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Oxidative dehydrogenation of propane (ODHP) is emerging as an energy-efficient and environmentally
favorable alternative to conventional steam cracking for propylene production. This review presents
a comprehensive analysis of vanadium-based catalysts, emphasizing how their catalytic performance
arises from the balance between active site structure, the physicochemical nature of the support, and
the chosen synthesis method, which together control the dispersion and redox behavior of VO, species.
Thermodynamic and environmental aspects of ODHP are first outlined, followed by an in-depth
discussion of active site chemistry, including the role of vanadium dispersion, oxidation state distribution,
and coordination geometry in controlling C—H activation and product selectivity. Comparative evaluation
of recent experimental data reveals that silica-based catalysts with isolated VO, species achieve high
selectivity and stability, basicity-modified alumina systems suppress deep oxidation to attain selectivities
above 94%,
nanostructures or MOF-based supports enhance dispersion, thermal stability, and confinement effects.
Recent advances demonstrate that promoter addition, tailored mesoporous supports, and controlled

mixed-oxide supports balance redox activity with CO, suppression, and carbon

vanadium loading can shift the balance between isolated and polymeric VO, species. This balance is
critical in achieving high propylene selectivity while maintaining sufficient activity, optimizing the trade-
off between activity and selectivity. Chemical looping ODHP is highlighted as a promising approach to
further improve conversion efficiency and operational stability through controlled lattice oxygen delivery
and facile catalyst regeneration. By integrating structural-functional relationships with process design
considerations, this review provides a unified framework for developing next-generation vanadium-
based ODHP catalysts, offering clear strategies for maximizing propylene yield, selectivity, and catalyst
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1. Introduction

Propylene is a key building block in modern chemical
manufacturing, used extensively in polypropylene, propylene
oxide, acrylonitrile, and numerous other products.™ Global
production is expected to increase steadily in the coming years,
driven by rising demand across the packaging, automotive, and
consumer goods industries.®> The conventional method of
producing olefin includes steam cracking, catalytic dehydroge-
nation (CDH), and fluid catalytic cracking (FCC).>*” Familiar
sources used in ethane steam cracking include naphtha and
light petroleum gas (LPG). In these processes for producing
olefins, the hydrocarbon compounds undergo homogeneous
reactions to break down into smaller olefins. With FCC, primary
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feed materials typically include vacuum gas oil, leftover hydro-
carbons from refining processes, and de-asphalted oil, all of
which undergo conversion processes to produce valuable
products like gasoline. Cracking reactions require a lot of heat
because they absorb energy. To achieve this, reactor configu-
rations capable of functioning under elevated temperatures are
essential. Significant quantities of coke that are not wanted are
produced, creating severe limitations for operations because of
frequent halts in plant activity.®®

CDH represents a cost-effective method for enhancing the
quality of affordable saturated alkanes, like ethane and
propane, by converting them into higher-value olefin feedstocks
(for example, ethylene and propylene). The surge in shale gas
production has reignited interest in developing cost-effective
methods for transforming alkanes into olefins.'™* Converting
alkanes to olefins through dehydrogenation is limited by ther-
modynamics. Currently, CDH is primarily utilized for propane
and butane dehydrogenation. Various industrial-scale methods
have been developed for propane dehydrogenation.*'* Some
examples are OLEFLEX developed by UOP, CATOFIN by ABB
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Lummus, steam active reforming (STAR) manufactured by
Phillips Petroleum, and fluidized bed dehydrogenation (FBD)
by Snamprogetti. The reactor design, type of catalyst, and
operating conditions differ among these technologies. Within
these methods are distinct sections: one for dehydrogenation
and another for catalyst regeneration.”® Nevertheless, CDH
demonstrates comparable restrictions to steam cracking and
FCC. Specifically, they entail endothermic reactions and
necessitate operating temperatures within 450-700 °C. At
elevated temperatures, there is a possibility of coking and
cracking, resulting in a restriction on the application of
potentially beneficial catalysts like Pt/Sn/Al,O; and Cr,05/Al,03.
Current methods are inadequate to meet the growing needs of
the olefin market because of these challenges, mainly since
olefins are only produced as by-products in FCC.*

Therefore, in order to address the challenges linked with the
dehydrogenation procedure, oxygen may be introduced into the
reaction environment to enhance oxidative dehydrogenation
(ODH)."*"” Consequently, the process leads to an exothermic
and irretrievable reaction, surpassing the thermodynamic
constraints of dehydrogenation.*'®* In this scenario, water
emerges as a steady byproduct. The equilibrium constants
observed in ODH are substantial and favorable, but they
diminish as temperatures rise. Moreover, the existence of
oxygen restricts coke formation, consequently prolonging the
lifespan of the catalyst. This phenomenon seems particularly
advantageous at the temperature of 650 °C, where ODH offers
a distinct advantage over both non-oxidative and thermal
catalytic dehydrogenation processes.>®

Most ODH occurs in the temperature range of 400-700 °C
with the incorporation of gaseous oxygen.>' The process of
catalytic ODH using oxygen in the gas phase presents obstacles,
as it simultaneously introduces alkanes and gaseous oxygen.
This leads to operating within the explosive zone. The oxygen
required is expensive and energy-consuming, typically obtained
through cryogenic air separation. In the presence of gaseous
oxygen, ODH may facilitate the generation of electrophilic
surface oxygen species like O~ and O, which are created
through the adsorption of gaseous oxygen. This process could
potentially restrict the selectivity of the ODH reaction.’**
Furthermore, unwanted CO, may also be generated through the
direct combustion of alkanes or the extensive oxidation of the
resulting olefins, leading to decreased olefin selectivity.*

Concerning homogeneous reactions of gas phase involving
light alkane ODH selectivity, studies have demonstrated their
significant impact at temperatures exceeding 600 °C. This
process starts at the catalyst's surface by breaking the C-H
bonds and creating radicals. These radicals can then be trans-
formed into CO, within the gas phase, causing localized high-
temperature areas and resulting in ethylene combustion los-
ses in the gas phase.”*** In contrast, the oxidative dehydroge-
nation of lightweight alkane compounds does not share
considerable drawbacks with the energy-consuming, coke-
producing, and by-product-heavy endothermic pyrolysis of
hydrocarbons. Primary obstacles in executing the oxidative
dehydrogenation of small alkanes at the pilot and demonstra-
tion levels continue to include: (i) managing the exothermicity
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of the reaction, (ii) regulating sequential oxidation reactions.
Inadequate regulation results in the generation of undesired
side products, and (iii) ensuring that paraffin and oxygen blends
are maintained within safe explosive thresholds to avoid
runaway reactions.”*’

Although gas-phase molecular oxygen can potentially oxidize
the carbon on the catalyst surface, it also reduces the selectivity
towards olefins by promoting deep oxidation, leading to the
formation of CO,. Consequently, alternative methods that more
effectively convert paraffin without gaseous oxygen are in great
demand. Some researchers have suggested using mild oxidizing
agents to prevent alkanes from being completely oxidized.**** In
order to tackle this problem, there is a deliberation on utilizing
gentle oxidizing agents like nitrogen oxides. There is an
expectation that using an appropriate catalyst may assist in
surmounting the challenges posed by the CO, activation barrier
in terms of thermodynamics and kinetics. In this context, the
primary difficulty lies in activating a molecule of CO, for its use
in ODH.*

