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Alkanes are potential precursors to many value-added chemicals such as olefins and other petrochemicals.
However, the conversion of light alkanes can be challenging due to their strong C-H bonds. Chemical
looping technology based on cyclic redox schemes is an attractive platform that utilizes metal oxides as
oxygen carriers for clean and effective fuel processing. Chemical looping systems can potentially be
operated over a wide range of reaction conditions with a lower capital and operating cost under a reduced
energy and environmental penalty. The reactivity and long-term performance of the oxygen carriers are
key for the successful deployment of the chemical looping technology. This work reviews the recent
advances in chemical looping alkane utilization including chemical looping partial oxidation (CLPO) of
Received 20th July 2020, methane, chemical looping oxidative coupling of methane (CLOCM) and oxidative dehydrogenation
Accepted 5th October 2020 (CLODH) of ethane, propane and butane. In particular, material design, mechanistic insights of the
DOI: 10.1039/d0re00301h reactions, and associated reactor configurations for the reactions are discussed. The perspective viewpoints
are also given on the viability of the cyclic redox schemes for shale gas dehydrogenation/reforming
rsc.li/reaction-engineering applications.

1. Introduction S. Energy Information Administration estimates that the

annual domestic shale gas production will increase by 104%
The advanced technological developments in horizontal  from 9.7 trillion cubic feet in 2012 to 19.8 trillion cubic feet
drilling and hydraulic fracturing have contributed to a  in 2040.* As the main components in shale gas, light alkanes
growing production capacity of shale gas in the U.S."* The U. (C = 1-4) are potential precursors towards value-added
chemical production due to their lack of low-lying vacant
orbitals or lone pair electrons.” Light alkanes are composed
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utilize these light alkanes is by acquiring the stored energy in
the C-C and C-H bonds as heat energy through full
combustion. Another possibility of utilization is to obtain
value-added chemicals with permissible in-between oxidation
states of carbon from light alkane reforming.® The
combustion reaction has limited applications for chemical
production and is associated with massive CO, production;
hence, it is of great importance to develop economic and
environmentally friendly processes for light alkane reforming
to the desired target compounds that contain at least one
carbon atom that can be assigned an oxidation number
between —4 and +4.”'° In the past few decades, the topic of
alkane reforming has been sought after by many researchers
in a number of research domains including -catalysis,
photocatalysis and electrocatalysis. Commercially viable
processes of alkane reforming have also been developed in
industry. In the state-of-the-art commercial processes, steam
reforming, steam cracking and fluid catalytic cracking are the
dominant technologies used for industrial production of
synthesis gas (syngas), ethylene or propene.'' However, the
growth in demand for next-generation materials and
processes with higher performance and lower capital costs
may outpace the established systems in the near future. In
this article, we will focus on the emerging technology'” that
integrates the recent advances in materials design and
reaction engineering in a cyclic redox scheme.

The concept of redox reactions has been adopted in a
number of fields such as batteries,"”> photocatalysis,***®
electrochemistry and chemical looping'® in which electrons
or ions are subjected to multiple cycles of reactions in a
chemistry process of energy generation or high value
chemical production. Metal oxide materials are widely used
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in these processes, generating pairs of electrons and holes or
ions and vacancies. Among these processes, chemical looping
is one of the most attractive and efficient platforms that is
capable of large-scale production of syngas and other value-
added chemicals."»""2° The chemical looping process
typically involves two reactors, a reducer and a combustor. As
shown in Fig. 1, in the reducer, metal oxide oxygen carriers
react with alkanes to produce syngas or value-added
chemicals while the oxygen carriers are reduced to a lower
oxidation state. In the combustor, the reduced oxygen
carriers are regenerated by air and the fully oxidized oxygen
carriers are recycled in the reducer.'> The oxygen carrier
supplies lattice oxygen to the alkanes, thus avoiding the
direct contact of air with the fuel and eliminating the need
for an air separation unit (ASU) and also the hazards
associated with flammable hydrocarbon/O, mixtures. More
recently, interest in chemical looping technology also stems
from the easiness in its CO, emission control in comparison
to other CO, emission control methodologies."” The intrinsic
nature of chemical looping lies in the redox reactions
involving feedstock molecule adsorption and dissociation on
metal-oxide-based oxygen carrier surfaces, lattice oxygen ion
diffusion and oxygen vacancy creation and
annihilation."®*"?* The state-of-the-art chemical looping
technology has achieved a continuous operation over
thousands of cycles.>® Consequently, chemical looping is an
ideal platform for commercialization for alkane reforming.
This article provides a review and perspectives on the recent
chemical looping technology applications for light alkane
reforming involving in particular the three most intensively
investigated chemical looping reaction routes illustrated in
Fig. 1. These routes include those for chemical looping

Liang-Shih Fan is distinguished
university professor and C. John
Easton professor in engineering
at The Ohio State University. His
research fields are in particle
technology  and  multiphase
reaction engineering. He is an
inventor of eight clean fossil
energy conversion processes for
CO,, S0, and NO, emission
control and electricity, syngas,
hydrogen, chemicals or liquid
fuel production and the electrical
capacitance volume tomography
for three-dimensional multiphase flow imaging. Fan is the editor-
in-chief of Powder Technology and a member of the U. S. National
Academy of Engineering, academician of the Academia Sinica, and
a foreign member of the Chinese Academy of Engineering, the
Australia Academy of Technology and Engineering, the Indian
National Academy of Engineering, and the Mexican Academy of
Sciences.

