yield was around 25–35%, while with PS and PET it was
around 10% and mainly originates from cellulose.

3.3. Summary

MTO is a mature technology, characterized by a complete
methanol conversion and a high LO selectivity. SAPO-34 and
ZSM-5 are the most suitable catalysts for the MTO process. The
composition, acidity and diffusivity of these two types of zeolite
can be modified in order to control the ethene/propene product
ratio. Nevertheless, catalyst stability is still a property that
needs to be improved. SAPO-34 is particularly affected by
deactivation by coke formation and some interesting results
in slowing down this phenomenon have been obtained either
with pre-coking and water or H2 co-feeding. Because of the
different stability of SAPO-34 and ZSM-5 catalyst families, two
different MTO processes were developed. The MTO process
developed by UOP involves SAPO-34 catalyst, which deactivates
at a high rate and thus, proceeds in a fluidized bed reactor,
while the Lürgi process, which takes place on a ZSM-5 zeolite,
which is more resistant to carbon deposition, occurs in a fixed
bed reactor.

LOs are still considered secondary products of biomass and
waste pyrolysis. To date, this technique is far from being
considered mature for LO production and major efforts are
required. Nevertheless, the available information points out
that the experimental layout, the catalyst choice and the feed-
stock composition influence the output of the process and LO
yields.

4. Light olefin synthesis from carbon
oxides
4.1 Fischer–Tropsch synthesis with CO and CO2

In recent decades, there has been a growing interest in con-
verting non-conventional carbonaceous feedstocks (biomass,
organic waste, non-conventional gas, coal) into chemical pro-
ducts. Non-petroleum carbon feedstocks can be converted into
liquid fuels or building-block chemicals via their gasification
into syngas (mixture of carbon monoxide and hydrogen),
followed by syngas conversion into hydrocarbons or
oxygenates.279,280 Conventionally, FT synthesis has been used
for the synthesis of hydrocarbon fuels such as diesel and jet
fuels. Over the past 20 years, LOs have become target products
of the Fischer–Tropsch to Olefins (FTO) process.

Nowadays, carbon dioxide is the most important industrial
pollutant and the major reason for global climate changes. The
CO2 chemical conversion to LOs could contribute to lower
consumption of fossil feedstocks,281 which are major sources
of greenhouse gas emissions.280,282–286 The key issues in the
CO2 hydrogenation reactions are the availability and sustain-
able production of hydrogen. To ensure the sustainability of LO
synthesis from CO2, hydrogen for hydrogenation must be
produced using renewable energy287 without additional CO2

emissions.288,289

The CO2 hydrogenation into olefins290 proceeds via a combi-
nation of the reverse water gas shift reaction (RWGS) and
Fischer–Tropsch (FT) synthesis:

RWGS: CO2 + H2 2 CO+ H2O DHR = +38 KJ mol�1

FT synthesis: nCO + 2nH2 - CnH2n + nH2O
DHR = �165 KJ mol�1

4.1.1 Catalysts for CO and CO2 hydrogenation. The choice
of active phase for CO and CO2 hydrogenation to LOs depends
on many parameters, such as targeted products, activity, tem-
perature, H2/CO or H2/CO2 ratios in the feed, pressure, cost,
activation, catalyst lifetime, availability and cost of chemicals
used to make the catalysts.

Both cobalt and iron catalysts are used in FT processes.
Compared to cobalt, iron catalysts are much more flexible relative
to the reaction conditions and olefin selectivity. Because of fast
WGS reaction, the main side product of FT synthesis on iron
catalysts is not water (as on cobalt), but carbon dioxide. Iron
catalysts can be used for FT synthesis with syngas containing
different H2/CO ratios. Due to their remarkable capacity to catalyse
water gas shift (WGS), RWGS and FT reactions, iron is also the most
common catalyst for the CO2-FT process.291,292 Dual bed and hybrid
catalysts consisting of a FT catalyst for CO hydrogenation to
hydrocarbons and an acid catalyst (e.g. zeolite) for the subsequent
creaking of long-chain olefins to LOs are also considered.293

However, hydrogen transfer occurring within the zeolites often
results in significant production of light paraffins and
aromatics294–296 and thus, makes combinations of a FT catalyst
and a zeolite not suitable for selective LO synthesis from CO2 or CO.

Fig. 19 LO production from ex situ catalytic pyrolysis of biomass. The
compositions of different lignocellulosic feedstocks are reported in the pie
charts (C = cellulose; HC = hemicellulose; L = lignin). Each experiment is
reported with ‘‘type of feedstock|catalyst’’. Data obtained from ref. 260,
261 and 268–272.
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Molybdenum carbide,297–299 sulfide300 and nitride301 cata-
lysts exhibit noticeable activity in the CO/CO2 hydrogenation.
Though these catalysts usually have much lower activity com-
pared to more conventional metallic or iron carbide catalysts,
one of their important features is their stability in the presence
of different impurities in syngas. The most important
catalytic activity in the CO/CO2 hydrogenation was observed
for molybdenum sulphide and molybdenum carbide systems.
These catalysts also display high activity in WGS reaction. The
unpromoted molybdenum carbide or sulphide catalysts exhibit
fast methanation and fast WGS reactions with methane and
CO2 being respectively the major products. The promotion
of carbide and sulphide catalysts with alkali ions shifts
the selectivity from methane to methanol, higher alcohols and
olefins. In 2016, a group from Shanghai Advanced Research
Institute reported302 remarkable catalytic performance of Mn-
promoted Co2C nanoprisms (Fig. 20) with specifically exposed
facets of (101) and (020) in syngas conversion to olefins
under mild reaction conditions (250 1C, 1 bar). The reports of
this group showed a major deviation of hydrocarbon distribu-
tions from the classical Anderson–Schulz–Flory (ASF) model.
Alkali metal promoters facilitated303,304 stabilization of Co2C

nanoprisms. The olefin selectivity over these catalysts was
enhanced by optimizing the promotion and reaction conditions
(temperature and reaction pressure). The groups of Weckhuysen
and de Jong designed305 a Co/Mn/Na/S catalyst, which exhibited at
240 1C and 1 bar the C2–C4 olefin selectivity up to 54%. 10 nm Co
nanoparticles of hcp Co metal phase were detected in the used
samples. Na and S acted as electronic promoters on the Co
surface. Interestingly, very low CO2 selectivity was observed on
the Co/Mn/Na/S catalyst. Representative catalytic data for LO
production using FT synthesis are shown in Table S4 (ESI†).

4.1.2 Iron catalysts. Since the discovery of FT synthesis,
iron-based catalysts have been used extensively in industrial FT
plants.306 The catalytic performance of iron catalysts
depends307 on their active phase, transition metal promoter,
alkali promoter and support. It has been shown that FT synth-
esis over iron catalysts is a structure-sensitive reaction;308–310

the intrinsic reaction rate and product selectivity being func-
tions of iron particle size. The promoted iron catalysts so far
showed one of the best performances in direct olefin synthesis
from syngas. The particularly attractive features of iron cata-
lysts for LO synthesis from syngas are summarized as follows:

– flexibility in terms of activity, selectivity and reaction
conditions;

– high selectivity to olefins within the ASF hydrocarbon
distribution;

– sensitivity of reaction rate and selectivity to the promotion
and support;

– activity in the WGS reaction and the possibility to use
syngas having variable H2/CO ratios;

– presence of different phases potentially active in FT
synthesis;

– relative stability in the presence of syngas impurities
compared to cobalt catalysts;

– lower cost compared to other metal catalysts.
Iron catalysts for FT synthesis can be either fused, precipi-

tated or supported. Preparation of iron catalysts is a complex
process.311 The goal is to produce desirable chemical, physical,
catalytic and mechanical properties in the final catalysts. The
preparation variables and conditions such as precipitation pH
and temperature, type of impregnation, washing, drying, and
calcination temperatures, and reduction environment and
temperature, require careful optimization. The catalyst synth-
esis may involve different metals, precursors, promoters and
support.

Generally, iron nitrate is the most common metal precursor,
because of its high solubility in water and low cost. Supported
catalysts usually have higher iron dispersion compared to the
fused catalysts or catalysts prepared by precipitation. The for-
mation of barely reducible iron silicate, iron aluminate or iron
titanate should be avoided, since it results in difficult iron
carbidization and relatively lower FT reaction rates. In addition,
the catalysts may exhibit strong deactivation. Carbon deposition is
often the main cause of the loss of activity of iron-based catalysts.
Interestingly, the catalyst preparation method mostly influences
the catalyst activity, while the hydrocarbon selectivity is affected to
a lesser extent by the catalyst preparation technique.

Fig. 20 TEM images of the CoMn catalysts after reaching steady state.
(a and b) Low-resolution TEM images. (c–e) High-resolution images of
Co2C nanoprisms with exposed facets of (101), (101) and (020). (d) Distance
(length) of the lattice fringes. (f) The Co2C nanoprism has a parallelepiped
shape, with four rectangular faces and two rhomboid faces.302 Reprinted
by permission from Springer Nature: Springer Nature, Nature, Cobalt
carbide nanoprisms for direct production of lower olefins from syngas,
Liangshu Zhong et al., r 2016.

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 9
/3

0/
20

23
 1

0:
18

:4
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs01036k


8016 |  Chem. Soc. Rev., 2022, 51, 7994–8044 This journal is © The Royal Society of Chemistry 2022

The activation procedure is an important step in the design
of iron FT catalysts. To convert iron oxide into iron carbide or
metallic iron, iron catalysts are usually activated in either
hydrogen, carbon monoxide or syngas. The activation atmo-
sphere strongly affects the phase composition and catalytic
performance of iron FT catalysts. Numerous reports suggest
that the activation procedure should be optimized for a given
catalyst. Our previous results suggest312 that activation in CO
can be more favourable for obtaining the highest conversion in
FT synthesis over silica-supported iron catalysts than activation
in hydrogen.

Depending on the conditions of catalyst activation in hydro-
gen, iron oxides are partially reduced to magnetite and wustite
(FeO). Small amounts of metallic iron are being produced in
hydrogen at the temperature typical of FT synthesis. In the
presence of carbon monoxide or syngas, different iron carbides
appear. Both metallic iron and iron carbides in the reduced
samples have surface sites for CO dissociation and are active in
FT synthesis. In hydrogen, iron oxides undergo stepwise
reduction via the following steps:313

a-Fe2O3 - Fe3O4 - FeO - a-Fe.

From the thermodynamic point of view,314 complete reduction
of iron oxides to metallic iron is not expected at temperatures
below 300 1C. A maximum 30% of the iron can be present as
metallic iron after catalyst reduction at 270 1C in flowing
hydrogen, which continuously removes water. Reduction of small
iron oxide nanoparticles to iron metallic state requires relatively
higher temperatures (4600 1C). Under FT reaction conditions,
especially at high conversion levels, the presence of significant
amounts of water (and CO2) prohibits metallic iron. Moreover,
under FT reaction conditions metallic iron is easily converted into
iron carbide or can be reoxidised in the presence of water. In
carbon monoxide, the reduction and carbidisation of iron oxide
proceed according to the following sequence:315,316

a-Fe2O3 - g -Fe2O3 - Fe3O4 - Fe5C2

The formation of the iron carbide nuclei and surface recon-
struction of iron nanoparticles play an essential role in iron
carburization and the formation of Fe5C2 (Hägg iron carbide).
Even in CO or syngas at low reaction temperatures (150–
250 1C), iron oxide reduction to magnetite can take place. Note,
however, that iron carbidisation occurs316 at the temperatures
close to the FT reaction temperature (4250–300 1C). A nearly
pure iron carbide phase can be produced by catalyst activation
in CO or H2/CO with the ratio of 0.7 or lower, according to the
thermodynamics. In addition to iron carbide, significant
amounts of carbon can be also deposited on the catalyst.