Multiple researchers have conducted investigations into
ethane and propane oxidative dehydrogenation in environ-
ments devoid of oxygen, as evidenced by the listed ref. 30-33.
The exploration conducted by these scholars**° focused on the
oxidative dehydrogenation of light alkanes using only the
oxygen present in the catalyst lattice. The prevention of exten-
sive oxidation through catalyst lattice oxygen by ODH helps
restrict CO, emissions, resulting in an increased preference for
olefins. In the present scenario, ODH in an oxygen-deprived
environment is currently prioritizing the exploration of novel
and enduring catalysts for ODH operations. Over the past two
decades, a wide variety of catalytic systems have been explored
for ODH, including transition-metal oxides, mixed oxides,
carbon-based materials, and boron-containing catalysts. Within
this diverse landscape, vanadium-based catalysts have consis-
tently attracted attention because of their tunable redox prop-
erties, adaptability to various supports, and proven
performance in both aerobic and chemical-looping configura-
tions.>**” These catalysts are designed to release lattice oxygen
efficiently at reduced temperatures (e.g., 400-550 °C) while
minimizing the generation of carbon oxides. Furthermore, the
focus is on optimizing the reactor temperature control by
leveraging the beneficial thermodynamics.****

This comprehensive review examines the crucial role of
vanadium catalysts in ODH, a process of paramount importance
for producing propylene, a vital feedstock in the chemical
industry. The discussion delves into the thermodynamic and
environmental considerations of various dehydrogenation
methods, shedding light on the advantages and limitations of
ODH. The review also investigates the active site in ODH,
identifying the key factors influencing catalyst performance. A
thorough analysis of industrial-scale propane dehydrogenation
(PDH) processes, including emerging technologies, is pre-
sented, highlighting the current state and future directions of
this field. Furthermore, the process of chemical looping ODH is
explored, highlighting its potential for enhanced efficiency and
reduced environmental impact. The review then comprehen-
sively examines the diverse range of vanadium-based catalysts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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employed in ODH, emphasizing their structure-activity rela-
tionships and performance characteristics. Finally, commercial
strategies implemented in PDH are discussed, providing
insights into the economic and technological aspects of this
crucial industrial process.

2. The thermodynamic and
environmental considerations of
various dehydrogenation methods

Every dehydrogenation route presents distinct thermodynamic,
economic, and environmental factors that influence catalyst
development and the design of sustainable processes. The
primary analysis here focuses on well-established procedures
with abundant published data; however, no equivalent
comprehensive studies exist for oxidative dehydrogenation. As
a result, the environmental impacts of these newer reactions
must currently be inferred from related systems. This section
examines the thermodynamic and environmental aspects of
each sub-process, citing relevant sources where available and
highlighting factors likely to affect long-term viability when
direct literature data are lacking.

2.1. Direct dehydrogenation

Direct dehydrogenation (DDH) represents an endothermic
process with an equilibrium constraint seen when there are
increased partial pressures of propane and reduced reaction
temperatures (AH,os" = 124 kJ mol ). Consequently,
customary response temperatures in industrial DDH proce-
dures range from 550 to 750 °C. An essential difficulty in the
catalyst development for DDH involves the preference for
producing coke alongside high propylene yield, with its
formation believed to start through deep dehydrogenation.
Fig. 1 depicts the common reaction routes seen in DDH. The
generation of methane and ethene occurs through thermal and
catalytic (gas-phase radical) cracking reactions. Ethene can
subsequently undergo hydrogenation to become ethane.

CH,;+C,H,
H, H, 3H,
C3Hs C;H; 3C
Cracking DDH ‘ Deep dehydrogenation
CH,+C,H, H;

Q C,H,

Fig. 1 Typical reaction pathways are often seen in the dehydroge-
nation of propane. In addition to the DDH process, there can also be
cases of unwanted deep dehydrogenation causing coke formation,
cracking, and hydrogenolysis. Adapted from ref. 3 with permission
from the Royal Society of Chemistry, copyright 2021 (open access
article under CC BY 3.0).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, propane can be subjected to hydrogenolysis,
resulting in the production of ethane and methane.?

DDH has a significant atom economy of 95%, yielding only
molecular hydrogen as a by-product, a valuable resource widely
utilized as a carbon-neutral fuel. However, in reality, regular
regeneration processes are essential to eliminate coke buildup,
necessitating combustion to generate carbon dioxide. There-
fore, the environmental consequences of this procedure will
vary depending on the level of coke accumulation on the cata-
lyst's surface. Propane, when used as a feedstock, is not harm-
ful, as opposed to methanol, in the MTO process. Though
propane's combustibility could pose safety hazards at a chem-
ical facility, the same risk applies to all methods of propylene
production.®

2.2. Oxidative dehydrogenation-O,

ODH-O, is an exothermic process with a heat of formation of
—117 kJ mol ™" (298 K, 1 atm), and the reaction is not con-
strained by thermodynamic equilibrium. Furthermore, coke
production is significantly inhibited, with excessive oxidation
being the primary alternative path. Fig. 2 illustrates the
common reaction routes observed on ODH-O, catalysts. The
principal issue is overoxidation, leading to the formation of by-
products such as CO and CO,. Cracking items are mentioned as
secondary products, similar to the case of ODH-CO,, where
water is produced through oxidative dehydrogenation. Addi-
tionally, CO, may result from the direct combustion of
propane.*’

The incorporation of O, allows for the utilization of reduced
operating temperatures, usually between 450 and 550 °C. This
process is exothermic, resulting in lower energy expenses for
maintaining the reaction temperature than ODH-CO, and DDH.
Nevertheless, the efficiency of ODH-O, results in a 70% atom
economy, producing H,O rather than H, as a byproduct.
Depending on the catalyst used, the production of CO, as
a byproduct may occur, with the total amount of CO, generated

3CO,
50,

Cracking

CH4 + C2H4

Fig. 2 Typical reaction routes seen in ODH-O, reactions. In addition
to ODH-O,, combustion, overoxidation, and cracking also occur.
Adapted from ref. 3 with permission from the Royal Society of
Chemistry, copyright 2021 (open access article under CC BY 3.0).
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potentially resembling that of a DDH process. There will be
a rise in energy usage linked to providing the oxidizing agent in
adequate quality and quantity. When using air, it is necessary to
separate nitrogen downstream, as this will increase energy
consumption. The presence of O, and propane poses a height-
ened safety hazard, although the reactants and products are
harmless. Even though a comprehensive environmental
assessment is pending for the ODH-O, method in processing
propane, it can be deduced that ODH-O, might offer compa-
rable or even superior environmental benefits compared to
DDH. It is primarily attributed to the anticipated reduced
expenses in maintaining the reaction temperature. Yet, the
comparison will heavily depend on the catalyst's effectiveness
and structure. The financial implications of ODH-O, for
producing propylene have not been examined. Nevertheless,
extensive research has been conducted on the oxidation of
C,Hs, and there is existing documentation on this subject. In
their study, Gaffney and Mason® compared the ODH-O, process
of C,H¢ with thermal cracking, showing that ODH-O, can
reduce plant capital expenses and production costs. Due to the
parallels observed in the decomposition and removal of
hydrogen from ethane and propane, it can be inferred that the
financial aspects linked to the ODH-O, process of propane are
advantageous relative to steam cracking.?