Liang-Shih Fan

React. Chem. Eng., 2020, 5, 2204-2220 | 2205


https://doi.org/10.1039/d0re00301h

Published on 06 |okakuuta 2020. Downloaded by Stanford Libraries on 10.12.2020 2.39.33.

Review

CLPO CcLocMm CL-ODH

Depleted Air

Product iCO +H,

HJ/CHgl GH,  CHg  CyHg

Combustor
(Air Reactor)

Reducer
(Fuel Reactor)

Air

Fig. 1 Overall reactions for the cyclic redox dehydrogenation systems.

partial oxidation (CLPO) of methane, chemical looping
oxidative coupling of methane (CLOCM) and chemical
looping oxidative dehydrogenation (CLODH) of ethane,
propane and butane. The insights into the components of
the active sites for C-H activation and dehydrogenation will
provide a foundation for rational design of new and efficient
chemical looping systems for next-generation shale gas
utilization.

2. Chemical looping partial oxidation
(CLPO)

Methane is a key component in shale gas and can be
converted to syngas through partial oxidation. The
conventional methane-to-syngas generation is achieved using
catalytic processes such as steam methane reforming or dry
(CO,) reforming which are highly endothermic and operated
at a high temperature and high pressure to attain a high
conversion rate and to minimize the thermodynamic driving
force for carbon deposition. Autothermal reforming (ATR) is
an alternative approach with exothermic oxidation of
methane reacting with a mixture of oxygen, steam and/or
CO,; nevertheless, a high temperature above 900 °C is
required. To reduce these operating temperatures while
counteracting carbon deposition, noble metals such as Pt, Pd
and Au in metal-based catalysts are generally required.
However, the use of noble metals adds to the process cost.>*
On the other hand, methane partial oxidation is an energy-
efficient approach and the syngas products have a H,/CO
ratio of 2 which is ideal for gas-to-liquid (GTL) technology.
Methane reforming using the chemical looping partial
oxidation (CLPO) technology represents the state-of-the-art
approach for methane partial oxidation. The approach poses
attractiveness from the aspects of process exergy efficiency
and economics relative to that of the traditional processes. It
is capable of directly producing high-quality syngas with
minimal energy penalty and does not require an ASU, water-
gas shift reactor, or CO, separation unit. A viable CLPO
process comprising redox cycles®® of metal oxide oxygen
carriers in two interconnected reactors, ie., reducer and
combustor, is illustrated in Fig. 1. In a CLPO process, lattice
oxygen Op in a metal oxide oxygen carrier reacts with

2206 | React. Chem. Eng., 2020, 5, 2204-2220

View Article Online

Reaction Chemistry & Engineering

methane with formation of oxygen vacancy Vo and syngas
products, in reaction (1):

CH, + O — Vo + 2e + CO + 2H, (1)

The oxygen carrier with oxygen vacancy Vo is then
regenerated by air:

1
E02+V0+2e—-o’(§ (2)

The majority of the oxygen carrier design is based on
microparticles of transition metal oxides'* due to their lower
cost and ease of manufacture, whilst pioneer work in
nanoparticles as oxygen carriers are emerging in recent
research.>® Nanoparticle oxygen carriers have larger surface
areas and active sites with size-effect enhanced reactivity
promotion compared with microparticles, yet they are
universally associated with higher production cost and
difficulty in large-scale production and may also suffer from
surface contamination and significant surface area shrinkage
under the harsh chemical looping operational conditions. In
the following section we discuss the most recent
development in microscale and nanoscale oxygen carriers,
respectively.

2.1 Microparticles as oxygen carriers

The main focus of the state-of-the-art CLPO lies in the oxygen
carrier design and improvement with relatively limited focus
on the reactor design.***” Numerous oxygen carriers have
been investigated as candidates for CLPO applications,
including the transition metal oxides of manganese, cobalt,
nickel, copper, rare earth metals or a combination, which has
been summarized in Table 1.>***73' Among all the oxygen
carriers, iron oxide oxygen carrier is a cost-effective option
with high oxygen carrying capacity and moderate reactivity.
The recent process evolution in CLPO of methane with iron-
based microparticle oxygen carriers reveals a maximum
syngas selectivity of 90% at 1000 °C.** However, it remains
challenging to concurrently achieve high syngas selectivity
and methane conversion at the substantially lower
temperatures necessary to develop cost- and energy-efficient
processes.”® Consequently, catalytic dopant-modified Fe,Os
microparticle oxygen carriers have been investigated to
improve their moderate reactivity. It was found that 1%
isovalent lanthanum dopant in Fe,O; can significantly
enhance redox reactivity while maintaining or improving the
recyclability of iron-based oxygen carriers, as shown in
Fig. 2(a)-(c). The reactivity of La-doped oxygen carriers is
178% higher than that of undoped iron oxide oxygen carriers
in CLPO of methane (Fig. 2(e)). The mechanism for La
dopant-based reactivity enhancement stems from the ability
of La dopants to lower the barriers of the C-H bond
activation during metal oxide redox reactions (Fig. 2(d)).
Nevertheless, oxygen vacancy formation is believed to further
promote ionic conductivity in iron-based oxygen carriers,
which can be achieved in aliovalent dopants. 1% Cu dopant

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of the performance of different OCs in the CLPO process®® (reproduced with permission from the American Chemical Society)