Iron carbides can be also obtained from metallic iron and
wustite (FeO). However, the concentrations of metallic iron and
wustite in the partially reduced catalysts are usually much lower
than that of Fe3O4. It was suggested317 that during the FT
synthesis, a-Fe was mostly converted into w-Fe5C2, whereas FeO
was the main source for e-Fe2C. Several iron carbides have been
described in the literature:318 FeC carbide, hexagonal e-Fe2C,
pseudo-hexagonal e0-Fe2.2C, monoclinic Hägg w-Fe5C2 carbide

and orthorhombic y-Fe3C cementite. Each of these carbides can
be detected during FT synthesis on iron catalysts. The carbide
phase composition depends on the H2/CO ratio, iron disper-
sion, promoters, support, the extent of iron reduction and
temperature.319 Recent machine learning simulation320 indi-
cated that Fe5C2, Fe7C3, and Fe2C were the three stable bulk
phases under FT synthesis, producing olefins.

Iron carbide in the catalysts for conducting FT synthesis can
be also obtained using alternative methods. Carbidisation of
finely divided iron oxide in a flow of propane, butane or
pentane conducted by Emmett321 and co-workers resulted in
the formation of Hagg iron carbide. Selective conversion of iron
into iron carbide was also observed322 during the pre-treatment
of nanocrystalline iron catalysts with methane at 500–580 1C.

Activation of iron catalysts for CO2 hydrogenation has not
been extensively studied in the literature. On the one hand,
Visconti323 et al. synthesized a high surface area K-promoted
iron-based catalyst. It was found that activation treatment
using CO/H2 mixtures at 350 1C yielded highly active catalysts
in the CO2 hydrogenation to LOs at mild process conditions
(300 1C and 5 bar). On the other hand, Wang et al.324 activated
Fe/ZrO2 catalysts promoted with different alkali metals using
an H2 flow rate of 50 mL min�1 at 400 1C for 5 h. They reported
higher CO2 conversions (up to 43%) with higher selectivity to
LOs (about 44%), while methane selectivity was limited to less
than 20%. In another study, Shafer et al.325 activated iron
catalysts promoted with K, Rb, and Cs using a flow of CO at
270 1C for 24 h and evaluated the performance of these catalysts
for carbon dioxide hydrogenation. They reported a CO2 conver-
sion of around 20% with a high selectivity to C2–C4 fraction
(50% olefins and paraffins). However, they also reported a high
selectivity to methane (40%).

Iron catalysts are very versatile with rich chemistry during
their preparation, activation and reaction. They can be adapted
for various operating conditions of CO/CO2 hydrogenation
reactions. In addition, the structure of iron catalysts can
significantly evolve as a function of the operating conditions.
Schulz calls this phenomenon ‘‘catalyst self-organization’’.326

In the lack of hydrogen and carbon monoxide and at higher
concentrations of carbon dioxide and water, the reaction med-
ium can become oxidizing. Some amounts of Fe3O4 magnetite
are usually found in the working iron catalyst under FT reaction
conditions. The presence of magnetite, however, can be favour-
able for the WGS and RWGS reactions, which adjust the CO/
CO2/H2 ratio in the reacting feed gas. Thus, during FT synthesis
iron species may be distributed among several phases: e.g.
carbides, oxides and metallic iron. The iron carbides may
transform from one into another and in magnetite as a func-
tion of operating conditions.

4.1.3 Mechanistic aspects of CO and CO2 hydrogenation.
FT synthesis is a ‘‘non-trivial surface polymerization reac-
tion’’,327 which involves C1 monomer species adsorbed on
heterogeneous catalysts. The type of the C1 monomer present
on the surface guides the reaction to specific hydrocarbons or
oxygenates. Water and CO2 are major by-products of FT synth-
esis. Methane is considered an undesirable product, while the
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production of water or CO2 is often used to regulate the H2/CO
ratio in syngas using the WGS or RWGS reactions:

CO + H2O 2 CO2 + H2.

The product spectrum of FT polymerization is rather broad, it
consists of a multicomponent mixture of hydrocarbons both
paraffins, olefins, and oxygenates. Hydrocarbon selectivity is
often presented328 on a ‘‘CO2-free’’ basis, which gives an
optimistic picture of catalyst performance. The product distri-
bution as a function of carbon number follows the Schulz–Flory
model of linear polymerization adapted for FT synthesis by
Anderson (ASF model329). The hydrocarbon distribution
according to the ASF statistics strongly depends on the chain
growth probability (a), which is defined as the ratio of the chain
growth to the sum of the rates of chain growth and chain
termination. Theoretic hydrocarbon distribution assuming the
ASF model as a function of chain growth probability in FT
synthesis is displayed in Fig. 21. FT synthesis always results
in a multitude of reaction products. Note, however, that
for each hydrocarbon fraction, there is a specific chain growth
probability, which enables its highest theoretically possible
selectivity. In the conventional FT synthesis, the maximum
C2–C4 hydrocarbon selectivity (including both olefins and

paraffins)330 of 58% can be reached, when the chain growth
probability (a) is 0.46. The selectivity to CO2 is relatively low at
lower CO conversion but rapidly reaches the stoichiometric
value of 50% at higher conversions:

nH2 + 2nCOQ(CH2)n + nCO2

High selectivity to specific olefins remains, therefore, the for-
midable challenge of FT synthesis. One of the initial steps of FT
synthesis is CO adsorption on the catalyst surface followed by
direct or assisted CO dissociation and formation of C1 surface
monomers (Fig. 22b). The C1 surface monomers can desorb as
methane or be involved in the chain growth with the formation of
C2–C4 surface oligomeric species. These species can desorb as
olefins or paraffins. The light paraffins also could be produced via
olefin re-adsorption (and subsequent hydrogenation).331–333 The
C2–C4 surface species are involved in further polymerization with
the participation of monomeric species and the formation of long
chain surface fragments, which desorption/hydrogenation would
result in longer chain hydrocarbons. Further polymerisation,
primary hydrogenation of the adsorbed C2–C4 species or second-
ary hydrogenation are the reasons, why the selectivity to LO
decreases on numerous promoted iron catalysts as a function of
CO conversion (Fig. 22a). The mechanistic schema334 (Fig. 22b)
also suggests possible routes for enhancement of LO selectivity in
FT synthesis.

First, the hydrogenation rate of adsorbed hydrocarbon frag-
ments should be reduced. The high hydrogenation rate of C1

fragments would lead to major production of methane. The
primary hydrogenation of the adsorbed C2–C4 hydrocarbon
fragments and secondary olefin hydrogenation leading to rela-
tively cheap light paraffins should be also slowed down. Sec-
ond, the selectivity to LOs can be improved by slowing down the
chain growth. It is expected that slower rates of chain growth
would result in a smaller average carbon number of hydrocar-
bons and avoid the formation of large quantities of long chain
hydrocarbons. All these strategies should increase the selectivity
to LO. The olefin selectivity in FT synthesis can be also
improved335 by co-feeding with carboxylic acids. The effect has
been assigned to the stabilization of olefins in the presence of
acids with intermediate formation of esters followed by their
subsequent decomposition. Recently, Single-Event MicroKinetic

Fig. 21 Hydrocarbon selectivity as function of the chain growth prob-
ability factor (a).

Fig. 22 (a) LO selectivity versus carbon monoxide conversion over promoted Fe/SiO2, catalysts. Fe/Promoter = 100 : 2, H2/CO = 1, WHSV = 2.25–6.75 L
(g h)�1, P = 10 bar. (b) Surface polymerization paths in high temperature FT synthesis over iron catalysts. Reprinted from ref. 334, Copyright (2020), with
permission from Elsevier.
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modelling was extended330 to investigate the influence of catalyst
properties i.e. catalyst descriptors, on the yield of C2–C4 olefins in
FTO process. The three catalyst descriptors, i.e. atomic chemi-
sorption enthalpies of hydrogen (QH), carbon (QC), and oxygen
(QO) in the SEMK modelling approach have a combined effect on
the conversion, whereas the selectivity to LOs is found to be less
sensitive to QO.

CO2 hydrogenation to hydrocarbons (also called CO2-FT synth-
esis) is even a more complex multi-stage reaction9,323,336,337 than
FT synthesis with CO. The first step in CO2-FT synthesis over iron
catalysts is CO2 hydrogenation to CO (via RWGS) followed by the
formation of C1 adsorbed monomers. Then, the adsorbed C1

monomers transform similar to those in FT synthesis with syngas.
Our recent results suggest338 that the rates of hydrogenation of
adsorbed C2–C4 species and rates of oligomerization could be
different over the catalysts with and without alkaline promoters.
Over the catalysts containing alkaline metals, the oligomerization
to the C5+ hydrocarbons limits the LO selectivity, while the
contribution of hydrogenation of adsorbed C2–C4 species or
secondary hydrogenation of LOs to paraffins is not significant.
This implies that, to boost the LO selectivity over the catalysts
promoted with alkaline metals, the surface oligomerization
should be hindered after the formation of the C4 surface frag-
ments. Similar effects were previously observed in the CO hydro-
genation over iron catalysts.334 Though the CO and CO2

hydrogenation have much in common, it is rare that the catalysts
showing high selectivity to LOs in FT synthesis exhibit high LO
selectivity in CO2 hydrogenation and vice versa.

4.1.4 Promoters and supports for CO hydrogenation: alka-
line, copper, manganese and soldering metals. The catalytic
performance of iron catalysts can be improved by adding
promoters. A wide range of promoters has been used for FT
catalysts. Most commonly, the promoters of FT catalysts are
divided into two classes: electronic or structural.

The structural promoters (silica, alumina, or other oxides)
modify the catalyst texture, enhance iron dispersion, affect iron
reduction/carbidisation and improve the catalyst stability
and attrition resistance. They do not affect, however, the
intrinsic activity of active sites, often expressed as turnover
frequency (TOF).

The electronic promoters interact directly with the active
sites and affect their intrinsic activity. Consequently, the rate of
adsorption/desorption and elementary reaction steps can be
affected. The electronic promoters for iron FT catalyst can be
divided334 into three major groups: (i) alkali metals, (ii) transi-
tion metals and (iii) sodium–sulphur promoter. Numerous
studies have shown that addition of small amounts of potas-
sium to iron catalysts used for FT synthesis affects the perfor-
mance of such catalysts in a variety of ways.339–345 It is well-
known that the IA group alkaline metals, especially potassium,
are essential promoters in iron FT catalysts. They have a
markable effect on both activity and selectivity. The role of
potassium on iron-based catalysts has been previously studied;
however, the effect of potassium on catalyst activity varies
considerably as a function of the catalyst composition, tem-
perature and the presence/amount of binders.

The alkali promotion affects the electronic structure of the
active phase. The promotion with alkali metals varies as a
function of catalytic support.347 A part of iron and alkali species
can form mixed oxide compounds with the support, which do
not have any activity in FT synthesis. The electronic interaction
of iron species and alkali may modify the intrinsic reaction rate
and selectivity. Alkali ions could enhance344 carbon monoxide
dissociation, because of election-donation effect on the iron
species from basic oxygen species. The promotion by alkali
metals increases the olefin to paraffin ratio in the reaction
products. The chain growth probability and selectivity to C5+

hydrocarbons are much higher over alkaline-promoted iron
catalysts. These two simultaneous phenomena do not necessa-
rily lead to higher selectivity to LOs.345 The WGS activity,
carbon deposition and catalyst deactivation rates usually
increase in the alkaline-promoted catalysts.

The second group of promoters includes transition metals
and more particularly copper.316,348,349 The major copper func-
tion is to decrease the temperature required for the reduction
and carbidisation of iron oxides, while the reports about the
effect of copper on the selectivity are still controversial.
Wachs350 et al. and O’Brien351 et al. did not observe any effect
of copper on the product selectivity. Bukur352 et al. reported an
increase in the average molecular weight of hydrocarbon pro-
ducts over Cu-promoted iron catalysts. Coville353 et al. observed
a decrease in methane selectivity after the promotion with
copper. The promotion with Mn usually leads to higher LO
selectivity compared to non-promoted Fe catalysts.354–358 The
recently proposed (Fig. 23) multifunctional hydrophobic core–
shell FeMn@Si catalyst346 suppressed the CO2 and CH4 selec-
tivity with an olefin yield of up to 36.6% at a CO conversion of
56.1%. The promotion of iron catalysts with molybdenum has
shown a significant increase in the catalytic activity,359,360 a
higher LO selectivity and an enhanced stability.361 The Cr-
promoted precipitated Fe catalysts showed enhanced selectivity
for longer chain hydrocarbons.356,362

The group of de Jong308,309,363 et al. proposed a promotion
strategy, which involves the combined addition of sodium and
sulphur to the iron catalyst. Higher C2–C4 olefin selectivity and
less significant methane production were reported, while the
overall activity was only slightly improved.