2.3. Oxidative dehydrogenation-CO,

In the ODH-CO, process, adding CO, leads to higher propylene
yields by favorably shifting the thermodynamic equilibrium
through the mildly endothermic reverse water-gas shift (RWGS)
reaction. It makes ODH-CO, more endothermic than DDH,
allowing it to be carried out at lower temperatures (450-600 °C).
The reaction can proceed via a direct one-step ODH or through
a combination of two parallel reactions: DDH and the RWGS,
which may occur concurrently. However, competing reactions
such as dry reforming of propane (DRP) and reverse Boudouard
reaction with coke can impact propylene selectivity.*' A study by
Zangeneh et al.** analyzed the thermodynamics of ODH-CO,,
showing that dry reforming and coke formation side reactions
can significantly affect propylene equilibrium conversion.
Controlling these reactions kinetically is essential to prevent
rapid catalyst deactivation and maximize propylene yield in the
ODH-CO, process, where water is produced as a byproduct.
Utilizing ODH-CO, in a circular economy offers environ-
mental benefits by consuming CO,, contributing to combating
climate change. Although producing water is not as preferred as
producing hydrogen, the potential to decrease the carbon
footprints of products and technologies by using CO, chemi-
cally is promising. By considering the sustainable use of CO
formed in ODH-CO,, such as in the water-gas shift reaction for
hydrogen production or in syn-gas processes like methanol
synthesis, a renewable carbon cycle can be established to avoid
additional CO, emissions. This approach forms a crucial part of
strategies to curb CO, emissions in the short and medium term,
with carbon capture and storage technologies playing a vital
role. Despite having a lower atom economy than other dehy-
drogenation reactions, ODH-CO,, presents a respectable option,
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significantly when undesirable pathways are minimized
through effective catalyst utilization.*®

Each dehydrogenation reaction presents unique challenges and
operating conditions based on their thermodynamics. For
example, in the DDH reaction, coke formation is a major hurdle
due to its thermodynamic favorability in conditions promoting
high propane conversion. Similarly, in ODH-CO,, dry reforming
competes with the desired reaction, while ODH-O, may lead to
overoxidation as CO, is the preferred product. To counteract these
undesirable by-products, precise kinetic control is necessary.
Catalyst design plays a crucial role in inhibiting or eliminating
these side reactions, as will be explored in the following sections.

3. The active site in propane oxidative
dehydrogenation

In the realm of catalysis, the fundamental elements typically
found in a catalyst tailored for a specific purpose include the
active ingredient, enhancer, and backing material.** The active
sites, which are the primary catalytic hubs, are located within
the active phase. Here, interactions occur involving adsorbates
during reactions in the ODHP, which encompasses various
catalyst types. Metal oxide-dependent catalysts, whether backed
or unsupported, carbon-centered catalysts, metal catalysts that
are supported, and boron-infused catalysts like hexagonal
boron nitride are all part of the mix. The active centers
accountable for the oxidative dehydrogenation of propane vary
among different types of catalysts, with reactive oxygen species
in various structural configurations commonly acknowledged
as the key players on the catalyst surfaces.

In the upcoming section on tuning strategies, it will be
highlighted that introducing heteroatoms, applying thermal
and chemical processes to bulk catalysts, and selecting appro-
priate support materials can lead to considerable changes in the
selectivity and reactivity of active oxygen species. Essentially, the
variations in the selectivity, reactivity, and stability of active
sites arise from alterations in geometric and electronic influ-
ences within the catalysts, which result from implementing
suitable catalyst tuning approaches. For instance, doping with
Ce or Ga can modify the electron density around vanadium,
stabilizing isolated VO, units and thereby enhancing propylene
selectivity, while thermal treatments can induce polymerization
of VO, species that increase activity but reduce selectivity.
Events at the nanoscale significantly influence the reaction
sites, ultimately determining the catalyst's overall catalytic
properties. Furthermore, the presence of lattice strain and
immediacy to surface imperfections like oxygen vacancies may
impact the catalytic activity of active sites. Such vacancies not
only provide pathways for oxygen mobility but also alter the
redox balance of V>*/V*" species, directly affecting turnover
rates. To directly investigate these impacts or evaluate their
individual effects on catalytic performance, a comprehensive
analysis is needed, utilizing sophisticated analytical methods,
particularly in situ or operando spectroscopy and microscopy
techniques in real-time or on-site conditions.***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Currently, researchers are studying catalysts that use metal
oxides for ODHP, with the main active sites being the lattice
oxygen species. The ODHP reaction is supported mainly by
active sites through the Mars-van Krevelen (MvK) mechanism,
which encompasses a series of oxidation-reduction processes
on the surface of the metal oxide. Variations in catalytic prop-
erties can result from differences in the chemical surround-
ings*® and positions* of lattice oxygen entities. One of the
possible oxygen forms present on metal oxide catalyst surfaces
is those that are captured as molecules (O,), as well as neutral
atoms (O), peroxide (0,>7), superoxide (O, ), oxygen radical
(07), or ozonide (O3 ).* The species that lack electrons (are
electron-deficient) tend to have increased reactivity and
decreased selectivity in chemical reactions with simple hydro-
carbons under light influence like propane and ethane. The
tendency in electrophilic nature is as follows: O~ > O3~ > 0,2 >
O, . Fig. 3 illustrates a diagram depicting the electrophilic and
nucleophilic oxygen entities present on catalysts composed of
metal (M) oxides. In ODHP, it is understood that lattice oxygen
species carrying specific nucleophilic characteristics exhibit
a high level of selectivity in producing propylene.** The prin-
cipal factor influencing nucleophilic behavior is primarily the
capacity of oxygen entities to provide electrons and the level of
bonding strength in the metal-oxygen (M-O) interactions
present within the functional zones. It is crucial to investigate
the catalytic effects of different adsorbed oxygen molecules and
the lattice oxygen species present on ODHP catalyst surfaces.
The catalysts’ composition-activity relationships can be clari-
fied through carefully designed experiments that vary vanadium
surface density, promoter addition, and support acidity/
reducibility. Such studies reveal that isolated tetrahedral VO,

0
M/ ‘
N
perxo

CO,

electrophilic | M O C:Hs ¥y

superxo

o

bridging perxo

M—/—O
0xo0 group

M/ O\M

bridging oxygen

nucleophilic

C:H, on G M

Fig. 3 Diagram illustration of oxygen compounds on catalysts made
from metal oxides.
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species are typically associated with higher propylene selec-
tivity, whereas polymeric VO, domains and crystalline V,0s
favor higher activity but lead to over-oxidation and CO, forma-
tion. These insights provide practical guidance for tuning
vanadium loading and support interactions to balance activity
and selectivity.*>**

CH;CH,CH; + O~ — CH;CHCH; + H,0 + 2¢~ (1)
O,+e — Oy (2)

0, +e — 05 — 20 (3)

207 + 2 — 207 (4)

In the process of ODHP, the reaction initiates by activating
the propane molecule through the presence of surface-bound
reactive oxygen species acting as the catalyst. Based on the
characteristics of the active sites and the catalysts present, the
C-H bond activation within the propane molecule can occur
through either a single-electron transfer mechanism or
a paired-electron transfer mechanism. The breaking of C-H
bonds in propane molecules occurs through a single-electron
process, leading to the formation of propyl radicals.>»* This
homolytic bond cleavage contrasts with the heterolytic cleavage
seen in the paired-electron mechanism.** However, most of the
catalysts documented for the ODHP (particularly those based on
metal oxides) aid in activating C-H bonds through nucleophilic
oxygen species (characterized by strong primary sites) using the
paired-electron process as shown in eqn (1). Following the
activation of C-H bonds, an altered location emerges and
requires restoration to facilitate the subsequent catalytic
process. Eqn (2) through (4) demonstrate the activation of
gaseous-phase oxygen to regenerate the nucleophilic lattice
oxygen species at the reduced site, with each mole of oxygen
requiring four electrons during the oxygen reduction process.*