CH, concentration Reaction CH,4 H, selectivity CO selectivity
Oxygen carrier (%) GHSV (mL g " h™) temperature (°C) conversion (%) (%) (%)
LaFeO; 11 6900 900 63 99
LaFeO; 11 6900 850 32 100
LaFeO; 11 6900 800 6 97
3DOM LaFeO; 40 1200 850 39 84 100
LaFeO,/Al,0;-kaolin 11 7800 900 25 70
Lag ¢St ,FeO; 11 13 800 900 70 >95 >95
La, ,Sr, sFeO; 40 1200 850 70 82 95
Lao sSr0.5Fe0; 40 1200 850 67 75 85
Lay 1St oFeO; 40 1200 850 57 76 87
Lay oSTo 1 FeOs 40 1200 800 82 98 97
LagSTo ;Fe0; 40 1200 800 39 78 98
Lay 5Sr, sFeO; 40 1200 800 52 83 100
Lay 1Sr0 oFeO, 40 1200 800 37 60 100
LaMnO; 11 13 800 900 66 53
Lag ¢STo ,MnO 11 13 800 900 78 58
Fe,0;@Lag ¢Sro,FeOs_s 10 600 000 900 80 87
Fe,0;@La, gSTo ,FeO,_s 10 900 84 82
Fe,O;@Lag ;Sry 3FeO;_5 10 900 84 86
Fe,0;@La, 55Ty sFe0;_s 10 900 70 80
Fe,0;@LaFeO, 10 900 64 85
Fe,0,@SrFe0, 10 900 40 64
La, STy 4FeCoO0, 37 3600 800 65 77 100
Mg-La, Sto 4FeCoOg 37 3600 800 75 97 100
Li-La, ¢Sty 4,FeCoOq 37 3600 900 40 88 100
Lay ¢St 4FeCoOg 37 3600 900 86 100
Mg-La, ¢Sty 4FeCoOq 37 3600 900 98 100
Rh/Lag 75510 25(F€.8C00.2)0.75G0.2503-5 10 600 83 97
CaMny gNig,03 10 60 000 900 63
CaMn, gFe, ,0; 10 60 000 900 68
BaMn, y5Feg »50; 10 60000 900 95
BaMny ,5Nig 5505 10 60000 900 94
CaMnO; 37 120000 500 2
Rh/CaMnO; 37 120000 500 100 88
CaMnO; 37 120000 600 5
Rh/CaMnO; 37 120000 600 97 86
CaMnO; 37 120000 700 12
Rh/CaMnO; 37 120000 700 57
CaMnO; 37 120000 800 27
Rh/CaMnO; 37 120000 800 48
Rh/CaMnO; 37 120000 900 45
CaMnO; 37 120000 900 40
LaCeOs 5 37 120000 600 4
Rh/LaCeO; 5 37 120000 600 98
LaCeOs 5 37 120 000 700 52
Rh/LaCeO,; 5 37 120000 700 100 99
Rh-CaMnO; 25 13 000 600 20 66 81
Rh-CaMn, osFeq 0503 25 13000 600 10 2
Rh-CaMn, ,sFeq 5503 25 13000 600 7 3 2
Rh-Cay 955r).0sMnO3 25 13 000 600 8 49 41
Rh-Cay ;55T ,sMnO; 25 13000 600 12 52 44
BaFe;AlyO40 5 4500 900 86 83
Ce0,/AL, 04 100 900 85 65 65
Ce0,/MgO 100 900 65 42 40
Ce0,/TiO, 100 900 62 48 52
CeO0,/y-Al, 04 925 76 95 97
Fe,O5 100 333 900 16 30 33
CeO, 100 333 900 28 99 97
Ceg,Fep 50, 100 333 900 86 62 68
Ceg 4Fe 60, 100 333 900 95 90 98
Ceg sFeg ,0, 100 333 900 46 100 98
Ceg cFep 40, 100 333 900 94 95 90
7r0,/Ce, ,Feq ;05 100 333 800 65 84 84
Ceg 7210305 100 333 850 15 80 79
Ceg.6Zry3Cug 4 5 850 75 95
Ceo 7210305 100 333 800 41 80 80
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CH, concentration Reaction CH, H, selectivity CO selectivity
Oxygen carrier (%) GHSV (mL g " h™) temperature (°C) conversion (%) (%) (%)
71y ,Fe 20, 100 333 800 45 81 91
Cey sNig 50, 100 333 800 95 43 42
Cey ,Nig 50, 100 333 800 92 56 57
Pr-Ce-Zr 800 55 54 71
Gd-Ce-Zr 800 49 51 47
La-Ce-Zr 800 46 45 44
WO, 10 18000 800 11 59 94
WO,/AL0; 10 18000 800 21 89 90
Nig.sWO,/ALO;, 10 18000 800 42 93 93
Niy sWO,/Al,O5 10 18000 800 59 94 92
NiWO,/Al,03 10 18000 800 45 99 95

(a) ) | (d) [ g L 072 cnareo, (e) 1000 °C Reduction @CH,
- i G ——— CH,@1%La-Fe,0,| 20
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Fig. 2 (a) Undoped Fe,Os and (b) La-doped Fe,Os; (c) small-range XRD spectra of La-doped Fe,Os; and undoped Fe,Os; (d) reaction pathway in
CLPO of methane with La-doped Fe,Os oxygen carrier; (e) performance test in undoped and La-doped Fe,Osz oxygen carrier** (reproduced with

permission from the American Chemical Society).

results in the lowest cost increase while improving the
reactivity of oxygen carriers significantly to a higher extent
than La dopant (Fig. 3).>* Cu-doped Fe,O; has shown over
470% higher reactivity improvement compared with undoped
Fe,O; at 700 °C, allowing for an energy consumption savings
of 35% (Fig. 3(a)-(d)). A mechanistic insight in Fig. 3(e) has
pointed out that an aliovalent dopant may promote oxygen
vacancy formation which enhances oxygen ion transport in
iron oxide oxygen carriers.*?