Recently, we uncovered364,365 a new type of promotion of
iron catalysts with ‘‘soldering metals’’, which have low melting
points such as tin, antimony, lead and bismuth. The promotion
of iron catalysts with bismuth results in the formation of core–
shell structures in the activated catalysts (Fig. 24). A several-fold
increase in FT reaction rates was observed in the presence of
small amounts of these elements. The effect of these promoters
was one of the strongest ever observed in the literature.366,367

The promotion with these elements has two particular features.
First, these metals are highly mobile under the conditions of
high temperature FT synthesis. Their migration during catalyst
activation and catalytic reaction has been observed368 by in situ
TEM and NAP-XPS. Second, these metals have several oxidation
states. The mechanistic study364 suggests that these elements
can facilitate CO dissociation by scavenging oxygen from the
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surface of iron carbide by the promoters resulting in their re-
oxidation. The strong interaction of iron and promoters369

leads to higher TOF. The presence of these metals can also
stabilize iron carbide nanoparticles from sintering. Bi, Pb, Sn
and Sb can be therefore considered as both electronic and
structural promoters of iron FT catalysts.

The iron FT catalysts developed in the last decades are
usually supported. Historically, mechanical strength was a
major motivation for the development of supported iron cata-
lysts, especially for application in fluidized bed or slurry
reactors.370 The catalyst supports may favourably affect numer-
ous characteristics of iron catalysts such as:

– mechanical stability and low attrition of supported iron FT
catalysts;

– enhancement of iron dispersion in the supported FT
catalysts;

– electronic interaction of iron species with the support;
– influence of the diffusion on the catalytic performance of

the supported iron catalysts;
– the emergence of additional active sites related to the

support sites, which affect the conversion of the intermediates
and products of FT synthesis. The term ‘‘bifunctional catalysts’’
is often employed.

The preparation of supported catalysts usually involves
conditioning of the support, deposition of active phase and
promoters using different precursors followed by drying and
calcination at high temperatures. The use of preformed support
materials is a potential way to alleviate the catalyst particle

Fig. 24 Migration of bismuth during catalysts activation and STEM-EDX images of the FeBi/CNT catalysts before (a) and after (a) carbidisation.

Fig. 23 Catalytic performance for syngas to olefins. (a) Product distribution (including CO2) of FeMn@Si-c in comparison with previous works.
(b) Detailed product distribution (including CO2) and the selectivity of olefins in C2+ hydrocarbons (inset) over FeMn@Si-c. From ref. 346 reprinted with
permission from AAAS.
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breakage (attrition) problem in fluidized bed and slurry reac-
tors. Most of the previously developed supported catalysts
showed, however, lower activity and exhibited undesirable high
methane selectivity.371 The inadequate activity and selectivity
toward desired hydrocarbon products have been attributed372

to strong support–metal interaction, the reduction of the
promotion effectiveness due to dissolution in the support
matrix373 and ineffective preparation methods.374

The iron–support mixed compound can be produced during
catalyst calcination, catalyst activation procedure or during the
reaction. The higher temperature in the presence of water vapor
can favour their formation. Possible solutions to reduce the
formation of iron–support mixed compounds could be the
optimization of support morphology and chemical composi-
tion and conditions of catalyst calcination and reduction. Some
iron support mixed compounds can be still produced in FT
synthesis at higher carbon monoxide conversion.

Another important characteristic of the catalysts, which can
be affected by the support, is iron dispersion. The size of metal
oxide nanoparticles on the supported catalysts is principally
affected by the decomposition of metal precursors, germination
and growth of metal oxide crystallites. Similar to previous
results for cobalt catalysts,375,376 the support pore diameters
seem to be a more important parameter compared to the
surface area for controlling iron dispersion. Smaller iron par-
ticles and consequently higher iron dispersion are usually
obtained in narrow pore supports. The effect of support pore
size on iron dispersion has recently been studied in detail for
silica supported catalysts.312 Larger iron oxide crystallites were
detected in large pore supports. The larger iron particles were
much easier to carbidise than smaller ones located in narrow
pore supports. Y zeolites were used377 to confine iron nano-
particles within the zeolite cavities and yielded catalysts exhi-
biting 36.2% selectivity to LOs at a CO conversion of 91.2%.

Several publications suggest that high support surface area
is not a prerequisite for better catalytic performance, as it can
lead to the formation of mixed iron-support compounds and
lower carburization. Promising results for CO hydrogenation to
olefins were reported using low surface area supports such as
a-alumina.367 The main disadvantage of catalytic support with
low interaction toward the iron phase is sintering of iron
carbide nanoparticles during the reaction and activation result-
ing in the loss of active surface area.

Carbon materials (carbon nanofibers, carbon nanotubes,
carbon mesoporous materials)378 are broadly used as supports
for iron FT catalysts. They have many advantages.379 First,
carbon supports do not interact with iron oxides with the
formation of mixed barely reducible and barley carbidised
species. Second, higher dispersion and smaller particles of
the active species can be obtained because of the higher surface
area of carbon materials and their highly developed porosity.347

Third, because of the rich surface chemistry, the catalytic
behavior of carbon-supported catalysts can be controlled via
proper activation and post-treatment methods. The amounts
and types of oxygen-containing functionalities in carbon
materials could change surface acid hydrophilic/hydrophobic

properties. Note that carbon supported catalysts generally have
weak mechanical stability. In addition, handling of most the
conventional catalysts requires oxidative treatments during
either catalyst preparation, activation or regeneration. Possible
oxidation limits the use of carbon materials as supports.

4.1.5 Promoters and supports for CO2 hydrogenation. Due
to their remarkable capacity to catalyse both RWGS and FT
reactions, iron-based catalysts can successfully conduct CO2-FT
process.291 Several phenomena can be responsible for relatively
high LO selectivity over the iron catalysts. First, higher iron
dispersion can contribute to the increase in FT reaction rate
and LO selectivity. Second, their catalytic performance depends
on the extent of iron carbidisation and reduction. Third, the
rate of RWGS reaction is an important step in CO2-FT synthesis
and often affects the overall activity. Fourth, the promotion
affects the catalyst basicity and, hence, adsorption of CO2,
which is an acid molecule. Interestingly, extremely strong
basicity and strong CO2 adsorption do not seem to be optimal
for obtaining high concentrations of reactive CO2 adsorbed
molecules. Finally, the yield of LO over the iron catalysts in the
CO2-FT synthesis is affected by the rate of hydrogenation and
surface chain growth.

Riedel380 et al. claimed that the iron phases in the non-
reduced catalyst comprised mostly of a-Fe2O3 and Fe3O4. Dur-
ing the activation, magnetite and hematite phases are con-
sumed and a new, most probably oxidic iron phase is
generated, which seems to be responsible for the activity in
the RWGS reaction. Finally, FT activity starts with the formation
of Hägg carbide (w-Fe5C2) by the reaction of iron with carbon or
carbon monoxide. In order to activate the CO2 molecules, it is
crucial to modify the surface basicity to enhance the adsorption
ability towards CO2. The impact of impregnating with several
rare earth and transition metals on the catalytic properties in
CO2 hydrogenation has been widely studied in the last years.
Wang et al.324 added alkali metal ions to Fe/ZrO2 catalysts. They
found that these metals (except Li) considerably reduced the
selectivity to methane and lower paraffins at the same time that
they improved the selectivity to LOs and C5

+ hydrocarbons,
predominantly C5

+ olefins. Additionally, they established that
impregnation with Na, K, or Cs enhanced the CO2 conversion
as well. Additionally, the most promising results for lower
olefin synthesis were achieved over a K-modified Fe/ZrO2

catalyst. This better performance of potassium promoted cata-
lysts was explained by assuming that K could speed up the
Hägg carbide formation.

Other extensively studied promoting metals are manganese
and zinc. Mn can act as both an electronic modifier and a
structural promoter for iron catalysts. It is claimed that the
addition of Mn increases the olefin/paraffin ratio in the CO2

hydrogenation and at the same time, restrains the formation of
CH4.381,382 In addition, manganese enhances carburization,
dispersion, and reduction of iron oxides, and at the same time,
significantly improves the surface basicity of the catalyst.383

Nevertheless, a load excess of Mn reduces the promotional
effect.381 Iron catalysts simultaneously promoted with zinc and
alkaline metals were reported384–386 to exhibit high selectivity
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to long chain olefins in the CO2-FT synthesis. Zhang385 et al.
reported extremely high selectivity to LOs in the CO2 hydro-
genation after the combined promotion of iron catalysts with
potassium and Zn.

ZrO2 is currently the most common support9 for CO2 hydro-
genation catalyst, due to its high surface basicity, which favours
adsorption of CO2 at the reaction condition. Wang324 et al.
performed numerous experiments with iron catalysts sup-
ported by SiO2, Al2O3, TiO2, ZrO2, mesoporous carbon and
carbon nanotubes (Table 2). The best LO selectivity was
observed on the ZrO2 and TiO2 supported catalysts (46% and
43% respectively). Another studied support in the CO2 hydro-
genation is ceria (CeO2). Torrente-Murciano387 et al. prepared
Fe catalysts by using ceria with different morphological proper-
ties. Among the different ceria materials used, the one present-
ing cubic morphology facilitated the reducibility of Fe species.
This result was supported by the shift of the initial reduction
temperature towards lower temperatures, giving place to the
highest olefin/paraffin ratio compared to the rod-type and
nanoparticle-type ceria.

4.1.6 Summary. Iron catalysts provide a high yield of LO in
FT and CO2-FT processes. The catalytic performance of iron
catalysts and in particular, the selectivities to paraffins and olefins
produced in the CO and CO2 hydrogenations are strongly affected
by the catalyst chemical structure, its activation procedure and
reaction operating conditions. The CO-free and CO2-free selectiv-
ities to LOs in FT and CO2-FT synthesis are usually limited by the
ASF statistics and do not exceed 60%. Because of fast WGS and
RWGS reactions, significant amounts of CO2 and CO by-products
are produced respectively in FT or CO2-FT synthesis. In addition,
both FT and CO2-FT reactions generate noticeable amounts of
cheap methane and light hydrocarbons, which are difficult to
chemically recycle. Higher LO selectivity is usually observed in FT
synthesis relative to the CO2-FT process.

The structure of iron catalysts depends on choosing the
appropriate active phase, active phase dispersion, support,
promoters, etc. Optimization of the catalyst structure could
therefore result in an enhanced selectivity and yield of LO.
Optimization of catalyst activation conditions (e.g. treatment
with CO, hydrogen and syngas, temperature of activation) can
increase the concentration of active sites in the catalysts and
catalytic performance in the olefin synthesis. Finally, reaction
temperature, reactant pressures, residence time and co-feeding

for example with organic acids335 also affect the reaction rate
and selectivity of CO and CO2 hydrogenation.

4.2 Methanol-mediated CO and CO2 hydrogenation

The main drawback of FT synthesis is the kinetic limitations
concerning the LO selectivity since the product distribution is
set by the ASF statistics. Only up to 60 mol% of C2–C4 olefins
can be obtained among the hydrocarbon fractions in both CO2-
and CO-based FT synthesis (Fig. 21). The presence of large
amounts of by-products complicates the product separation. In
particular, the production of large amounts of methane and
light paraffins is undesirable, due to the difficulties of their
removal from the LO mixture. Thus, FT synthesis is more
suitable for the production of liquid fuels, which do require a
high selectivity to specific hydrocarbons, while more selective
routes for COx-to-LO process need to be developed.