A research conducted using density functional theory
focused on Ti,C MXenes with terminations, where a strong
connection between hydrogen affinity and the activation of C-H
bonds in propane was identified.** It is essential to mention that
the current evaluation does not aim to delve deeply into the C-H
activation mechanisms of the different catalysts utilized in
ODHP. Typically, the initial C-H activation step is commonly
considered to be the step that determines the overall rate.>”*®
Subsequently, the production of propylene or other unwanted
products like CO, is influenced by the specific interactions
between the reaction sites and the generated intermediates. The
effectiveness of a catalyst in ODHP lies in the capacity of its
active sites to support the intermediates during catalysis and
guide the reaction toward the intended outcome. Restoring the
diminished functional sites plays a crucial role in the catalytic
loop, significantly influencing the selectivity and activity of the
ODHP procedure. The revival of the diminished area
commences by capturing the oxidizing agent (CO,, N,O, O,)
from the gaseous stage, and its initiation at the area (eqn
(2)-(4)). The type of oxidizing environment employed in the re-
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oxidation process of the catalysts that have been reduced
significantly influences the characteristics of the oxygen species
present on the regenerated sites. An analysis conducted on the
VO,/MCM-41 catalyst using electron paramagnetic resonance
(EPR) spectroscopy demonstrated that re-oxidation in a gas-
phase oxygen environment leads to the production of more
reactive electrophilic anionic oxygen radicals with reduced
selectivity.®® In the presence of N,O gas, there was no observa-
tion of oxygen species that fully combust propylene molecules;
instead, it is likely that diamagnetic nucleophilic species 0>~
were produced.

Moreover, in catalysts that contain boron, active sites such as
trigonal boron Dborosilicate zeolite,* armchair oxygen-
terminated structures (>B-O-ON{) on h-BN,* imperfections
on h-BN,” tricoordinated boroxol and hydroxylated linear
structures of boron on B,0;/SBA-15, as well as the edge-
located hydroxyl group on BNOH,* have been identified as
the key centers contributing to the propylene selectivity
observed in ODHP. In the case of catalysts made of carbon,
functional groups containing oxygen are predominantly the
active sites responsible for carrying out oxidative dehydroge-
nation functions.®*® The oxygen clusters might be found at
armchair or zigzag ends, and could be altered substantially by
oxidizing conditions or exposure to acids and other substances
like phosphates.

Regardless of the specific composition of the catalyst, be it
based on metal oxides or carbon-based materials (carbocata-
lysts), those featuring nucleophilic oxygen groups consistently
demonstrate a higher selectivity towards the desired product,
even though they may exhibit a lower overall reactivity
compared to their electrophilic counterparts. The most nucle-
ophilic oxygen groups include quinone and diketone situated
on zigzag and armchair edges in a range of oxygen functional-
ities, as discussed in ref. 67. The existence of imperfections on
carbon-based catalysts like carbon nanotubes (CNT) may have
a positive impact on the creation of ketonic carbonyl groups via
oxo-functionalization, with the resulting sites displaying a high
level of selectivity in ODHP.® Liu et al. found a strong correla-
tion between the ODHP reaction rate and the quantity of
carbonyl-quinone in hydrothermally-synthesized ordered
mesoporous carbon catalysts, as detailed in their study.* Sun
et al. conducted a study to explore how the addition of boron
impacts nanodiamond during ODHP.”

The researchers found that with a moderate amount of
boron added, there was a notable reduction in the creation of
electrophilic oxygen sites that promote CO, products. This
outcome was realized as the dopant showed a preference for
engaging with the existing surface imperfections of the nano-
diamond catalyst. Nevertheless, an increase in dopant concen-
tration resulted in the obstruction of the surface carbonyl
groups, causing a shift to tetrahedrally coordinated boron and
reducing propylene selectivity. The latest discovery reveals that
active sites responsible for the oxidation of propane on
graphitic carbon nitride (g-C;N,) are modified carbonyl groups
situated at the edge, as confirmed by in situ diffuse reflectance
Fourier transform infrared spectroscopy (DRIFTS).”* It is
essential to mention that the informative insights into the
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nature and behavior of active sites of mixed oxide catalysts for
ODHP can be found in the review articles authored by Schlogl™
and Védrine et al.” It is clear that when fresh catalysts are
activated or reduced catalysts are re-oxidized, defects and
various oxygen species like dissociatively adsorbed (O~) and
chemisorbed (O*”) species may be present on catalytic surfaces.
This factor has significantly added to the challenge of com-
prehending the distinctive characteristics of active sites in the
majority of the ODHP catalysts that have been documented.
Additionally, a notable distinction in the activation of the C-H
bond between direct PDH and ODHP lies in the fact direct PDH
proceeds mainly through homolytic cleavage, generating radical
intermediates (-CH,-CHj3), whereas ODHP favors heterolytic
cleavage, in which lattice oxygen withdraws a hydride to form
surface hydroxyl groups and carbocations. This mechanistic
difference explains why ODHP generally exhibits higher selec-
tivity to propylene under suitable oxygen supply, while PDH is
more prone to radical recombination leading to coke and by-
products.” The latter process takes place on catalysts that are
reduced and possess coordinatively unsaturated cations serving
as active sites.”>””” It indicates that an analysis can be conducted
on a catalyst for both PDH and ODHP functions based on the
type of catalytic evaluation process.”® An improved way to
accurately represent the inherent efficiency of active sites is with
turnover frequency (TOF) rather than relying on traditional
percentage conversion measures. The TOF metric assesses the
efficiency of a catalyst relative to the number of estimated active
sites and is therefore a valuable, though not definitive,
descriptor for comparing catalysts in a given reaction. In VO,-
based systems, uncertainties in quantifying the exact number
and nature of active sites (isolated vs. polymeric species, surface
vs. bulk contributions) mean that TOF values should be inter-
preted cautiously and ideally complemented with other metrics
such as conversion, selectivity, and stability.

4. Processes for PDH in industry and
upcoming technologies

4.1. OLEFLEX process

The Honeywell UOP OLEFLEX technology, commercialized in
1990, converts propane to propylene via catalytic dehydroge-
nation in moving-bed reactors. OLEFLEX employs a Pt/Al,O3
catalyst with proprietary promoters, fully regenerable in
continuous operation, enabling lower platinum loadings and
high propylene selectivity.” The C; LPG feedstock is pretreated
in a depropanizer to remove butane and heavier fractions. The
overhead propane-rich stream enters the OLEFLEX reactor
section, producing propylene of chemical or polymer grade and
hydrogen-rich gas. Excess hydrogen can be used in a PSA unit or
as a fuel. OLEFLEX plants are often integrated with downstream
alkylation or isobutylene dimerization/hydrogenation (InAlk™)
to produce high-octane fuels.*

4.2. CATOFIN process

The CATOFIN technology (ABB Lummus/Clariant) dehydroge-
nates C;-Cs alkanes using a fixed-bed CrO,/Al,O; catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(>18 wt% Cr). The process consists of four stages: reaction,
product compression, separation, and refining. Counter-
current flow—hydrocarbons upward, air downward—improves
yield and reduces raw material use. Typical operation is 650 °C,
~0.5 bar, achieving propylene selectivity >87%.% The heat-
generating material (HGM) concept, co-loaded with catalyst,
supplies reaction heat through cyclic redox, reducing external
firing needs and cutting CO, emissions. First applied at
commercial scale in 2012.%

4.3. FBD-4 process

The Snamprogetti FBD technology uses CrO,/Al,O; with
metallic promoters. Propane conversion reaches ~45%,
propylene selectivity ~80%. The circulating catalyst passes
through a cyclone, with carbon-laden catalyst sent to a 700 °C
regenerator. Heat from coke combustion drives the reaction
section.®®