Consequently, a low concentration (~1%) doping strategy
can be powerful with minimal cost increase in the oxygen
carrier systems. This strategy is likely to be adopted in many
other oxygen carrier designs in the future. Perovskite
materials have also been studied and found to have high
performance. The significant perovskite
microparticle oxygen carriers has been well summarized
elsewhere.?” The future challenges of perovskite materials lie
in decreasing the material production cost and increasing

oxygen carrying capacity.

progress in

2.2 Highly selective nanoparticle oxygen carriers

Mesoporous supports possess large surface areas and high
thermal stability®> with controllable pore structure and pore
size distribution. The adjustable structural features in

2208 | React. Chem. Eng., 2020, 5, 2204-2220

mesoporous supports can facilitate reactant mass transfer
and can be tailored to enhance the efficiency of the catalytic
processes and reaction kinetics. Considerable interest has
been directed to exploring nanoscale redox systems in alkane
conversion and utilization supported by mesoporous
materials. Liu et al.>> demonstrated that the co-production of
CO, can be significantly suppressed in methane partial
oxidation reactions using iron oxide nanoparticles embedded
in a mesoporous silica matrix (SBA-15) with a large surface
area and narrow hexagonal nanochannels.>® They
experimentally obtained near 100% CO selectivity in a cyclic
redox system at 750-935 °C, which is a significantly lower
temperature range than in microparticle oxygen carrier
systems (Fig. 4). The enhanced selectivity and reactivity is
due to the size effect in nanoparticles of 3-8 nm.
Experimental results and density functional theory (DFT)
calculations elucidate the origins of the size effect and show
that low-coordinated lattice oxygen atoms on the surface of
nanoparticles significantly promote Fe-O bond cleavage and
CO formation. Chemical looping dehydrogenation with steam
is derived from partial oxidation. Instead of using air as an
oxidant, this system uses steam to regenerate oxygen carriers.
In this scheme, nickel-based oxygen carriers were of high
interest due to their ability to enhance the methane reaction
rate.®® NiO was embedded in mesoporous SBA-15 and

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 CLPO of methane to syngas conversion rates in (a) reduction
cycles and (b) oxidation cycles. Conversion rates at different
temperatures: (c) reduction and (d) oxidation. (e) Cu dopant induced
oxygen vacancy formation energy in Cu-doped Fe,Os oxygen carrier®®
(reproduced with permission from Elsevier).
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Fig. 4 (a) Illustration of Fe,Oz@SBA-15, (b) size effect by DFT
simulation, (c) TPR in CLPO and (d) redox cycles in CLPO?
(reproduced with permission from Springer Nature).
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showed a high catalytic activity. However, the Ni active sites
quickly deactivated due to carbon deposition.'> One
approach to sustain their activity is to use SBA-16, a
mesoporous silica support with a cubic structure and higher
mass transfer kinetics.®” SBA-16 can be modified by
incorporating a promoter to aid in improving the mobility of
the surface oxygen and hence lowering the carbon deposition
on active sites. One promising promoter is CeO, for which
15Ni/Ce-SBA-16(40) was shown to promote the dispersion of
the NiO particles and prevent the formation of coke.*
Overall, the methane conversion is increased by 13.7%
compared to a traditional chemical looping steam reforming
system without a promoter, in addition to an increase in
temperature that provides a higher reactivity.*®

The majority of nanoscale oxygen carriers exhibit much
higher reactivity compared with microparticle oxygen
carriers. However, they suffer substantially from severe
sintering which leads to particle agglomeration and
decreased surface areas after redox cycles. The sintering
effect can only be mitigated by using nanoscale porous
supports such as mesoporous titania, silica and alumina. The
potentially high cost of such materials is a future problem to
solve.

2.3 Reactor design in the CLPO process

The CLPO of methane process was first developed in the
Welty process which consists of two separate fluidized bed
reactors.'® By properly controlling the fuel-to-oxygen carrier
ratio, the CO-rich syngas can be generated. Researchers at
Chalmers University of Technology in Sweden have
investigated the CLPO process in a 300 Wy, two-compartment
fluidized bed reactor system using Ni-based oxygen carriers."”
In addition, Vienna University of Technology in Austria has

Spent
Air

Gas-solid
separation
Fe,TiOg
gas removal
Reducer Combustor

H,:CO~2:1

A Fe/FeTiO,/Fe,TiO,

\
| Cleanup Unit
I

( Synthesis and :::;:l.—cal
L Refinery System Liquid Fuel

Fig. 5 Chemical looping methane partial oxidation process>8
(reproduced with permission from the Royal Society of Chemistry).
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developed a 140 kW, dual circulating fluidized bed reactor
system adopting Ni-based oxygen carriers.'” In order to
suppress the carbon deposition promoted by the Ni-based
oxygen carriers in CLPO, a significant amount of steam is
often introduced, resulting in undesirable H,:CO ratios."
Further, it is challenging to apply a fluidized bed for a
reducer operation for the CLPO process due to its inherent
back-mixing of the bed. Back-mixing prohibits a high
conversion of the oxygen carrier, thereby impeding a high
yield of syngas and a high system efficiency required of the
CLPO process.