One of the possible solutions can be CO2 or CO hydrogena-
tion to LOs through the methanol-mediated route. This
approach was proposed a few years ago by the groups of Bao
and Wang388,389 for the syngas-to-LO case but then was also
extended for the CO2 hydrogenation to LOs. It implies a two-
step process: during the first stage, CO or CO2 are hydrogenated
to methanol and then the latter is converted to LOs through
methanol-to-olefins (MTO) reaction (Fig. 25). In general, the
methanol-mediated process can be considered as a combi-
nation of the main reactions:

CO2 + 3H2 - CH3OH + H2O

CO + 2H2 - CH3OH

2CH3OH - CH3OCH3 + H2O

CH3OH/CH3OCH3 - CnH2n + H2O

The following side reactions also take place:

CO2 (or CO) + 4(or 3)H2 - CH4 + 2(or 1)H2O

CO2/CO + H2 - C5+ + H2O ’ CH3OH/CH3OCH3

CO2 + H2 2 CO + H2O

CnH2n + H2 - CnH2n+2

Table 2 Catalytic performancesa of K (1 wt%)-modified Fe (10 wt%) catalysts loaded on various supports for the hydrogenation of CO2 (from ref. 324)

Support CO2 conv. (%)

Carbon selectivity (C mol%) Hydrocarbon distributiond (C mol%) Yieldd (%)

CO CnHm
c C-oxy CH4 C2–4Q C2–4 C5+Q C5+ C2-4Q

SiO2 7.1 91.6 8.1 0.3 71.8 17.7 8.6 0.5 1.3 0.1
TiO2 21.0 54.5 37.6 7.9 21.8 42.6 7.2 17.8 10.7 4.8
Meso-Cb 32.8 31.0 57.6 11.4 31.8 29.8 25.6 1.9 10.1 6.0
c-CNT 34.8 12.0 73.7 14.3 25.5 33.8 10.5 19.4 11.2 13.7
Al2O3 32.5 16.8 76.3 6.9 16.7 36.1 6.5 28.3 13.4 15.9
ZrO2 41.7 15.1 64.4 20.5 19.8 45.6 8.2 17.6 8.6 17.0

a Reaction conditions: W(catalyst) = 1.0 g, H2/CO2 = 3, T = 613 K, P = 2 MPa, F = 20 mL min�1, time on stream = 10 h. b Meso-C denotes mesoporous
carbon. c CnHm denotes hydrocarbons; other products are CO and oxygenates. d C2–4Q: C2–C4 olefins; C2–4Q: C2–C4 paraffins; C5+Q: C5+ olefins;
C5+Q: C5+ paraffins.
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The catalysts for LO synthesis via the methanol-mediated route
consist of two components, and each of them is adapted for the
appropriate reaction. Oxides of Zn, In, and Cu supported on
zirconium, chromium or gallium oxides are used to synthesise
methanol from CO2, while zeolite (e.g., SAPO-34) allows the
methanol conversion to LOs using the MTO process.

As a result, the carbon oxides-free LO selectivity up to B90%
on a carbon basis can be achieved (Table 3). Such promising LO
selectivity of the tandem process is due to the higher selectivity
of MTO process (485%). Thus, compared to FT synthesis, the
absence of ASF kinetic limitations facilitates selective LO
synthesis. The amount of coproduced methane in the outlet
products is relatively low. Note, however, that because of higher
catalyst activity in the WGS and RWGS reactions, both CO and
CO2 hydrogenation processes produce respectively large
amounts of CO2 and CO.390

Despite the theoretically high selectivity to LO in the
methanol-mediated route, it also faces several problems, which
come from the same origin: methanol synthesis catalysts

usually operate at lower temperatures (250–300 1C) and high
pressures of 3–5 MPa, while the MTO process is realized at 400–
500 1C and quasi atmospheric pressure. Thus, it is difficult to
find intermediate optimal conditions, where tandem catalysts
will show noticeable activity and high selectivity in both pro-
cesses. Usually, the CO and CO2 hydrogenations using the
methanol-mediated routes proceed at temperatures of 350–
400 1C, which are too high for classic methanol synthesis,
and pressures up to 5 MPa, which are too high for the MTO
process. This induces several shortcomings of the tandem
process, which are discussed in the following paragraphs.
The LO synthesis in the methanol-mediated routes is facilitated
by coupling methanol synthesis and MTO. Despite the CO2

hydrogenation to methanol is a thermodynamically unfavor-
able process at higher temperatures, the MTO stage is favoured
by the thermodynamics and drives the overall reaction to
LOs.391 The main parameters of LO synthesis via methanol-
mediated route are total pressure, relative pressures of carbon
oxides and hydrogen, temperature and space velocity.

Table 3 Recently published performance data of tandem catalysts in both CO and CO2 methanol-mediated hydrogenation to LO

Catalyst (CO + H2) P (bar) T (1C) WHSV NL gcat
�1 h�1 XCO (%) SCO2

(%) SLO
a (%) Ref.

ZnCrOx-AlPO-18 40 390 1200b 25.3 48 83 392
ZrCeZnOx-SAPO-34 25 400 3.9 24.1 44.8 80.2 393
ZnO-ZrO2-SAPO-34 30 400 3.6 25 41 75 394
ZrCeZnOx-SAPO-34 10 400 3.9 12.6 44.6 82 395
ZnAlO-SAPO-34 30 400 3.0 24 44 80.6 396
Mn-Ga-SAPO-34 25 400 4.875 8.6 44.5 68.3 397
CrMnGa-SAPO-34 30 400 3.0 37.6 46.2 87.4 398

Catalyst (CO2 + H2) P (bar) T (1C) WHSV (NL gcat
�1 h�1) XCO2

(%) SCO (%) SLO
a (%) Ref.

ZnGa2O4-SAPO 30 370 5.4 13 48 86 399
In2O3-ZrO2-SAPO 20 400 2.16 36.2 86.5 43 400

20 400c 2.16c 37.9c 50c 72c

ZnO/Y2O3-SAPO-34 40 390 1.8 27.6 85 83.9 401
Cu-CeO2-SAPO-34 20 396 5.8 15.2 57 63.1 402
NiCu/CeO2-SAPO-34 20 375 12 15 65 77 403
ZnAl2O4-SAPO-34 30 370 15.9 15 49 87 404
InCrOx-SAPO-34 35 350 1.14 33.6 55 75 405
In2O3-SAPO-34 30 350 9 14.1 60.9 76.9 406
ZnZrOx&Bio-ZSM-5 30 380 2.0 10 82 60 407
ZnO/ZrO2-MnSAPO-34 20 380 4800b 21.3 42.2 61.7 408
Mn2O3/ZnO-SAPO-34 30 380 3.6 29.8 55.1 80.2 409

a CO- or CO2-free selectivity to LO. b GHSV, h�1. c CO was added to the reaction mixture.

Fig. 25 Components of the tandem catalysts for LO synthesis from CO2: mixture of methanol synthesis and MTO catalysts.
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In case of CO2 hydrogenation, the majority of studied
catalysts showed CO-free LO selectivity in range of 60 to 95%
depending on the catalyst and operating conditions.

4.2.1 Mechanism. The first studies of syngas-to-LO
methanol-mediated process over a Zn–Cr oxide catalyst proposed
the ketene-intermediated mechanism of LO formation.388 Accord-
ing to the authors, during the first step, CO is activated on the
reduced surface of zinc–chromium spinel forming CO2 and single
carbon atom C*, which was testified by in situ NAP-XPS. After this,
C* is hydrogenated to very reactive CH2* species, which then form
ketene CH2CO via reaction with a CO molecule. The ketene
formation blocks further hydrogenation of CH2* and thereby
inhibits its polymerization to longer chain hydrocarbons. Conver-
sion of CH2CO ketene to LOs over SAPO was then confirmed by
separate tests with as-prepared gas-phased ketene and zeolite,
which showed the olefin selectivity similar to that in the CO
hydrogenation. Such a hypothesis was further proved in Ref. 410,
where they compared the product distribution in the conversion
of syngas over Zn–Cr–O–Mordenite with that in the case of ketene
and methanol conversion over pure zeolite. It was demonstrated
that both syngas and ketene gave a similar hydrocarbon set
producing mainly ethylene, while methanol formed a wide range
of C2+ products (Fig. 26). CH4, and CH3OH can be produced on
the oxide surface, while the ZnO0.75 sites are responsible for
methanol synthesis. Zinc oxide reduction to metallic Zn should
be avoided; it leads to the CH2* hydrogenation to methane.411

Higher number of oxygen vacancies promotes the ketene for-
mation and further LO production.

Together with ketene-mediated route, the formaldehyde-
mediated one is also proposed. Wang et al.412 confirmed by
time-resolved DRIFTS and in situ XPS study that formaldehyde
HCO* and H2CO* species were first produced after the CO
adsorption and protonation. Then, such species are rapidly
converted to HCOO* or H2COO* by the lattice oxygen, which is
then hydrogenated to methoxy CH3O*. At the last step, methoxy

species are protonated forming methanol, which is transferred
to the zeolite. The methanation process can also occur by
hydrogenation of methoxy species with C–O bond breaking.
In parallel, adsorbed CO may interact with OH* produced by
water dissociation forming carboxylate COOH*, which is then
hydrogenated to HCOOH* and decomposes into CO2 and H2.
The formate and methoxy-species were also detected by in situ
DRIFTS in the work of Luo413 et al. The authors proposed that
oxygen vacancies activated CO molecules to produce formate
intermediates with further hydrogenation of the latter. The
formaldehyde-formate initiation was also proposed.412

One of the first attempts to reveal the mechanism of CO2

hydrogenation to LOs through the methanol route was
published391 in 2017 for zinc-zirconia oxide mixed with SAPO-
34. First, the authors proved that such a process was tandem
and consisted of coupling reactions of MeOH synthesis and
MTO by testing separately oxide phase and zeolite. The zinc-
zirconia sample showed only methanol in the products, while
SAPO-34 did not work at all. Moreover, increasing the proximity
between two components led to the growth of LO selectivity and
a decrease in the CO yield. This may suggest that the same
intermediates are involved in the LO and CO formation, while
SAPO-34 drives their transformation towards the olefins. Com-
bined DRIFTS and MS studies during the reaction revealed the
presence of both HCOO* and CH3O* species on the ZnZrO
surface without SAPO-34 and almost only HCOO* with the
zeolite. This suggests that the CH3O* species are moved to
the zeolite to form olefins during the tandem process:

CO2 + H2 - oxide - HCOO* - HCO* - H3CO*
- H3COH - SAPO-34 - LO

The formate-methoxy-mediated route was also well-
established414 for the methanol synthesis over the Zn–Ga–O
and Zn–Ce–Zr–O systems.399,414,415 The presence of both
HCOO* and CH3O* was also proved by Liu et al.404 and the

Fig. 26 Hydrocarbon distributions in the conversion of syngas, ketene, and methanol over different sites of MOR zeolites: syngas over ZnCrOx-MOR
(A, D and E); ketene over MOR (B, E and F); methanol over MOR (C, F and I). From ref. 410 reprinted with permission from John Wiley and Sons.
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reaction initiation was ascribed to oxygen vacancies (Fig. 27). In
the case of CO hydrogenation, HCOO* is formed by the reaction
between CO and hydroxyl groups on the surface of oxide (ZnAl2O4

in that study) and in the case of CO2, by the formation of
monodentate carbonate (CO2*) and its hydrogenation to HCOO*
with water elimination. Then HCOO* is hydrogenated to CH3O*
and to methanol. The authors also proposed dissociation of
hydrogen on the oxide surface into H+ and H� pairs and selective
hydrogenation of HCOO* or CO2* species by H�. Then, the
produced methanol immediately moves to the Brønsted acid sites
of zeolite and produces LOs via the hydrocarbon pool route.415

Wang405 et al. studied In-based catalysts for CO2 hydrogena-
tion to LOs and proposed the mechanism not only for the direct
process, but also for the side reactions such as methanation
and RWGS. Using DFT combined with DRIFTS and MS, they

showed that after the initial CO2 adsorption on the oxygen
vacancies resulting in formate HCOO* and its hydrogenation to
H3COO*, the latter might be protonated or hydrogenated to
methane by breaking the C–O bond. The RWGS process is
realized via the formation of carboxylate COOH* and COOH2*
which are decomposed to CO and H2O. In this study, the
authors also showed that addition of ceria or chromium oxide
to indium oxide inhibited the methanation process due to the
much higher free energy barriers for methane formation from
CH3O* species compared to pristine In2O3. At the same time,
the chromium oxide-modified indium catalyst demonstrated a
higher RWGS activity due to a stronger electron interaction
between its surface and COOH* species.