4.4. STAR technology

The STAR process (Uhde/ThyssenKrupp, ex-Phillips) integrates
ODH downstream of PDH to react hydrogen with oxygen to form
water, shifting the PDH equilibrium and supplying exothermic
heat to the endothermic step. Catalyst: Pt-Sn on Zn-Ca alumi-
nate, high thermal stability in steam. Achieves high selectivity.*

4.5. PDH process

Linde's PDH process uses multi-tubular fixed-bed reactors with
Pt-Sn catalysts, operating at 550-650 °C with periodic air
regeneration. Selectivity can exceed 90%, catalyst life >2 years.
Isothermal reactor control minimizes coke, reducing regenera-
tion frequency.®

4.6. ADHO technology

Developed by China University of Petroleum (2016), imple-
mented at Shandong Hengyuan Petrochemical. Catalyst: non-
noble metal oxide, circulating fluidized bed, no pretreatment
of feed (no desulfurization/arsenic removal). Handles propane,

butane, or mixtures. Conversion and selectivity match FBD-
48082

4.7. K-PROt technology

KBR's K-PROt (2018) uses a non-precious, non-chromium
dehydrogenation catalyst in a system adapted from KBR's
catalytic olefins (K-COT™) process. Employs Orthoflow FCC-
type continuous regeneration. Can operate standalone or inte-
grated with steam cracking/FCC.*

4.8. FCDh process

Dow Chemical's FCDh (2016) applies FCC principles to fluid-
ized catalytic dehydrogenation of propane, using K-promoted
Pt-Ga/Al,03. Achieves ~45% conversion, ~93% selectivity,
with capital costs ~20% lower than other PDH routes.*

A summary of major PDH technologies is presented in Table
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5. The process of chemical looping
ODHP

The anaerobic dehydrogenation technique presents certain
limitations, including the inability to recycle the catalyst and
restrictions imposed by thermodynamic equilibrium, which
leads to diminished conversion efficiencies. Conversely, the
aerobic dehydrogenation approach faces challenges, including
the struggle to manage the extent of the reaction, particularly
when employing CO, as the oxidizing agent, which results in
inconsistent reaction outcomes. Chemical looping technology
employs a regenerable oxygen carrier that gradually emits
lattice oxygen to regulate the reaction's intensity, enhancing the
thermodynamic irreversibility associated with conventional
dehydrogenation processes. Chemical looping ODHP addresses
the drawbacks associated with both oxidative and anaerobic
dehydrogenation techniques, offering a promising approach to
enhance the transformation of low-carbon alkanes and the
selectivity for low-carbon olefins.****

Chemical looping ODHP consists of oxidation and reduction
processes that depend on the type of reaction involving the
oxygen carrier within two distinct reactors. The

Propane/H,O

Oxidation Reactor

/

Lean Oxygen Air

o 0.
Seeees

Propane

Oxygen Carrier
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dehydrogenation reactor is where propane transforms with the
assistance of an oxygen carrier material. This carrier material,
after facilitating the dehydrogenation process, is then rejuve-
nated in a separate oxidation reactor using air. This re-
oxygenation step not only replenishes the carrier but also
generates heat. During this process, the byproducts of dehy-
drogenation, including low-carbon alkanes and hydrogen gas
(H,), interact with the lattice oxygen of the metal oxide carrier.
This interaction leads to the formation of water, which is then
removed through condensation. The removal of water effec-
tively shifts the reaction equilibrium toward the desired direc-
tion, enhancing the conversion efficiency of the low-carbon
alkanes. Under certain conditions, the lattice oxygen within the
oxygen carrier can be gradually liberated, influencing the
direction of the reaction and thereby improving the selectivity
for propylene. After the oxygen carrier material is depleted of its
active oxygen species within the dehydrogenation reactor, it is
transported to a separate air reactor. Here, it encounters an
abundance of oxygen from the air, initiating a process of re-
oxidation. This re-oxidation step effectively replenishes the
oxygen carrier, marking the completion of the regeneration
cycle.®® A flowchart showing this process is in Fig. 4.

Circulation of Oxygen Carrier

Dehydrogenation
Reactor

oo ®
° o.o‘.'
o0 o..°.

Fig. 4 Schematic of chemical looping ODHP, showing propane feed into the reduction reactor, propylene and by-products exiting to sepa-
ration, oxygen-depleted carrier transfer to the oxidation reactor, re-oxidation with air, and return of the regenerated carrier. Heat exchange

between reactors supports endothermic dehydrogenation.
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5.1. Monometallic active oxygen carriers

A research team led by Al-Ghamdi et al. examined catalysts
featuring different amounts of vanadium (5%, 7%, and 10% by
weight), which were incorporated into y-alumina, to study their
performance in chemical looping ODHP processes. They
attained a peak selectivity for propylene of 85.9% while
achieving a conversion rate of 11.7% for propylene. Nonethe-
less, the VO,/v-Al,O; catalysts exhibited a restricted cycle count,
reaching a peak of 10 cycles during the entire reaction process.
It was probably a result of the buildup of V,0s crystalline
formations on the catalyst's surface as the cycles progressed,
leading to a reduction in propylene production. In single-metal
oxygen transporters, the release of lattice oxygen occurs swiftly,
leading to extensive oxidation of propane during the process of
chemical looping ODHP. Extra CO, is frequently necessary to
supply an oxygen source for the reaction environment. Applying
suitable metal oxides to catalysts can help manage the pace at
which lattice oxygen is released, as well as oversee the move-
ment or generation of this released lattice oxygen from the
catalyst surface. This approach may lower the selectivity for CO,
and prolong the durability of the catalyst.*” Wu et al. evaluated
the performance of oxygen carriers based on Ga, Mo, and V for
the dehydrogenation of propane at temperatures of 540 °C,
615 °C, and 650 °C, respectively. The findings indicated that the
oxygen carrier based on vanadium exhibited the highest level of
catalytic efficiency. Additionally, the ideal temperature for the
dehydrogenation of propane was determined to be 615 °C.%®

5.2. Bimetallic or polymetallic composite oxygen carriers

Fukudome and colleagues successfully obtained elevated levels of
isolated VO, species by integrating them into the SiO, structure
through an alkoxy exchange process involving polyethylene glycols
and metal alcohol oxygen compounds. It was noted that VO,
incorporated into SiO, showed more significant selectivity for
propylene than VO, was simply added to Si0,.*** Gao and
colleagues employed polymetallic composite oxygen carriers (La,-
Sr, ,FeO, ;) to convert ethane into ethylene, achieving an
impressive yield of 51.6%, while the oxygen carriers underwent as
many as 30 cycles. Consequently, it is essential to create oxygen
carriers capable of enduring multiple cycles in the future.”® Suit-
able bimetallic or even polymetallic oxides can gradually release
lattice oxygen, which proves to be more efficient in regulating the
propane dehydrogenation rate for propylene synthesis compared
to gaseous oxidants and anaerobic dehydrogenation. Furthermore,
metal oxides can impede the transformation of lattice oxygen (0*")
into electrophilic oxygen (0*), leading to decreased oxide forma-
tion (e.g., CO,). It increases propylene selectivity and propane
conversion rates.>***** The rapid response time of chemical loop-
ing ODHP, which varies from 20 seconds to 8 minutes, presents
challenges in examining the reaction mechanism of propane
dehydrogenation. To advance industrial growth, additional inves-
tigation is required to enhance oxygen carriers possessing a high
capacity for oxygen loading and increased propane conversion
while prioritizing propylene selectivity. Table 2 provides
a comparison of oxygen carrier types in chemical looping ODHP.
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6. Catalysts for ODHP based on
vanadium