In Fig. 5, a shale gas-to-syngas (STS) process is
shown.®® The STS process consists of a co-current
downward flow moving bed reducer combined with iron-
based metal oxides. It can efficiently generate a high-
purity syngas with a desirable H,:CO ratio of 2:1 with
little carbon deposition. By coupling with the downstream
methanol synthesis reactor or the Fischer-Tropsch reactor,
the STS process can be applied to efficiently produce
chemical and liquid fuels.

3. Chemical looping oxidative
coupling of methane (CLOCM)

The previous section describes the conversion of methane
into syngas which can be used as an intermediate for the
production of value-added chemicals. This section focuses on
the recent advances in the direct conversion of methane to
value-added products via chemical looping. Of the several
dehydrogenation schemes for the direct conversion of
methane, oxidative coupling of methane (OCM) has been one
of the most attractive routes from kinetic and
thermodynamic aspects.'**? OCM involves the conversion of
methane to higher hydrocarbons in the presence of oxygen,
as shown in Fig. 1. Based on the source of the oxygen, there
can be two modes of operation for OCM, the catalytic mode
and the chemical looping mode. The catalytic mode, known
as the co-feed mode, uses molecular oxygen (O,) as the
oxygen source which is co-fed with methane to a catalyst bed.
The reaction in the bed can be given in reactions (3) and (4)
as

CH, + O, — C,H¢/C,H, + H,O (3)
CH4 + 02 - CO/COZ + Hzo (4)

As indicated earlier, the chemical looping mode or redox
mode uses lattice oxygen from oxygen carrier particles as the
oxygen source that undergoes reduction reaction in a reducer.
The reduced oxygen carrier particles then flow to a
combustor, as seen in Fig. 1, for their regeneration using air.
Similar to the catalytic system, the reducer of the chemical
looping system carries out the partial oxidation reaction of
methane as given in reactions (5) and (6), while the
regeneration of the reduced metal oxide in the combustor
follows reaction (7).

2210 | React. Chem. Eng., 2020, 5, 2204-2220
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CH, + MO, — C,H4/C,H, + H,O + MO (5)
CH, + MO, — CO/CO, + H,0 + MO (6)
MO + 02 - MOZ [7]

Reactions (3) and (5) are the desired reactions; however, as
methane is a fuel it combusts either fully or partially to form
CO or CO,, as seen in reactions (4) and (6). These
combustion reactions of forming CO or CO, are
thermodynamically more favored than the desired OCM
products and thus lead to reduced overall yields from typical
OCM systems.**™*> Under these situations for OCM reactions,
the CLOCM scheme has several advantages over the catalytic
system which are illustrated in the following.

3.1 CLOCM: reaction and process considerations compared
with the catalytic process

Both the catalytic system and the chemical looping system
were extensively investigated by Keller and Bhasin, which laid
the foundation for the subsequent studies.** In the catalytic
system, the co-fed O, provides the necessary oxygen source
for facilitating OCM reactions; however it also scavenges the
radicals, higher hydrocarbons and other such reactive species
from the gas phase.** Thus, the overall selectivity and yield
that the catalytic system can achieve are reduced. This trade-
off limits the amount of oxygen that can be co-fed with CH,,
ultimately limiting the CH, conversion from the catalytic
system as well.”> The behavior of the co-fed reactions can
also be captured from a thermochemistry study for an ideal
catalytic system which calculates the upper bound of C, yield
at 28%. Here, the upper bound is defined as the limitations
caused by the secondary undesired reactions of the C,
products and the restrictions that are created due to the
interdependence of several elementary reactions.® These
reaction limitations and restrictions due to flammability
limits have been mitigated through the use of advanced
reactor configurations such as membrane reactors or through
the use of chemical looping systems.*””*® Further, the
catalytic system can use air as the oxygen source or pure O,
through an ASU. With air as the oxygen source, the inert N,
component helps reduce the overoxidation of higher
hydrocarbons, hence improving the selectivity of the
OCM."*' However, the N, has to be separated from the
product stream in order the prevent the accumulation of N,
during the recycle of CH,. Further, when pure O, is used, the
downstream separation is simplified; however, it is at the
cost of an additional unit requirement, i.e., ASU. Co-feeding
O, also requires complete conversion of the O, in the OCM
reactor to ensure that no O, is present in the product stream.
These disadvantages can be circumvented through the use of
the chemical looping system, which utilizes air as the source
of oxygen in the regeneration step in the combustor while no
N, is present in the metal oxide oxidation step in the
reducer.

This journal is © The Royal Society of Chemistry 2020
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A different aspect of both OCM systems, i.e., the catalytic
and the CLOCM systems, can be further elaborated from the
viewpoint of the product distribution. For both the catalytic
and the CLOCM systems, there are reactions that take place
both in the gas phase and in the solid phase. The first step
of the reactions involves the formation of CH; radicals and
they combine in the gas phase to build the chain of
hydrocarbons.”®™* As the gas phase reactions are
independent of the catalyst/catalytic oxygen carrier used, the
product slate formed across both OCM systems would appear
to be similar.*> That is, the hydrocarbon products that the
OCM synthesizes are typically distributed over several
compounds with different carbon numbers. For both the
catalytic and the CLOCM systems, it has been observed that
the hydrocarbon products for the catalytic OCM spanned
from C, to C,4, whereas the hydrocarbon products for CLOCM
spanned from C, to C,.*>> This difference can be accounted
for by the undesired reactions that evolved from the gas-
phase reaction of the higher hydrocarbons and O,. Thus, any
C,+ hydrocarbons in a catalytic OCM system are converted to
carbon oxides, rendering a lower selectivity of the OCM
process.’®*” Thus, CLOCM provides an attractive reaction
scheme compared to catalytic OCM through providing a
larger value addition of methane with the production of a
larger product slate.