4.2.2 Catalyst properties. Table 4 summarizes the impact of
different catalyst and operating parameters on the performance of

Fig. 27 Proposed oxygen vacancy-assisted mechanism of methanol formation on the ZnAl2O4 surface during CO2 hydrogenation to LO (a); in situ FTIR
spectra of adsorbed species on ZnAl2O4: CO adsorption (dotted lines) and then switching to H2/CO flow at 533 K (b and c), CO2 adsorption (dotted lines)
and then switching to H2/CO2 flow at 623 K (d and e). Reprinted with permission from ref. 404 Copyright 2020 American Chemical Society.

Table 4 Effect of catalyst and reaction parameters on the catalytic performance of tandem catalysts in methanol-mediated CO/CO2 hydrogenation to
LO

Parameter Effect

Hydrogenation component Higher hydrogenation ability – higher selectivity to paraffins, methane (Cu)
Zn oxide + Cr/Ga/Al/Zr oxides = universal catalyst for both CO and CO2 hydrogenation
In or Ga is suitable only for CO2 hydrogenation, because of the reduction of their oxides in CO to the metallic
phase which exhibits high methanation activity

Zeolite type, acidity Hydrocarbon distribution. ZSM-5: propene + C5+ and aromatics; SAPO-34, SSZ-13 and MOR: mostly ethene,
propene; RUB – for propene, butane
Moderate acidity – best selectivity to LO

The proximity between oxide
and zeolite

In the case of metals with high mobility (Zn, In) moderate proximity avoids deactivation of zeolite sites by metal
ions
Unreducible and immobile metal oxides (Cr2O3, ZrO2): higher proximity is better for activity and selectivity

Oxygen vacancies
concentration

A large concentration of oxygen vacancies produces a favorable effect on the reaction but should be in combi-
nation with hydrogen activation sites

Temperature Optimal: 350–400 1C; lower – weaker MTO, higher – olefin hydrogenation, intensive RWGS
Pressure Optimal: 10–30 bar. Lower – poor activity in methanol production, higher – olefin hydrogenation
Space velocity Higher – better LO selectivity, lower conversion; lower – higher conversion, lower LO selectivity due to

hydrogenation to paraffins. Compromise at B3–4 NL gcat
�1 h�1
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the tandem process. These catalyst parameters are type and
concentration of oxygen vacancies, hydrogen activating sites,
Brønsted acidity, zeolite porosity and morphology, proximity of
hydrogenation and acid functions. Representative catalytic data
measured for LO synthesis using methanol-mediated route are
given in Table S5 (ESI†).

The activity of tandem catalysts is usually assigned to the
concentration of oxygen vacancies, which was the highest for
the most active systems (Fig. 28a).399,404,413,416 It can be
explained by the fact that oxygen vacancies facilitate chemi-
sorption and activation of both CO and CO2. Dang416 et al.
studied the effect of zirconia on the In-based catalysts for CO2

hydrogenation and uncovered the presence of the In1-xZrxOy

mixed oxide. Such phase contains a large number of oxygen
vacancies, which sharply enhance the chemisorption of CO2

and stabilization of reaction intermediates. This fact also leads
to lower RWGS activity and, hence lower CO formation rate. A
linear dependence of site-time yields for both methanol and
LOs on the density of oxygen vacancies was found for
the ZnCeZrO/SAPO-34 catalysts prepared with different com-
plexing agents. The authors concluded that the vacancies not
only activated the CO2 molecules, but also stabilized the

methanol-related intermediates. In the case of CO hydrogena-
tion, a sharp increase in oxygen vacancy number allowed the
authors to obtain LOs already at atmospheric pressure and a
relatively low temperature (300 1C).412

On other hand, hydrogen dissociation is found to occur on
the –Zn–O–, –In–O, or –Ga–O– fragments.399,404 Note that a
higher fraction of such fragments may lead to excessive hydro-
genation and formation of paraffins or methane. At the same
time, Zhu418 et al. found that a specific catalyst such as MnO2

could provide both CO activation and further hydrogenation.
To summarize, to realize the first ‘‘methanol’’ stage of the
tandem process, the corresponding catalyst must contain two
main active sites: CO or CO2 activation and H2 dissociation.
This is the reason, why some systems with a larger amount of O
vacancies such as Mg–Al–O showed much lower activity than
those with a lower concentration of vacancies.

In the case of the second ‘‘MTO’’ step, the most relevant
catalyst parameters are Brønsted acidity and zeolite morphol-
ogy. Moderate strength is necessary, because it allows selec-
tive conversion of MeOH/DME intermediates to LOs. The
strong Brønsted acid sites, instead, facilitate hydrogen transfer
reactions and the formation of paraffinic hydrocarbons. In

Fig. 28 Effect of oxygen vacancies and proximity on the catalyst performance in tandem process. (a) Correlation of the formation rates of CH3OH/DME
(Zn–Ga–O) and C2–C4 olefins (Zn–Ga–O/SAPO-34) with the density of oxygen vacancies D(OV).399 (b) Effect of proximity between ZnZrOx and ZSM-5
components on the catalytic performance of the bifunctional catalysts in CO2 hydrogenation: dual bed configuration (1), granules stacking with a
different size (2 and 3), mixing of two powders by mortar mixing (4), and ball milling (5). Reprinted (adapted) with permission from ref. 407 Copyright 2021
American Chemical Society. (c) Preparation of the core-shell ZnCrOx@SAPO-34 catalyst. (d) Performance of this core-shell catalyst comparing with sole
ZnCrOx, ZnCrOx and SAPO separated by quartz wool, and ZnCrOx with SAPO physically mixed.417
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SAPO-34, NH3-TPD exhibits two main peaks: the first one, at
around 200 1C, is related to medium strength acid sites; the
second one, between 300–400 1C, is related to stronger sites.
Luo413,416 et al. have observed a reduction of the intensity of the
latter peak, and a shift towards lower temperatures, after
mixing SAPO-34 with oxide catalyst. The decrease in acid site
density and strength has been attributed to the intimate con-
tact between the two phases.413 Liu et al. performed CO hydro-
genation to LOs using a Zn-ZrO2/SSZ-13 bifunctional catalyst.
They tuned the acidity via ion exchange, by gradually increasing
the H+ content from NaSSZ-13 up to HSSZ-13. They observed an
improvement in the LO selectivity with increasing Brønsted
acid site concentration up to 0.10 mmol g�1, followed by a
reduction of LO selectivity with a further increase in the acid
site amount. Along with this, they saw a continuous increase in
C2–C4 paraffins selectivity with Brønsted acid site concen-
tration. Similarly, Jiao et al. evaluated the influence of variation
of the acid strength on the C2–C4 olefins/paraffins ratio. When
NH3-TPD shows a peak at 395 1C, the C2–C4 olefins/paraffins
ratio is 0.9.388 When the NH3-TPD peak shifts to lower tem-
peratures with a peak at 350 1C, this ratio increases to 4.7. The
strength of the acid sites can be controlled either through
controlling the Si content or introducing transition metal (i.e.
Mn, Zn, Zr) in the SAPO-34 structure.404,408 Addition of transi-
tion metals and decrease in Si/Al ratio promote the reduction of
the strength and density of acid sites. As a consequence, an
improvement in the LO selectivity can be observed.

Along with the reaction conditions, the LO selectivity can be
also tuned by zeolite type and porosity. SAPO-34 is the most
frequently used material for MTO stage, since it gives the
highest LO yield among all the studied systems due to the
unique size of cage and moderate acidity.235 The majority of
papers have addressed SAPO-34 as a zeolite component for LO
synthesis via the methanol-mediated route.408,419–422 Wang396

et al. provided the analysis of SAPO type effect on the selectivity
of CO2 hydrogenation and showed that SAPO-34 possessed the
highest one towards LO fraction. At the same time, DFT
calculations and catalytic experiments showed that SAPO-18
significantly enhanced the olefin-to-paraffin ratio in CO hydro-
genation compared to SAPO-34 due to the suppression of
hydride transfer. Consequently, higher selectivity to LOs but
also to C5+ hydrocarbons was observed but at the slightly lower
conversion rate.392 Hierarchical SAPO-34 porosity improved the
mass-transfer inside zeolite phase. Nitric acid treatment of
SAPO increased the LO selectivity due to both enhanced por-
osity and reduced acidity, which prevented coking.423 Stability
enhancement of catalyst by the preparation of SAPO-34 hier-
archical structure was also studied.394 Hierarchical zeolite
structure suppresses polyaromatics formation and prevents
coking, when the reaction is conducted in the presence of
hydrogen.

Hierarchical porosity is also considered an important factor
for the high LO selectivity in the case of ZSM-5-based ZnZrOx

catalyst. Biomass-derived hierarchical ZSM-5 may provide a
B65% CO-free selectivity to LOs and only less than 1% of
aromatics.407 Bao et al. demonstrated that selective shielding of

different types of MOR zeolite cages might vary the ethylene
fraction in the products of syngas conversion. While the larger
channel 12MR zeolites facilitate the formation of a broad range
of hydrocarbons from methane to C5+, the smaller-sized ‘‘side
pockets’’ 8MR counterparts selectively produce ethylene.410

Further studies showed that the confinement effect of the
MOR cages played an important role in ketene transformations.
Larger 12MR channels facilitate longer contact time of ketene
and, hence, formation of a broader range of products and
coking, while the 8MR confinement leads to protonation of
ketene and to the formation of stable acylium ions, which
further participate in catalytic reactions.424 Recently, Wang
et al. showed that the application of H-RUB-13 zeolite instead
of SAPO-34 provided a shift in the product distribution to
propylene–butylene fraction due to the changes in hydrocarbon
pool mechanism from the aromatic-mediated to alkene-based
cycle.415

The last but not least important feature that may impact the
activity and selectivity of the COx methanol-mediated hydro-
genation to LO is the proximity of the components. The
diffusion of the as-formed methanol from oxide to zeolite
may play an important role in both primary and secondary
reactions. The proximity of the components may regulate the
local methanol concentration, which should be optimal to
achieve the best LO yields.425

There are physical and chemical approaches to regulate the
diffusion of reaction intermediates. The first one implies
variation of the distance between hydrogenation and acid sites
by a different type of mechanical mixing.388,391,407,409 Oxide and
zeolite should be mixed, since their layer-by-layer packing
facilitates methane production and RWGS (Fig. 28b). In gen-
eral, physical mixing and grinding in the mortar, are the most
optimal ways to prepare selective and active tandem catalysts.
Using, for example, ball milling could be excessive and may
affect negatively the performance.407 Recently, In- and Zn-
species were shown to be mobile under the LO synthesis
reaction conditions and can block the Brønsted acid sites and
hence, destroy the catalyst bifunctionality.426 Such processes
can be intensified due to the smaller distance between the
components and reduce the activity and selectivity of the
catalysts. Ding427 et al. studied the effects of the proximity of
hydrogenation and acid components in ZnCrOx-SAPO-34 and
MnOx-SAPO-34. The optimal degree of proximity of ZnCrOx and
SAPO-34 is required for higher LO selectivity, while in the
MnOx-SAPO-34 catalyst, the activity and selectivity were higher
at closer proximity.