The development of catalysts for oxidative dehydrogenation of
propane (ODHP) has largely focused on metal oxides, either
used individually or in combination with promoters such as
alkali halides and metals, supported on a variety of materials.
Initially, unsupported catalysts were common, but supported
vanadium catalysts have proven more advantageous due to
better control over metal loading and dispersion, as well as the
ability to fine-tune physicochemical properties. For example,
TiO,-supported catalysts containing VOPO, demonstrate higher
ethylene selectivity than unsupported (VO),P,0, or VO, cata-
lysts. Promoter incorporation has also been shown to enhance
performance by separating reactive surface species and creating
additional metal oxide phases on the support.®>**

Research into ODHP catalysts often distinguishes between
high-temperature and low-temperature operation. High-
temperature catalysts (>600 °C) are typically alkali or alkaline-
earth oxides supported on rare-earth or transition-metal
oxides, whereas low-temperature catalysts rely on reducible
transition-metal oxides. While non-reducible alkaline and
alkaline-earth oxides require high temperatures to achieve
activity, this can lead to lower olefin selectivity. In contrast,
reducible metal oxides can activate paraffins at lower tempera-
tures, but often at the expense of selectivity due to overoxidation
to CO,. Vanadium oxides remain one of the most widely studied
systems for ODHP because of their favorable crystal and elec-
tronic structure, as well as the multiple accessible oxidation
states (V*'/V°") that enable redox cycling.?*3**

VO, exhibits appropriate atomic arrangement and electronic
configuration. Additionally, the presence of V** and V>* valence
levels enhances the significance of vanadium in numerous
catalytic processes.” In addition, there has been considerable
interest in backed vanadium oxides for their superior capabil-
ities, improved heat resistance, and extensive specialized
surface regions.

The stoichiometric formula for transforming propane
through ODH into propylene using catalysts that contain
vanadium is outlined as follows:

C3H8 + MOX - C3H8 + H20 + MOX*I (5)

This diminished form of vanadium is restored through the
use of molecular oxygen per the described chemical equation:

1
Mox—l + EOZ - MO‘C (6)

The ODHP is typically governed by three primary factors
when it comes to the redox activity of vanadium catalysts that
are supported - namely, the surface structure of VO,, the redox
characteristics of the VO, species, and the acid-base properties
of both the metal and support. The support type and the
amount of vanadium loaded are critical variables that impact
these three properties.

45598 | RSC Adv,, 2025, 15, 45589-45606
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6.1. VO, surface coverage

The scientific publications have detailed the molecular config-
urations of vanadium species on metal oxide surfaces.”** The
research indicates that there are four possible types of VO,
surface species on the catalyst surface depending on the vana-
dium loading on the support: (a) isolated VO, units (mono-
vanadates), (b) polymeric VO, structures (polyvanadates), (c)
a mixture of isolated and polymeric VO,, or (d) crystalline V,Os.
Several research papers®®®” have shown that low vanadium
loading yields highly dispersed isolated VO, units, whereas
increasing the loading leads to polymeric VO, due to higher
surface coverage. Once the surface is saturated with a mono-
layer of VO,, further increase in vanadium results in the
formation of crystalline V,05 particles. It is widely accepted that
isolated tetrahedral VO, units (dominant at low loadings) favor
higher selectivity in ODHP, while polymeric VO, structures
provide higher activity.***”

6.2. Effect of support (acid/base properties)

Metal oxides consist of metal cations and oxygen anions, but
their catalytic function arises not only from redox cycling of the
cations but also from dynamic participation of oxygen anions
and vacancies that compensate framework charge. In vanadium
oxides, for example, changes in V oxidation state (V**/V*") are
balanced by the creation or annihilation of oxygen vacancies,
which directly influence oxygen mobility and the nature of
active oxygen species. Thus, the interplay between cations,
anions, and lattice defects governs both redox capacity and
catalytic selectivity. These materials have both acidic and basic
properties, serving as Lewis acids and bases. Consequently,
their acid-base characteristics can lead to various outcomes like
dispersing active species, activating reactant molecules,
shaping the structure of active components, influencing the
rates of competing transformation routes, and affecting the
desorption and adsorption rates of products and reactants.

In addition, the assistance provided by acid-base entities
can impact both the reactivity of vanadium-based catalysts and
the selectivity towards olefins.”®*® For example, the bond
between the acidic V,05; molecules and an alkaline base like
MgO, Sm,03, or La,0; could be robust. It could result in the
creation of widely scattered VO, particles, leading to elevated
alkene selectivity. Conversely, the bond strength between the
acidic V,05 and an acidic substrate (for example, Al,03, SiO,)
could be limited. It could result in a higher aggregation of
vanadium species, promoting the emergence of a less potent
crystalline phase of V,05.5%'%

Furthermore, acidic catalysts promote the adsorption of
primary reactants and the desorption of acidic products.
Consequently, this shields the chemical components from
additional oxidation into carbon oxides. For example, more
significant preferences for ethylene have been achieved with
acid-based catalysts such as the catalysts comprised of VO,/y-
Al,O;. The reason for these results was explained as the reduced
interaction between the catalyst and the ethylene product due to
increased support acidity.'®* Moreover, it is critical to maintain
optimal levels of catalyst acidity and specific acid sites for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficient olefin desorption and to prevent complete alkane
oxidation to CO,. It ensures that the catalyst activity and
selectivity toward olefins are not compromised.®®

6.3. Active lattice oxygen species

Beyond the configuration of the ODHP catalyst, a critical factor
influencing the effectiveness and specificity of vanadium oxide
catalysts on alumina support is the affinity of the surface lattice
oxygen in the VO, surface species. In comprehensive structural
investigations of vanadium oxide catalysts on supports,
researchers identified three distinct categories of lattice oxygen
connections: (a) terminal V=0 bonds, (b) V-O-support bonds,
and (c) bridging V-O-V bonds. The binding strength varies for
each category of lattice oxygen. The research focused on iden-
tifying the specific kind of connection between lattice oxygen
atoms that plays a role in the oxidation activity observed in
different catalytic oxidation processes.®*'*> In this catalytic
oxidation reaction, it was found that the oxygen participating is
the one present in the V-O-support bond, not in the terminal
V-0O-V or the V=0 bonds.**>**

6.4. Exploring the redox characteristics of supported VO,
catalysts

One of the essential factors impacting the effectiveness of
vanadium oxides in partial oxidation reactions is their ability to
undergo reduction, which is especially important in alkane
ODHP reactions. The connection between the surface structure
and catalyst reducibility of VO, on a specific metal oxide support
is well established. With higher surface coverage of VO,, the
reducibility of the surface VO, species tends to increase. Hence,
the varying reducibility trend of the various vanadia species can
be outlined as follows: polymeric surface VO, surpasses isolated
surface VO, and crystalline V,0s5 nanoparticles in reduc-
ibility."**'* In addition, the reducibility of vanadium oxide
catalysts is influenced by the type of support utilized.