3.2 Oxygen carrier for CLOCM

Extensive research and development on redox capable metal
oxides for CLOCM was conducted earlier at Union Carbide
and ARCO.””>*#* However, in recent years OCM research has
seen a shift from CLOCM to catalytic OCM due to the ease in

Table 2 CLOCM activity of various catalytic oxygen carriers

View Article Online

Review

operation and well=developed mechanistic and material
insights. Notably, Siluria Technologies have developed the
Gemini process which is deemed as the first commercial
OCM process. It has been demonstrated in a catalytic reactor
with a production capacity of ~1 ton of ethylene.®*"%** The
specific catalyst formulation in this process, however, has not
been disclosed. This shift from CLOCM to the catalytic OCM
has resulted in a slower progress in the development of high-
performance catalytic oxygen carriers. For CLOCM, mainly
Mn-based and La-based catalytic oxygen carriers have been
studied.”® Some formulations that have been tested are
summarized in Table 2.%%7°

Mn-based catalysts and catalytic oxygen carriers have been
extensively studied as seen in Table 1, among which Mn/
NaWO0,/SiO, provides a reasonably high OCM activity”' ™"
with C, selectivity of 70-80% and CH, conversion of 20-
30%.”* Further, the high OCM activity in Mn/NaWO,/SiO, is
attributed to the synergy among the different phases of
oxides supported by SiO,.”> These results will help identify
the active sites that can be modified to improve the OCM
activity. As mentioned in section 2.2, the size of the active
metal oxide and the morphology play critical roles in
determining the activity of the oxygen carrier/catalyst. The
use of nanoparticles has not been investigated for CLOCM,
potentially due to hurdles such as oxygen carrier stability
issues due to sintering; catalytic OCM has reported several
nanoparticle catalysts.”®”’® Further, the effect of microcrystal
formation on the catalytic OCM performance has also been
studied, which is lacking in the CLOCM domain.”**°
Assuming a similar trend between the OCM catalyst and the
oxygen carrier with respect to morphology changes, the
formation of stable nanoparticles/microcrystals will aid in

Selectivity (%)

Temperature CH, conversion
Catalytic oxygen carrier (°C) (%) C, Cas Ref.
5% Mn/Al,O, 800 11.0 45 — 64
5% Mn/SiO, 800 13.3 37.5 3.8 64
15% Mn/SiO, 800 26.0 50.6 8.4 64
5% Bi/SiO, 800 5.1 53.8 4.4 64
5% Ge/SiO, 800 1.4 63.1 7.9 64
5% In/SiO, 800 7.3 46.5 5.7 64
5% Pb/SiO, 800 2.5 38 7.8 64
5% Sb/SiO, 800 1.2 59.2 2.7 64
5% Sn/SiO, 800 3.2 48 3.5 64
15% Mn, 5% Na,P,0,/SiO, 800 30 67 57
Ag-La,03/Si0," 750 45 62 — 65
Mn/NaWO0,/SiO,* 775 24 80 — 66
Mn/NaWO0,/SiO," 800 29 74 — 71
Mn/NaWO,/meso-SiO,* 775 34 73 — 67
1% CeO, La,05/Si0,* 800 10 63 — 68
2% CeO, La,0,/Si0," 800 6 74 — 68
Na-PrsO;; 800 21 76 59
Natural manganese mineral 850 27 80 — 69
MggMnOg 850 71 9 0.4 56
Li-MgeMnOg 850 69 16 0.8 56
Doped MgsMnOg 840 37 63 70

“ Diluted CH, stream.

This journal is © The Royal Society of Chemistry 2020
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the improvement of CH, conversion and C,, selectivity.®!
Similar to a typical OCM catalyst, catalytic oxygen carriers
also show a trade-off between hydrocarbon selectivity and
CH, conversion.”*®**®® In CLOCM reactions, CH, reacts
readily with the available lattice oxygen in catalytic oxygen
carriers, thus ensuring high CH, conversion. However, this
results in methane overoxidation to carbon oxides or through
sequential reaction of C,, hydrocarbons reacting with the
lattice oxygen forming carbon oxides. This results in a
gradual reduction in C,, selectivity in CLOCM in the initial
stage. As the catalytic oxygen carriers continue to donate
lattice oxygen, the reduced availability of their lattice oxygen
diminishes the overoxidation reactions of C,, products, thus
improving the selectivity of the system.*>”> However, the
reduced availability of lattice oxygen also limits CH,
oxidation and thus the CH, conversion decreases with
reaction time. Finally, carbon deposition occurs when all
lattice oxygen is unavailable, which is highly undesirable as
the catalytic surfaces will be deactivated. Two types of lattice
oxygen were reported in the catalytic oxygen carrier, typically
distinguished as a weakly bound oxygen species and strongly
bound oxygen species. These two types of oxygen species
originate from different phases that the catalytic oxygen
carrier can exhibit, or could be related to the under-
coordinate oxygen species that are present on the surface of
the oxidized catalytic oxygen carrier.® The weakly bound
oxygen reduces the C,. selectivity and thus undesirable. A
pretreatment of H, reduction of the catalytic oxygen carrier
was proven to effectively remove the weakly bound species,
which was confirmed by the increased selectivity of C,.%>%®