The second chemical route for tuning the proximity consists
of the formation of a core-shell structure, where the oxide
component is surrounded by zeolite. Such design should
increase the extent of methanol transformation to LOs and
suppress the further hydrogenation of the latter products to
paraffins. An interesting strategy was proposed by Tan417 et al.
The authors covered Zn–Cr granules with SAPO-34 crystallites
using the silica sol as a binder and obtained core-shell struc-
ture, which was noticeably more active and selective to LOs
than a regular mixture of Zn–Cr and SAPO-34 (Fig. 28c and d).
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The advantages of core-shell catalyst imply fast diffusion of
methanol and water from Zn–Cr surface to SAPO-34 channels,
which prevents the WGS reaction and promotes the LO for-
mation. Synthesized LOs have less chances to be further
hydrogenated on the Zn–Cr surface due to the protection of
the latter by a SAPO shell. A similar effect of zeolite shell
protection for secondary processes was observed in the case
of CuZnZr oxide catalyst.428 Preparation of SAPO-34 in presence
of the ZnZrO2 catalyst covered by alumina gave a better perfor-
mance in CO2 hydrogenation than the physically mixed com-
ponents and composite without alumina.429 The authors
propose that Al2O3 plays a role of stabilizer for the oxide and
adhesive for SAPO-34 covering of its surface: without alumina,
higher selectivity to methane was observed.

Thus, two strategies should be applied for the preparation of
oxide-zeolite tandem catalysts for LO synthesis from COx. For
the metals exhibiting noticeable mobility, such as In and Zn,
the catalyst preparation should involve building the ‘‘buffer’’
interface between oxide and zeolite components in order to
prevent the blocking of zeolite Brønsted acid sites by the mobile
metal. When working with less mobile metals such as Cr and
Mn, the maximum proximity of oxide and zeolite is desirable to
reach the best performance in LO synthesis.

The stability of tandem catalysts is one of the main advan-
tages of methanol-mediated route. The long-term studies have
shown high stability of the tandem catalysts. This seems to be
one of the main advantages of direct LO synthesis from
CO compared to the conventional MTO process, where the
catalyst regeneration should be done every few hours due to
the coking and, hence, pore blocking of the zeolite. The
presence of hydrogen and water inside the reaction mixture
over the tandem catalysts facilitates the removal of carbon
species. For example, the CO2 conversion decreases from 23%
to 18%, while the selectivity to LOs remained constant after
124 h of reaction over ZnGa2O4/SAPO-34 at 400 1C.399 For the
In2O3–ZnZrOx/SAPO-34, the CO2 conversion remained constant
as well as LO selectivity for at least 92 h.423 The similar trend
was observed over other catalysts, which worked without notice-
able conversion and selectivity changes for a long period of
time.388,407,416,417,430

In addition, some new approaches for the tandem process
should be mentioned. Hydrothermal conversion of CO2 to
ethanol with further dehydration of the latter was proposed
in the work of Zeng431 et al. The authors used copper catalyst
introduced into the structure of Ti-based MOF MIL-125-NH2

and reached the 90% selectivity to ethylene at 100 1C. They
found that copper-based centres converted CO2 to ethanol,
while titanium-based ones were more efficient in the EtOH
dehydration to ethylene.

4.2.3 Reaction parameters. Most of the reactions of LO
synthesis, except for WGS or RWGS are accompanied by the
reduction of volume. Consequently, high pressure should posi-
tively affect the conversion to hydrocarbons or oxygenates and
does not affect the CO or CO2 production. This is proven by
experimental data (Fig. 29): CO2 conversion gradually increases
with pressure, while the selectivity to CO decreases due to the
increase in hydrocarbon selectivity. At the same time, the
pressure increase may facilitate the olefin hydrogenation to
paraffins (Fig. 29a),391,409 thus, medium pressures (20–30 bar)
are optimal for attaining high olefin selectivity.

Temperature plays an important role for both selectivity
and conversion of the catalysts. In general, higher tempera-
ture results in better conversion. Note that WGS or RWGS
and olefin hydrogenation processes also intensify with heat-
ing (Fig. 30). The most suitable range for the best LO
selectivity is 370–390 1C (Fig. 30c). Raveendra433 et al. showed
that an increase in temperature from 350 to 400 and then to
450 1C led to a decrease in the LO selectivity and growth of
CH4 and paraffin amount. Similar results were obtained for
the Zn–Cr-SAPO-34 catalyst: at a temperature higher than
400 1C, the authors also observed strong methanation and LO
selectivity decrease.417 The specific complex oxide systems,
such as Zn–Ce–Zr–O allowed Wang412,415 et al. to achieve the
high selectivity to LOs with slow WGS and methanation rate
at 300 1C in case of syngas transformation and 350 1C for CO2

hydrogenation. The authors ascribed low WGS/RWGS activity
to the unique structure of the catalyst: the catalyst increases
the formation energy barrier of carboxylate species, which
are responsible for both CO and CO2 formation in methanol
synthesis.

Fig. 29 Effect of reaction pressure on CO and CO2 conversion and selectivity to LO (a), selectivity to CO (b) in methanol-mediated hydrogenation. Data
from ref. 391, 409 and 432.
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The space velocity (SV) affects the selectivity and product
yield in different ways. First, an increase in SV leads to higher
LO selectivity in both CO and CO2 hydrogenation.391,417

Higher SV significantly reduces the conversion.403 Faster flow
decreases the contact time of the reagents and olefins and thus,
suppresses the secondary processes such as LO hydrogenation.

Therefore, an optimum should be found for the optimal
ratio between LO selectivity and conversion. For example, in the
work by Numpilai434 et al., optimization of reaction parameters
gave the best LO yield of 7.31% in CO2 methanol-mediated
hydrogenation at WHSV of only 1500 mL g�1 h�1 despite the
lowest olefin-to-paraffin ratio observed at this space velocity.
Sedighi and Mohammadi modelled402 the performance of
CuCe/SAPO-34 catalyst and proposed different space velocities
for the highest LO selectivity (17330 mL g�1 h�1) and LO yield
(5400 mL g�1 h�1).

The main side processes of methanol-mediated LO synthesis
routes are WGS in the case of CO as a source and reverse WGS
(RWGS), when CO2 is used and the selectivity of these reactions may
reach 90%. It is the most crucial in the case of CO2 hydrogenation,
since the thermodynamics favors RWGS at higher temperatures in
opposite to the methanol formation.391 At the same time, despite
high yield of CO2 or CO, the separation of carbon oxides and their
recirculation may solve it. For example, in the CO2 hydrogenation
reaction, co-feeding with CO is known to significantly reduce the rate
of RWGS, because of Le Chatelier’s principle.393

Fig. 30d shows the selectivity-conversion dependence based
on the previously published data for CO2 hydrogenation. The

catalytic data used to plot this figure are also available in
Table S5 (ESI†). It can be concluded that higher conversion
results in lower LO selectivity, because of secondary processes:
hydrogenation goes to the end and forming olefins are con-
verted to the corresponding paraffins.

4.2.4 Summary. The methanol-mediated route to synthe-
sise LOs from CO2 and CO can be considered eco-friendly and
green and can be used in the future for both capturing carbon
dioxide, chemical utilisation of syngas generated from biomass
and waste, and production of valuable chemicals. Further
studies are needed to increase the single-pass LO yield and to
develop new catalytic systems making them more suitable to
obtain particular olefins and to reduce the WGS/RWGS activity.
It can be also concluded that Zn-based catalytic systems seem
to be the most suitable solution for the technological realiza-
tion of direct LO synthesis through the methanol-mediated
route due to the following reasons:

– They have comparably good performance for both CO2 and
CO hydrogenation, contrary to the In and Mn-based catalysts.
That is important for CO recycling in CO2 hydrogenation and
CO2 recycling in CO hydrogenation.

– Zn is a much cheaper and wider-more spread element than
In or Ga.

– They possess much less ecological risks than Cr-based
ones which should noticeably reduce the costs of the
technology.

SAPO-34 and ZSM-5 are two main possible options for the
zeolite component and the choice should be done depending

Fig. 30 Effect of reaction temperature on the CO/CO2 conversion (a), selectivity to CO/CO2 (b) and CO/CO2-free selectivity to LO in methanol-
mediated CO2 or CO hydrogenation (c). Ref. 391, 399, 403, 430 and 432 selectivity-conversion plot for CO-free selectivity to LO in the methanol-
mediated CO2 hydrogenation (d) based on data from ref. 391.
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on the desired olefins: SAPO-34 for ethylene-propylene and
ZSM-5 for propylene. Since the hydrogen presence significantly
reduces the deactivation even in highly unstable in MTO SAPO-
34, the choice between the zeolite type could be based only on
their selectivity. Nevertheless, more detailed and long-term
stability studies of tandem catalysts are necessary to clarify
their real operation life span.

4.3 Electrocatalytic CO2 and CO reduction

Electrocatalytic CO2 and CO reduction reactions (CO2RR and
CORR) are of great interest, because of mild reaction conditions
and possible use of renewable electric power. The synthesis of
LO by electrocatalysis is particularly motivating, because the
existing methods require high temperature and are usually
accompanied by the formation of large amounts of CO2.435

The biggest challenge for electrocatalysis is coupling of two
CO2 or CO molecules,436 which is rather difficult in compari-
son with thermocatalytic reactions such as FT synthesis or
methanol-mediated routes.10 However, the thermocatalytic
routes have demonstrated a rather low selectivity to LOs due
to ASF distribution in the case of FT synthesis and intensive co-
production of CO2 or CO via the WGS or RWGS reactions.

There are several key advantages of CO2RR and CORR, which
make electrocatalysis highly attractive:437

- The use of H2O as a reducing agent is highly desirable,
because it avoids additional technological process (e.g. hydro-
gen production), high energy consumption and generation of
greenhouse gases (CO2, CH4,. . .).

- The reaction can be performed under very mild reaction
conditions with electricity as the main energy source. Electricity
can be considered renewable, if it comes from resources such
as solar, geothermal, hydropower, wind energies and biomass.
The cost of renewable electricity is now decreasing due to the
continued substitution of fossil fuels with renewable resources.

- The coupling of C1 to olefins using electrocatalysis pro-
ceeds by a different route in comparison with the polymeriza-
tion mechanism in thermocatalytic reactions and results in a
higher LO selectivity (60–80%).

- The electrocatalytic CO2 reduction to LOs can be performed
in both modes: direct route from CO2 to olefins by CO2RR438

and indirect route by CO2 conversion to CO with subsequent
conversion of CO to LOs by CORR.439

4.3.1 Electrocatalytic process. Both CORR and CO2RR pro-
ceed over a cathode surface with the generation of hydrocar-
bons (CH4 and C2H4), alcohols (C2H5OH, C3H7OH) or
carboxylic acids (HCOO�, CH3COO�).436 The competitive reac-
tion is the reduction of protons (HER) to H2 instead of CO or
CO2 reduction.

Direct electrochemical reduction of CO2 is strongly energy
demanding. The electrocatalytic reduction of CO can be per-
formed with higher activity in comparison with CO2 due to a
more positive equilibrium potential and lower consumption of
protons and electrons:

2CO2 + 12H+ + 12e� = C2H4 + 4H2O E = 0.06 V

2CO + 8H+ + 8e� = C2H4 + 2H2O E = 0.28 V

Different metals have been used as electrodes for CO2RR and
CORR. The catalytic performance is governed by the Sabatier
principle. The strong binding of CO with metals such as Pt, Co,
Fe and Ni leads to the main generation of H2 by HER. At the
same time, the metals (e.g. Sn, In, Bi and Pb) weakly interacting
with CO, provide formates. The Cu-based catalyst has shown
high selectivity to ethylene due to the optimal strength of the
interaction with CO. There are several bimetallic catalysts such
as Pd–Au, Ni–Al and Ni–Ga, which demonstrate the generation
of coupling products, however, with very low selectivity.440 The
non-metallic catalysts such as nitrogen-doped carbon materials
demonstrate high selectivity to the coupling products, however,
the productivity is very low.440

The anode enables oxygen evolution reaction (OER) with
generation of oxygen and protons:

2H2O = O2 + 4H+ + 4e� E = 1.23 V

The electrocatalytic reduction can be performed in three types
of reactors: H-cell, flow cell and membrane electrode assembly
(MEA) (Fig. 31). The traditional H-cell reactor consists of
cathode and anode compartments separated by ion-exchange
membranes. It is commonly used in laboratory research. The
CO2 and CO saturated cathode compartments usually contain
the aqueous electrolyte. The flow cell comprises cathode com-
partment gas and catholyte flows separated by hydrophobic gas
diffusion electrodes (GDE) with the reaction occurring at the
triple-phase boundary of GDE (Fig. 31). The carbon-based GDEs

Fig. 31 Schematic illustration of electrocatalytic reactors: H-cell (a) and MEA cell (b). Reprinted (adapted) with permission from ref. 441 Copyright 2018
American Chemical Society.
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are usually used for electrocatalytic reduction due to their high
conductivity and stability. The MEA cell is a special case of flow
cell prepared by direct pressing of cathodic and anodic catalysts
over both sides of the membrane. It does not require catholyte
flow, while water is presented in the form of vapor.