The acid-base nature of the catalyst support also influences
its redox characteristics. An observation reveals a decline in the
reducibility of vanadium species with the employment of
increasingly alkaline support oxide materials.'* Furthermore,
the reaction for ODHP operating at temperatures between 450
and 550 °C revealed the following results: (a) the catalyst con-
sisting of V,05 supported on TiO,, possessing lower basicity and
being more comfortable to reduce, demonstrated the highest
activity, (b) the catalyst comprising V,05 supported on Al,O3,
being more acidic and resistant to reduction, exhibited the
highest selectivity towards propylene generation. The differ-
ences in the reducibility of vanadia oxide on various metal oxide
supports might be linked to the varying reducibilities of the
distinct V-O-support bonds present on different types of
supports.®*%®

As a result, it can be inferred that the performance and
specificity of the vanadium oxide catalysts that are supported
are greatly influenced by the characteristics of the supporting
oxide material, the bonding of the surface VO, components to
the oxide support, and the quantity of vanadium applied. The
sites responsible for redox facilitate the transfer of lattice

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxygen to adsorbed propane for the production of propylene.
The acid sites, on the other hand, promote the condensation of
the intermediate substances. Hence, it is crucial to examine
how the combined impacts of a catalyst's redox and acidic
characteristics, along with their reliance on the catalyst's
makeup and reaction circumstances, can be leveraged to
improve the effectiveness of this procedure.

6.5. ODHP catalysts

To evaluate how these principles translate into practical catalyst
design, a comparative survey of vanadium-based catalysts from
recent studies is presented in Table 1. This table organizes
catalysts by support type and lists their synthesis methods, key
structural or mechanistic findings, and performance metrics.
By grouping the data in this way, clear trends emerge—for
example, the superior selectivity of silica-incorporated isolated
VO, species, the thermal stability advantages of ceria-modified
titania nanotubes, and the confinement effects observed in
MOF-supported vanadium. Such comparisons provide valuable
guidance for future ODHP catalyst development, especially for
industrial applications where both selectivity and durability are
critical.

Recent investigations have reinforced the central role of
vanadium in dictating the selectivity, activity, and stability of
ODHP catalysts. Vanadium's ability to cycle between V>'/v*"
oxidation states enable the Mars-van Krevelen redox mecha-
nism, where lattice oxygen species (0>, O~) participate in
selective C-H bond activation while minimizing over-oxidation
when properly tuned. Al Abdulghani et al. demonstrated that
incorporating Ta>" into VO,/SiO, accelerates the re-oxidation of
reduced vanadium centers, maintaining them in their most
selective state and suppressing the formation of electrophilic
oxygen species that promote CO, formation. Operando studies
revealed that vanadium sites can generate isopropanol inter-
mediates, with over-oxidation routes involving propylene epox-
idation—underscoring the need to manage lattice oxygen
reactivity through promoter selection.””

Passamonti et al. systematically varied vanadium loading on
v-Al,03, showing that ~7-8 wt% V maximizes propylene yield by
balancing VO, dispersion and polymerization. Low V loading
favors isolated tetrahedral VO, units with high selectivity but
lower activity, while high loading promotes polyvanadate
networks and V,0s5 crystallites that enhance activity but
increase deep oxidation. This confirms that vanadium's surface
speciation—dictated by loading and support interaction—is
a primary control lever in ODHP design.'*®

Mandal et al., using advanced quantum chemistry, found
that the initial C-H activation barrier over VO, sites is sensitive
to electronic correlation and active site geometry. Cooperative
vanadium site arrangements were predicted to reduce activa-
tion energy compared to isolated sites, suggesting that engi-
neering adjacent VO, moieties could amplify turnover rates
without compromising selectivity.'” Mesa et al. extended the
strategy to CO,-assisted ODHP over VO,/CHA zeolites, where
vanadium's redox flexibility synergizes with CO, to shift equi-
libria, suppress coke, and stabilize active oxygen species. Their

RSC Adv, 2025, 15, 45589-45606 | 45599
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results indicate that pairing vanadium's inherent redox capa-
bility with tailored reaction environments can both improve
performance and deliver CO, utilization benefits.**°

Key vanadium-centered strategies emerge: (i) control VO,
loading to tune the monomer/polymer/crystalline balance; (ii)
use promoters that enhance vanadium's redox cycling while
limiting over-oxidation; (iii) select supports that optimize VO,
dispersion and stabilize tetrahedral species (e.g., SiO,, TiO,,
CHA zeolite, ZrO, composites); (iv) design catalysts with coop-
erative vanadium site architectures to lower C-H activation
barriers; and (v) integrate vanadium catalysts with reaction
modifiers (e.g., CO, co-feeding) to exploit redox flexibility and
improve long-term stability.

Table 3 summarizes the performance of various vanadium-
based catalysts in the ODHP process.

Vanadium-based catalysts play a central role in ODHP
because of their ability to cycle between V>* and V** oxidation
states, enabling participation in the Mars-van Krevelen mech-
anism. In this process, lattice oxygen species from VO, oxidize
propane to propylene, and the reduced vanadium is re-oxidized
by molecular oxygen or other oxidants. The nature of the
support, the dispersion of VO, species, the oxygen mobility, and
the acid-base properties of the catalytic surface all determine
the selectivity, activity, and stability of the system. The table
shows that silica-based supports, being relatively inert and
acidic, tend to stabilize isolated tetrahedral VO, units, which
favor high propylene selectivity but moderate activity. Meso-
porous silica structures such as KIT-6 or SBA-15 improve VO,
dispersion and accessibility, while certain promoters, such as
tantalum, enhance the redox cycling of vanadium and suppress
the formation of over-oxidizing electrophilic oxygen. In
contrast, alumina-based supports, with their stronger V-O-
support interactions, allow higher vanadium loadings but also
present a risk of deep oxidation due to their acidity. Modifying
alumina with basic oxides such as CaO can weaken olefin
adsorption, thereby improving selectivity. Optimal vanadium
loadings prevent excessive polymerization of VO, species, which
otherwise leads to lower selectivity. Carbon-based supports like
graphene, carbon nanotubes, and carbon nanofibers provide
high surface area, good dispersion, and in some cases enhanced
electronic conductivity, which can accelerate redox turnover
and boost both activity and selectivity.

Mixed-oxide supports, such as ZrO,- or TiO,-modified
systems, fine-tune acidity, basicity, and oxygen mobility,
enabling high propylene selectivity and thermal stability. The
addition of modifiers like phosphate or alkaline earth metals
can further adjust the balance of acid-base properties and
stabilize favorable crystal phases. Metal-organic frameworks,
such as UiO-66, offer confinement effects that prevent VO,
sintering and preserve dispersion, supporting stable operation
and consistent productivity. Other unique supports, including
hexagonal boron nitride and TiO,, influence the coordination
environment of VO, species in ways that significantly affect C-H
activation rates.

Across all support types, the function of vanadium in ODHP
is governed by several interconnected factors. The redox cycle
between V°" and V** ensures the supply of lattice oxygen, while
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the nature of the support controls the type of oxygen species
generated, balancing nucleophilic oxygen for selectivity against
electrophilic oxygen that promotes over-oxidation. Dispersion
and polymerization levels of VO, determine the trade-off
between activity and selectivity, with monomeric VO, species
favoring propylene production and polymeric species
increasing total activity but also the risk of side reactions.
Support interactions modify acidity and basicity, influencing
olefin desorption and preventing complete oxidation to CO,,
while electronic effects from promoters or conductive supports
adjust the electron density at vanadium sites to optimize cata-
Iytic performance. Together, these parameters define the effi-
ciency, selectivity, and durability of vanadium-based ODHP
catalysts.