3.3 Mechanistic insights of CLOCM

Mechanism study on CLOCM with Mn-based oxygen carriers
has been conducted through the combination of density
functional theory calculation and experimental investigation.
A comprehensive reaction pathway of methane with Mge-
MnOg-based catalytic oxygen carriers is illustrated in Fig. 6.
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Fig. 6 Proposed reaction mechanism for CLOCM on doped and
undoped MgeMnOg oxygen carriers® (reproduced with permission
from the American Chemical Society).

2212 | React. Chem. Eng., 2020, 5, 2204-2220

View Article Online

Reaction Chemistry & Engineering

CH, is initially activated to form CH; radical;, weakly bound
CHj; radicals will be desorbed from the surface of the oxygen
carrier, allowing it to couple with another CH; radical and
form C, products. On the other hand, strongly bound CH;
radicals will further dehydrogenate to eventually form CO or
CO, products. This tuning parameter can be utilized to
formulate more selective catalytic oxygen carriers through
introducing weak binding oxygen vacancies. As shown in
Fig. 6, the Li dopant increases the energy barrier towards
CH; activation, thus enhancing C, selectivity.>*

3.4 Reactor design in the CLOCM process

Different reactor configurations have been investigated for
CLOCM, including fluidized bed, fixed bed and moving bed
reactor configurations.*>*® The fluidized bed reactor,
especially circulating fluidized bed reactors as proposed by
ACRO, has potential to provide superior heat and mass
transfer rates as compared to the other two
configurations.”>®** With the established technology on
circulating fluidized beds, the scale-up of such a system
would present a lower engineering risk for the CLOCM
technology. However, a fluidized bed exhibits CSTR-like well-
mixed flow patterns, which increases the probability of
undesired secondary reactions of C,. products with a
catalytic oxygen carrier, thus reducing the overall yield of
OCM taking place in the reactor. On the other hand, PFR-like
flow patterns such as those exhibited in a fixed bed or a
moving bed reactor are potentially beneficial for increasing
the CLOCM yield.*” A detailed study on the different types of
reactors that can be used for OCM have been reported by
Cruellas et al., which is a necessary addition to this article.*®
Additionally, an OCM plant requires a product processing
island to obtain the final products. The different options
include the separation of all the hydrocarbon products into
their individual components through the use of cryogenic
distillation, as seen in Fig. 7.7° The other process

Propylene Ethylene

Propane

=

R, [ Vﬁf
H) ©- |

Fig. 7 Cryogenic distillation train for separating the products from
OCM systems’® (reproduced with permission from the American
Chemical Society).
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configuration generating value-added products involves the
use of oligomerization to synthesize gasoline and
distillates.®>%°

The state-of-the-art work generally lacks a techno-
economic analysis (TEA) of the CLOCM system. Hence the
concept in OCM is adopted to gain insights into the TEA. A
TEA analysis of a naphtha steam cracker with respect to
catalytic OCM for ethylene production shed light on the
drawbacks of the OCM system under several reactor and
process configurations. The results of this comparison
indicate that ethylene production from OCM is not
competitive due to its high capital expense (CAPEX) and
electricity demand as compared to naphtha crackers.®”®®
Based on recent estimations, catalytic OCM is expected to be
competitive in at least two decades with regard to the
forecasted costs of natural gas and ethylene.®”

For an OCM system, the major cost- and energy-intensive
section is the downstream separation units.'> Both the C,,
selectivity and the CH, conversion play a crucial role in
defining the downstream separation requirements. As
mentioned in section 3.1, the elimination of molecular
oxygen from the gas phase theoretically improves the C,.
selectivity that can be achieved from CLOCM. This would
provide additional opportunities for CLOCM to be
economically feasible. Further, the TEA of catalytic OCM
systems estimate that the ASU accounts for ~8-16% of the
bare erected costs, and the majority of the cost is due to the
refrigeration units for the cryogenic distillation train and the
turbomachines such as compressors and expanders. Further,
the ASU required ~12.5-27% of the energy consumed in the
catalytic OCM system, adding to the operating cost of
producing ethylene.?”’®® These costs can be eliminated in a
CLOCM system, thus reducing the dependence of the high
CAPEX and operating expense (OPEX) of the OCM system.

4. Chemical looping dehydrogenation
of ethane (CLODH-C,)

Ethylene is conventionally produced through the naphtha or
ethane steam cracking process, which is a non-catalytic
thermally induced process. Typically, these units are run at
830-840 °C with a steam dilution of 0.4 kg kg™* at the reactor
pressure of 1.6-2 atm.®*°° As this review focuses on the shale

Table 3 Product composition for ethane steam cracker®>®*

Component % dry mole
H, 35.6-37.4
CO-CO, 0-0.1
CH, 4.0-5.8
C,H, 0.2-0.3
C,H, 33.4-34.6
CyHg 20.6-25.1
CsH, 0.48-0.5
C;Hg 0.08-0.09
Cys 0.44-0.54
Cs. 0.4-0.5
Others —

This journal is © The Royal Society of Chemistry 2020
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gas components, this section focuses on the conversion of
ethane to ethylene through the ODH process, and their
comparison with steam cracking of ethane. Table 3 depicts a
typical product composition from an ethane steam cracking
unit. The typical ethane conversion is around 65%, which is
close to the thermodynamic limit for the dehydrogenation of
ethane as listed in reaction (8).”