The key challenge for the development of electrocatalytic
reactors is low solubility of gases in aqueous solutions.
Although the achieved selectivities are relatively high (up to
87%), the process is still far from industrial implementation,
due to low energy conversion efficiency and high voltages. The
MEA reactor is the most promising way of electrocatalytic
reduction of CO2 and CO, because it does not consume aqueous
electrolytes and can be scaled up.442

4.3.2 Reaction mechanism. A large number of studies have
been dedicated to the mechanism of CORR and CO2RR to LOs
over Cu-based catalysts. It is considered that electrocatalytic
CO2 reduction to hydrocarbons proceeds through the genera-
tion of adsorbed *CO and formate (*COOH).443 Adsorbed *CO
is considered a key intermediate for further C–C coupling to
different products including ethylene (Fig. 32). Thus, CO2RR
and CORR may have similar mechanisms for C–C coupling
(Fig. 32). The first one implies direct *CO coupling with *CO,
which has been confirmed using ATR-SEIRAS spectroscopy
(Fig. 33).444 A high concentration of CO in the reactor during
CORR could lead to a higher contribution of Eley–Rideal
mechanism of *CO coupling with gaseous CO in comparison

Fig. 32 Mechanism of the electrocatalytic reduction of CO2 to ethylene.

Fig. 33 In situ ATR-SEIRAS analysis of Cu electrode (a), the integrated peak intensities (b) and HRTEM images (c). Reproduced from ref. 444.
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with Langmuir–Hinshelwood mechanism in CO2RR.445 Hydro-
gen assisted coupling proceeds through the generation of
adsorbed formaldehyde *CHO, which is coupled into *OHC–
CHO*. These species have been confirmed by ATR-FTIR
spectroscopy over Cu catalyst modified by F (Fig. 33).446 Addi-
tionally, DFT modelling and FTIR indicate potential coupling
between *CO and *CHO over a pure Cu catalyst.443,447

Subsequent conversion of these C–C coupled species to
ethylene has been explained by H+ and electron transfer with
the formation of CH2CHO* species as key intermediates
with subsequent hydrogenation to C2H4.445,447 The side process
is hydrogenation of CQO group with the generation of
C2H5OH.448 There is an alternative theory, which considers
*CH*COH as intermediate species. The dehydration of these
species yields adsorbed *C*CH fragments with their further
hydrogenation to C2H4 (Fig. 32).449 At the same time, the
hydrogenation of *CH*COH leads to ethanol.

The reaction selectivity to ethylene or alcohol is strongly
affected by the surface coverage of electrode. Thus, the
presence of high content of CO in the reactor in CORR results
in higher ethanol selectivity and lower selectivity to ethylene in
comparison with CO2RR.450

4.3.3 Catalytic performance. As the Cu-based catalysts
provide the highest efficiency for the production of LOs, the
main efforts of researchers have been focused on the modifica-
tion of Cu catalysts to increase further their activity and
efficiency (Table 5). There are two main directions, which have
been proposed for modification of Cu catalysts: surface deposi-
tion and control of Cu crystal planes. Thus, it has been
discovered that the Cu(100) and Cu(111) surfaces provide the
highest selectivity to CH4 and C2H4, whereas Cu(110) demon-
strates the highest selectivity to alcohols.443,451,452 The highest
efficiency has been achieved by Cu deposition during CO2RR
resulting in the formation of Cu(100) surface in comparison
with Cu catalyst formed during HER (Fig. 34). The same effect
of structure sensitivity in CO2RR has been observed453 during
electrocatalytic reduction of CO. However, Cu(110) is not stable
and easily transforms to the more stable Cu(111) surface during
electrocatalysis. Consequently, the selectivity of the reaction is
affected.454 The adsorption of CO2 was found to play a key role
in the transformation of the electrode surface.

The deposition of organic compounds has been used to
modify adsorption and reactivity of reagents, intermediates and
products and thus, to control the efficiency of CO2RR. For

example, the deposition of polyamine on the surface of Cu
improved the efficiency to C2H4 to 87% (Fig. 35).455 An increase
in the degree of the methylation of amine resulted in lower
selectivity to C2H4. The effect of amine NH2 group has been
assigned to the higher surface pH, higher CO concentration
and higher stabilization of intermediates.454 This assumption
has been supported by the study of the effect of pH on the
selectivity of CO2RR.455 The presence of amino groups led to
the increase in the contribution of CO3

2� anions and to the rate
of the coupling with the highest efficiency toward C2H4. In the
case of CORR, the pH effect was less significant.450

Generally, CORR provided lower efficiency to C2H4 (50%) in
comparison with CO2RR (87%). The phenomenon could be
assigned to the lower solubility of CO in the polar solutions and
weak interaction with the electrode surface in comparison with
CO2. The increase in support hydrophobicity by PTFE resulted
in an increase in Faraday efficiency (FE) to C2H4 to 52.7%.456

The variation of the concentration of CO in the reactor signifi-
cantly affected FE to C2H4.450 The pure CO led to the broad
distribution of the coupling products with a FE to C2H4 of
about 30%. At the same time, the low CO concentration
resulted in H2 generation by HER reaction with low FE to
C2H4. The intermediate CO concentration provided an optimal
50% FE. DFT modelling explains this effect by promoting
hydrogenation of *CH*COH to oxygenates at higher CO
coverage.

Table 5 Examples of electrocatalytic performance for CO2 reduction

Electrode material
E (V) vs.
RHE J (mA cm�2)

FE (%)

Ref.C2H4 C2H5OH C3H7OH

Cu(100) �0.63 �280 90 — — 454
Cu-F �0.89 �1600 65 12 1 446
N-Doped graphene/
Cu nanorods

�0.9 �282 25 45 7 457

Cu–Ag alloy �0.67 �250 35 41 0 458
CuAg NP �1.33 — 21 — — 459
Cu-Polyamine �0.47 �32 87 7 0 455

Fig. 34 Demonstration of Cu clustering in the process of CO2RR and HER
(a) with the Faradaic efficiency at different potential (b). Reprinted by
permission from Springer Nature: Springer Nature, Nature Catalysis,
ref. 454 r (2019).
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4.3.4 Summary. The electrocatalytic reduction of CO2 and
CO is an interesting approach for the synthesis of C2H4 due to the
high selectivity and use of renewable energy at mild reaction
conditions. The process of electrocatalytic reduction is quite
flexible and provides an opportunity to perform direct conversion
of CO2 or two-step CO2 conversion through CO with the subse-
quent synthesis of C2H4. The most selective catalyst for CO2RR
and CORR is Cu-based material, which possesses the optimal
strength of the interaction with intermediate CO. The efficiency of
the catalyst has been improved by control of the surface Cu planes
and modification by basic polymers. Although a relatively high
selectivity (up to 90%) could be achieved with ethanol as a side
product, it is still necessary to search for selective catalysts. There
is still a lack of knowledge about the mechanism of CO2 and CO
coupling to C2H4 and about the effect of modification of Cu
catalyst on the catalytic performance.

The MEA cell with GDE electrodes provides an efficient
solution for upscaling the electrocatalytic reduction. The key
challenges are the relatively low current density and the long-
term stability of the cell including the transformation of Cu
catalyst. The opportunity to avoid alkaline catholyte in MEA
cells is highly desirable for industrial implementation.

The energy efficiency for the conversion of CO2 and CO to
C2H4 is still relatively low (30%) and requires additional efforts
to improve it by the design of electrocatalytic cells and catalysts.

5. Assessment of LO synthesis routes

Various routes are explored in this review for selective LO
synthesis from renewable and fossil feedstocks such as

hydrocarbons, oxygenates and carbon oxides. We conducted
their comparative analysis (Table 6) using several quantitative
characteristics: selectivity, productivity, severity of operating
conditions (temperature and pressure), stability, technological
maturity and sustainability. Currently, LO synthesis faces new
challenges. First, renewable raw materials should progressively
replace fossil feedstocks. Second, there is a strong need for the
development of new zero-waste and highly selective chemical
processes. The goal is to enhance the selectivity of LO synthesis
and to reach an atom efficiency close to 100%. The benign
process design should avoid the cogeneration of undesirable
and often toxic by-products. Third, the energy efficiency of LO
synthesis technologies should be also significantly improved in
order to run them at ambient temperature and pressure,
whenever possible. Reduction of energy consumption via the
application of more energy efficient technologies should result
in zero emission of greenhouse gases, which are the major
reasons for climate change.

SC and FCC are historical technologies of LO synthesis.
Ethylene is the main product of SC, while FCC mostly produces
propylene, among the LO fraction. Synthesis of LO from renew-
able raw materials such as biogas-derived methane, syngas
from gasification of biomass, organic or plastic waste and
CO2 produced by human activities is currently of particular
interest. The optimum LO selectivity, small number and quan-
tity of by-products seem to be the most important parameters
in the context of the development of efficient and zero-waste
processes. Analysis of available data suggests (Table 6) that on-
purpose direct dehydrogenation, MTO and oxidative dehydro-
genation combined with chemical looping are currently the

Fig. 35 Product distributions in the electrocatalytic CO2RR over Cu catalysts with different polyamines (P1 and P4) at different cathode potentials.
Reprinted by permission from Springer Nature: Springer Nature, Nature Catalysis, ref. 455 r (2020).
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most selective routes for LO synthesis. Attaining high LO
selectivity is a difficult issue for methane coupling, FT synthesis
and biomass pyrolysis. FT synthesis and wax pyrolysis produce
major amounts of cheap methane and light paraffins. In
addition to methane and paraffins, methane coupling, FT
synthesis, methanol-mediated route and conventional oxidative
dehydrogenation generate significant amounts of CO or CO2.
Separation and recycling of co-produced CO or CO2 require
major energy consumption and represent a significant chal-
lenge for these technologies. Electrocatalytic reduction of CO2

to LOs is a very attractive process, due to the low reaction
temperature and opportunity for use of green electricity, how-
ever, it has several challenges. Although significant progress
has been achieved in this field, a high Faradaic efficiency to
ethylene requires low current density, limiting the olefin yield.
Another limitation of the electrocatalytic route is the produc-
tion of only ethylene from COx, whereas other olefins are also
required.

Productivity is another important figure of merit in any
chemical process. Most of LO synthesis technologies involve a
catalyst. To compare the productivity of catalytic processes
(Table 6), we expressed the productivity normalized by the
amount of catalyst. Note that in FCC, the catalyst is not exposed
continuously to the reaction, while in SC, the cracking reactions
occur without a catalyst. These are the reasons, why in SC and
FCC the productivities have been normalised to the reactor
volume rather than to the catalyst weight. It should be also
considered, that FCC, direct dehydrogenation, oxidative dehy-
drogenation with chemical looping and MTO require periodic
or continuous catalyst regenerations, which decrease the time-
averaged process productivity. The catalyst regeneration
issue is particularly crucial in the FCC process, where the
catalysts with extremely high productivity can operate without

regeneration only for a few fractions of a second. The duration
of the reaction cycle (before the regeneration) is a few minutes
in direct dehydrogenation and a few hours in MTO.