7. Commercial strategies in PDH

The process of propane dehydrogenation for commercial
purposes is conducted explicitly without the presence of an
oxidizing agent. A variety of technologies are currently utilized,
employing different catalysts derived from Cr or Pt. The utili-
zation of alkali metal-enhanced Pt-Sn Al,O; catalysts in
a system consisting of four continuously moving bed reactors
characterizes the OLEFLEX procedure developed by UOP.
Throughout this procedure, the catalyst is consistently renewed
within an isolated regeneration loop. The reactor units are
arranged sequentially alongside gas flow pre-heaters, func-
tioning at pressures ranging from 1 to 3 bar at temperatures
around 650 °C. In the OLEFLEX procedure, the usual catalyst is
comprised of rounded pellets made of v-Al,O; (with an
approximate surface area of 100 square meters per gram) that
include less than 1 w% of Pt, enhanced with Sn and alkali
metals.?

The Dow FCDh technology makes use of a fluidized reactor
system in conjunction with a fluidized regeneration reactor,
allowing for uninterrupted operation and regeneration.” The
catalyst consists of an Al,O; support that is commercially ob-
tained and treated with Pt and Ga. The catalyst has the potential
to be entirely regained following the regeneration process,
which requires subjecting it to a high-temperature oxidative
treatment to eliminate any stored carbon elements, also known
as coke. In contrast to the complex regeneration process of the
OLEFLEX method involving H,, O,, and Cl,, the Dow FCDh
technology allows for a significantly streamlined regeneration
procedure.?

The STAR process, known as Steam Active Reforming, is
utilized by Phillips Petroleum and was created by Uhde. It
utilizes a Pt catalyst that is promoted by Sn (0.2 to 0.6 wt%),
distributed on a support composed of zinc-aluminate and
bound by magnesium/calcium aluminate. The process operates
at pressures ranging from 6 to 9 bar and temperatures between
550 and 590 °C."* Additionally, because it is not acidic, the
catalyst does not encourage unwanted side reactions like
isomerization, cracking, or coke formation. It includes Sn as
a promoter to minimize coke formation and enhance selectivity.
Progress in developing catalysts for the STAR procedure is
ongoing, as shown by the collaboration between BASF and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thyssenkrupp in 2020. Their joint effort focuses on cutting
down on carbon dioxide emissions, minimizing raw material
usage, and lowering operational expenses. It highlights the
potential for enhancing established processes through
advancements in catalyst design.?

The substance known as chromium oxide on aluminium
oxide (CrO,/Al,03) is frequently used in industrial settings
within the CATOFIN process. It consists of around 18-20%
chromium oxide supported by 1-2% alkaline metal (either K or
Na) promoted aluminium oxide.”* The presence of alkali
promoters significantly impacts the catalyst's performance by
altering its surface acidity. Specifically, alkali promoters reduce
the acidity of the alumina support, thereby minimizing
unwanted side reactions and improving both the catalyst's
activity and its ability to produce the desired products.
Enhancements to both the catalyst composition and operating
conditions have been implemented within the commercial
CATOFIN process.*

Nevertheless, persisting issues remain concerning the
durability, specificity, and effectiveness of the catalysts. To
increase propylene production and lower emissions, the use of
a heat-producing substance known as HGM has been imple-
mented, with Clariant being a prominent developer of such
technology. The precise makeup of the HGM catalyst likely
incorporates copper oxide as its primary component, along with
supplemental promoters such as manganese dioxide (MnO,).
These components are typically supported on a substrate of
alpha-alumina (@-Al,03). The reactor contains the catalyst,
transforming it as the reaction progresses. This process
produces heat, counterbalancing the heat consumed in the
reaction. Ever since the introduction in 2015 at Ningbo Haiyue
New Material Co. situated in Ningbo City, China, the identical
HGM technology has been incorporated into more CATOFIN
operations, and Ineos has recently granted Clariant a lengthy
agreement to provide the HGM.?

K-PRO, created by KBR, is the most recent process that has
been brought into the commercial market. The inaugural
agreement was issued in January 2020, about one year subse-
quent to the technology's introduction, and subsequently,
a licensing deal has been established with JS Energy Ltd. The
importance of this procedure lies in the fact that the catalyst
lacks valuable metals or chromium, while the specific compo-
nent(s) remain undisclosed proprietary details. The reactor
design utilizes KBR's FCC Orthoflow reactor, functioning as an
ascending vertical reactor riser. It shares similarities with the
Dow FCDh process in terms of being a fluidized bed configu-
ration, although the regeneration segment differs.?

8. Conclusion and outlook

This comprehensive review has highlighted the significant role
of vanadium-based catalysts in ODHP. It has explored the
thermodynamic and environmental considerations of various
dehydrogenation methods, highlighting the advantages of
ODHP in terms of energy efficiency and reduced CO, emissions.
The review has also identified the active site in ODHP,
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emphasizing the importance of vanadium dispersion and
coordination geometry within the support material.

Across a wide range of support types, from silica- and
alumina-based systems to mixed oxides, carbon materials, and
MOFs, the function of vanadium in ODHP is closely tied to its
redox cycling between V°* and V** states, which enables lattice
oxygen participation via the Mars-van Krevelen mechanism.
The results demonstrate that isolated VO, species on inert
supports such as mesoporous silica favor high propylene
selectivity (up to 88.3%) with good stability, while basicity
modification of alumina (e.g., with CaO) can suppress deep
oxidation and raise selectivity above 94%. Mixed-oxide supports
like y-Al,03-ZrO; or phosphate-modified ZrO, optimize acidity
and oxygen mobility to balance activity and selectivity,
achieving propylene yields above 90% with minimal CO,
formation. Carbon nanofiber and graphene supports provide
high dispersion and conductivity, boosting selectivity and
conversion simultaneously, and MOF-based systems such as
V,05/Ui0-66 leverage confinement effects to maintain disper-
sion and stability. The four recent studies further reveal how
promoters like Ta, advanced mesoporous supports, and optimal
vanadium loadings fine-tune the balance between monomeric
and polymeric VO, species, thereby controlling the trade-off
between activity and selectivity.

The review showcased various strategies for improving the
performance of vanadium catalysts. The selection of support
materials with specific properties, such as enhanced thermal
stability, larger surface area, and suitable pore structure, has
proven critical for achieving superior activity and selectivity.
Furthermore, the synthesis methods, particularly co-assembly
and impregnation techniques, have been shown to impact the
bonding between vanadium species and the support, ultimately
influencing catalytic performance.

The review has also discussed the implementation of
chemical looping ODHP, a promising technology for further
enhancing the efficiency and sustainability of the process. This
approach, coupled with the development of novel vanadium
catalysts, presents significant potential for overcoming existing
challenges, such as coke formation and catalyst deactivation.

Moving forward, continued research efforts should focus on
the following key areas:

8.1. Developing novel support materials

The search for high-performance supports with optimized
properties, including enhanced thermal stability, improved
redox properties, and tailored pore structures, is critical. This
includes exploring the potential of emerging materials like
MOFs, zeolites, and carbon-based materials.

8.2. Tailoring vanadium species

Understanding the interplay between vanadium dispersion,
coordination geometry, and catalytic performance requires
further investigation. This includes exploring different vana-
dium precursors, optimization of synthesis methods, and fine-
tuning the interaction between vanadium and the support.

RSC Adv, 2025, 15, 45589-45606 | 45603
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8.3. Optimizing reactor design

Developing innovative reactor designs that minimize coke
formation, enhance mass transfer, and improve heat manage-
ment is crucial for achieving high propylene yields and long
catalyst lifetimes.

8.4. Integration of chemical looping ODHP

Further research into chemical looping ODHP, including opti-
mization of the redox cycle, development of robust oxygen
carriers, and integration of this technology with existing
industrial processes, is essential for achieving sustainable and
cost-effective propylene production.

By addressing these research priorities, the field of vana-
dium catalysts for ODHP can further advance, paving the way
for the development of efficient, selective, and sustainable
propylene production processes.
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