Higher LO productivity has been reported in methane
oxidative coupling (B200 mmol gcat

�1 h�1) compared to many
other processes. Interestingly, oxidative dehydrogenation,
MTO, FT synthesis and electrocatalysis have rather similar LO
productivity. The LO productivity is relatively low in the
methanol-mediated CO/CO2 hydrogenation and can be consid-
ered as the most important challenge of this process. Reaching
high LO productivity and selectivity remains demanding in the
biomass/waste pyrolysis.

Catalyst stability is commonly considered a determining
parameter for chemical processes and in particular, for the
synthesis of relatively cheap commodities such as LOs. Since
the catalysts in FCC, direct dehydrogenation and MTO require
frequent regenerations, we should distinguish (i) the catalyst
stability within a reaction cycle and (ii) long-term stability,
which includes both catalytic reaction and catalyst regenera-
tion. The amount of available information about the catalyst
stability depends on the level of maturity of a specific LO
synthesis process. More extensive long-term stability data are
provided for the processes, which have reached industrial
implementation such as FCC, direct dehydrogenation and
MTO. In these processes, the catalysts can operate after con-
secutive regenerations for several months. For FCC, the long-
term catalyst stability is usually limited by 1-3 months; in this
process, the fresh catalyst is continuously added to the reactor
during the operation. The catalyst long-term stability for MTO
can exceed 3–4 months. The catalysts for the direct dehydro-
genation or looping oxidative dehydrogenation processes may
have a long-term stability of 2–3 years. For other processes, the
catalyst stability has been limited by the duration of laboratory

Table 6 Comparison of different LO synthesis routes. SC – steam cracking, FCC – fluidized catalytic cracking, DDH – on-purpose dehydrogenation of
light alkanes, ODH – oxidative dehydrogenation of light alkanes, MC – methane coupling, MTO – methanol to olefins, BWP – biomass and waste
pyrolysis, FT COx – Fischer–Tropsch synthesis using CO or CO2, MM COx – methanol-mediated CO2 and CO hydrogenation, EC – electrocatalysis, TRL
– Technology Readiness Level, S – sustainability

Route LO Selectivity Productivity Catalyst stability P (bar) T (1C) TRL S

SC 30–85% 50–120 mmol cm�3 h�1

(per reactor volume)
Catalysts are not involved in
the process

1–2 800–950 9 C

FCC 30–40% 600–20 000 mmol cm�3

h�1 (per reactor
volume)

0.1–5 s in a cycle 1–2 500–700 9 C
Long term = 3 months (15 000
cycles)

DDH 85–95% 20–300 mmol gcat
�1 h�1

in reaction cycle
10–12 min per cycle 0.3–2 550–750 9 B
Long term 3–5 years460

ODH 80–90% 10–100 mmol gcat
�1 h�1 Predicted B2 years for looping

cycling180
1–2 400–750 6-7 B

MC 50–70% 20–200 mmol gcat
�1 h�1

in the reaction cycle
200 h 1–2 700–900 6-7 C

MTO 485% 30–100 mmol gcat
�1 h�1 40 h at 50% conversion in a

cycle
1–2 400–500 9 B

Long term 44–5 months236

(4450 cycles)
BWP o20% 0.5–1 mmol gcat

�1 h�1 n.a. 1 400–700 4–5 C
FT COx B30% (60%a) 5–70 mmol gcat

�1 h�1 4200 h 20–40 330–350 5–7 B
MM COx o50% (90%a) 2–5 mmol gcat

�1 h�1 4200 h 20–40 330–400 4–5 A
EC 490% 200 mmol gcat

�1 h�1 424 h 1 Mostly at RT 3 A

a LO selectivities excluding co-produced CO or CO2.
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tests (about 200–300 h). Much lesser information about catalyst
stability has been provided for electrocatalysis and waste/bio-
mass pyrolysis.

Many processes for LO synthesis necessitate high tempera-
tures and thus, require major energy consumption. SC of light
hydrocarbons seems to be a particularly energy consuming
process. Endothermic processes such as direct dehydrogena-
tion, FCC and biomass pyrolysis occurring at temperatures
higher than 400 1C also require high energy consumption.
The LO synthesis reactions requiring medium temperature
(250–400 1C) involve exothermic Fischer–Tropsch synthesis
and methanol-mediated hydrogenation. At the same time,
these routes require the LO extraction from the mixture of
low-valued hydrocarbons in FT synthesis and carbon oxides in
both FT synthesis and methanol-mediated process. The pro-
duct separation can therefore, strongly impact the total energy
consumption. The best energy efficiency has been reached in
electrocatalytic processes occurring at ambient temperature,
though the future potential of the electrocatalytic processes
should be further studied. The energy for LO synthesis can be
also supplied by renewable electricity: process electrification
combined with process intensification becomes a priority in
the petrochemical industry. If the energy for conducting a
chemical process is supplied by fossil feedstocks, high energy
consumption may also lead to the generation of supplementary
greenhouse gas emissions.

Interestingly, most LO synthesis processes proceed at near
ambient pressure with exception of FT synthesis and methanol-
mediated carbon oxides hydrogenation requiring moderate
pressure (20–40 bar). We can assume that pressure cannot be
considered a strongly influencing parameter compared to
temperature.

Cost and technological maturity usually determine scaling
up these chemical reactions to the industrial level. Here, we use
a Technology Readiness Level (TRL) scale from 1 to 9 for each
process.461 TRL is a method for assessing the maturity of
different technologies, developed at NASA in the 1970s and
then adopted by the EU in 2010. A higher TRL corresponds to
more mature technologies. For example, TRL of 1 means ‘‘Basic
principles observed’’ and TRL of 9 indicates ‘‘Actual system
proven in operational environment’’. Note that in addition to
the technological cost, the cost of chemical commodities such
as LOs is strongly affected by geographic localisation and the
availability of cheap feedstocks.462,463 Nevertheless, we can
suggest that SC, FCC and direct dehydrogenation can currently
present the cheapest options for LO synthesis, while LOs
produced in MTO seem more expensive.464 The relatively low
cost of olefins produced by SC and FCC is to a larger extent due
to the high maturity of these technologies. In mid-term, cheap
LO synthesis technologies could involve oxidative dehydrogena-
tion in the chemical looping mode, methane coupling,
methanol-mediated CO/CO2 hydrogenation. Extensive produc-
tion of carbon oxides, low-value methane and light hydrocar-
bons seem to be a major obstacle to the implementation of CO-
and CO2-based FT synthesis. Waste/biomass pyrolysis does not
seem to be suitable for large scale implementation, however, it

can provide an acceptable solution for small-scale LO produc-
tion plants. Finally, the current state of the art makes it difficult
to evaluate the future potential electrocatalytic LO synthesis
from CO2. Expanding electrocatalysis from the synthesis of only
ethylene to the synthesis of propylene or butylenes can be
challenging and is one of the most interesting directions for
future works.

The final criteria for the comparison of different routes for
the synthesis of LOs is their sustainability. According to ref.
465, sustainability implies the usage of resources and energy at
a rate, at which they can be replaced naturally. Also, the
generation of waste cannot be faster than the rate of its
renewal. From this viewpoint, SC, FCC, methane thermal
coupling as well as biomass and waste pyrolysis cannot be
considered sustainable approaches, because of the huge
amount of side products and/or strong energy demand. We
assume these processes possess the lowest grade of sustain-
ability (rated as C).

Alkane dehydrogenation, both non-oxidative and oxidative,
despite the high energy consumption and fossil sources, may
give a high selectivity towards LOs and also produce recyclable
hydrogen and CO. The MTO process requires lower energy and
gives high selectivity but the source – methanol/DME – is now
mostly produced by coal gasification with subsequent syngas
conversion to LOs. Thus, the sustainability of MTO is debatable
and depends on the development of ‘‘green’’ methanol or DME
production from CO2 and electrolyze-derived hydrogen. FT
synthesis gives noticeable amounts of methane along with LO
and its sustainability also depends on the carbon source – CO
or CO2, derived from fossil fuels, biomass, waste or captured
CO2. Therefore, DH, MTO, and FT synthesis are considered as
processes with medium or medium-high sustainability (rated
as B). Finally, electrocatalysis and methanol-mediated COx

hydrogenation, with COx from renewable feedstocks, can be
assigned with the highest level of sustainability (rated as A).
Here we should also point out some important stipulations for
this: renewable energy costs comparable with that of fossil fuels
and high efficiency of CO recycle in thermocatalytic CO2

hydrogenation.

6. Conclusions

Historically, LOs have been produced from hydrocarbons using
SC and FCC. Currently, LOs can be produced using several
technologies at renewable and fossil feedstocks, under a wide
range of operating conditions. Among the LO synthesis routes
considered in this study, the following methods stand out:
alkane direct dehydrogenation, alkane oxidative dehydrogena-
tion and MTO. These methods have great potential in the short
term and have already reached technological and scientific
maturities. Their advantages are high LO selectivity, low
amount of by-products, high flexibility considering the desired
olefins and less severe operating conditions compared to more
conventional methods of LO synthesis, such as SC and FCC.
Additional advancements are required for oxidative
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dehydrogenation. The chemical looping strategies and use of
CO2 as an oxidizing agent have to be developed further in order
to reach higher industrial maturity in particular for ethylene
production. A combination of thermo- and electrocatalysis has
also shown promising results for LO synthesis in the dehydro-
genation processes. Recent publications about single-metal and
nanoalloy-based catalysts with well-defined structures showed
the perspectives to go beyond the deactivation limitations and
to increase the catalyst lifetime and productivity.

Major progress should be made in the field of methanol-
mediated CO and CO2 direct hydrogenation to LOs. The efforts
in this field should address reducing the production of carbon
oxides and increasing the single pass LO yield. In the purely
electrocatalytic approach, new selective nanostructured and
molecular supported catalysts with well controlled micro-
environment at the active site should be elaborated. New cells
and catalysts with high Faradaic efficiency are still needed to
achieve satisfactory performance in different operating
regimes. More information should be provided on the stability
of electrocatalysts for LO synthesis beyond a few tens of hours.
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S. Kühl, J. Rossmeisl and P. Strasser, Nat. Nanotechnol.,
2019, 14, 1063–1070.

446 W. Ma, S. Xie, T. Liu, Q. Fan, J. Ye, F. Sun, Z. Jiang,
Q. Zhang, J. Cheng and Y. Wang, Nat. Catal., 2020, 3,
478–487.

447 A. J. Garza, A. T. Bell and M. Head-Gordon, ACS Catal.,
2018, 8, 1490–1499.

448 F. Calle-Vallejo and M. T. M. Koper, Angew. Chem., Int. Ed.,
2013, 52, 7282–7285.

449 T. Cheng, H. Xiao and W. A. Goddard, Proc. Natl. Acad. Sci.
U. S. A., 2017, 114, 1795–1800.

450 J. Li, Z. Wang, C. McCallum, Y. Xu, F. Li, Y. Wang,
C. M. Gabardo, C.-T. Dinh, T.-T. Zhuang, L. Wang,
J. Y. Howe, Y. Ren, E. H. Sargent and D. Sinton, Nat. Catal.,
2019, 2, 1124–1131.

451 Y. Hori, I. Takahashi, O. Koga and N. Hoshi, J. Mol. Catal.
A: Chem., 2003, 199, 39–47.

452 F. S. Roberts, K. P. Kuhl and A. Nilsson, Angew. Chem., Int.
Ed., 2015, 54, 5179–5182.
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462 T. Ren, B. Daniëls, M. K. Patel and K. Blok, Resour.,
Conserv. Recycl., 2009, 53, 653–663.

463 A. Boulamanti and J. A. Moya, Renewable Sustainable
Energy Rev., 2017, 68, 1205–1212.

464 Z. Zhao, J. Jiang and F. Wang, J. Energy Chem., 2021, 56,
193–202.
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