CyHg — CoHy + Hp (8)

For such a system the average ethylene selectivity is
approximately 80% with an average ethylene yield of 52%.
This high activity is accompanied by several process
drawbacks that mainly arise due to the endothermic nature
of reaction (8).°"°> On average, the production of one ton of
ethylene amounts to 1-1.2 tons of CO, due to the heat
generated by the furnace. Thus, the ODH system, for both
the catalytic and the chemical looping system, provides a
pathway to  ‘combust’ the hydrogen from the
dehydrogenation product, convert it to H,O and utilize this
exothermic energy to pair with the endothermic heat
requirement.

Several catalytic systems and chemical looping systems
have been proposed for the ODH of ethane, where the overall
reaction is depicted in reaction (9).”"%°°

C2H6 + 02 i C2H4 + Hzo (9)

CLODH-C, has gained a lot of attention due to its unique
advantages over the catalytic ODH and the steam cracking of
ethane and a detailed review has been published by Li et al.®
Several formulations and morphologies have been tested for
CLODH-C, which provide a significant improvement over the
commercial process, incentivizing a deeper investigation into
the reaction mechanism, techno-economic analysis, and
eventual commercialization. Compared with ethane steam
cracking, the CLODH-C, process demonstrates a lower CO,
emission by 87%.%* The review by Li et al. provides an in-
depth perspective of the different types of oxygen carriers
that can be used to perform CLODH with different
mechanisms which will not be repeated in this article.®®

Under high-temperature reaction conditions, ethane
thermally decomposes into ethylene and hydrogen while the
H, selectively reacts with the oxygen carrier to produce H,O.
In Mn-based oxygen carriers the selectivity towards CO, can
be limited to 1.9%.'°° The highest performance was reported
in a core-shell structure of NaW-promoted MgsMnOg oxygen
carrier, where W was proposed as the active site of the
selective oxidation of hydrogen. This composite oxygen
carrier exhibits an ethylene yield of 68.2% with a 78%
conversion of ethane and an 89.2% selectivity towards
ethylene, significantly exceeding the baseline ethane steam
cracker unit's performance.'*""%*

Under low-temperature reaction conditions where ethane
is unable to be activated thermally, the goal is to activate the
C-H bond of ethane to produce ethylene. Several types of
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oxygen carriers have been proposed at 500-700 °C, ranging
from Mn-based, Fe-based, La-based and V-based mixed metal
oxides.'®*% Under these conditions, Li doped La,Sr,_,-
FeO,_s at 700 °C shows an ethane conversion of 61% and an
ethylene selectivity of 90%. The yield of 54.9% is close to that
of the ethane steam cracking process at a lower
temperature.'®?

5. Chemical looping dehydrogenation
of propane and butane (CLODH-Cs,)

Propane and butane are petroleum gases which are produced
during shale gas refining. Compared with C1 and C2, they
have a higher energy content. The dehydrogenation of
propane and butane to the corresponding alkene products is
reversible and highly endothermic, thus higher reaction
temperatures are required to achieve high conversions.'*®
Further, propane or butane do not effectively convert to their
respective olefins as ethane converts to ethylene as seen in
Table 3. Both propane and butane tend to crack to C1-C2
products as compared to the dehydrogenated products.”>** A
temperature of 550-750 °C is typically needed in the
dehydrogenation of propane and butane to obtain alkane
conversions of over 50% at 1 atm.'”” Chemical looping
dehydrogenation of C3 and C4 (CLODH-C;;) is a novel
technology for alkene production, which can overcome the
thermodynamic equilibrium limitation in non-oxidative
dehydrogenation. Similar to chemical looping technologies
for methane (C1) and ethane (C2) dehydrogenation, the
CLODH-C3, process is also performed in two steps as below:

C3ayHs(10) T MOy — Cz(4)Hg(s) + MOy + H,O (10)
MO,; +1/20, — MO, (11)

In the first step, the oxygen carrier is reduced by propane or
butane under the gaseous oxygen-free atmosphere in the fuel
reactor; then the reduced oxygen carrier is regenerated by air
in the second step to complete a full cycle of the redox
reaction. Compared to the conventional ODH process,
CLODH-C;, can achieve higher yield because this process
reduces deep oxidation by eliminating direct contact between
gaseous oxygen and C3/C4 hydrocarbons.'*"'%

5.1 Materials for C3 and C4 dehydrogenation

As an emerging technology, there are only few studies
evaluating oxygen carriers for CLODH-C;.. However, the
research work on the selection of suitable metal oxide
catalysts for ODH of C3 and C4 can be used as the reference
for the development of CLODH-C;, oxygen carriers. Since C3
and C4 alkenes are more reactive than their alkane
counterparts at high temperature, unwanted side reactions
could occur during  dehydrogenation, including
hydrogenolysis, cracking and isomerization.""°
Hydrogenolysis is a chemical reaction whereby a C-C or C-
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heteroatom single bond is cleaved by hydrogen. Cracking also
results in the C-C bond cleavage to form smaller
hydrocarbons, although in this process hydrogen is not
required. However, it needs a catalyst to produce a
carbocation intermediate.'*"** Isomerization is a process by
which one molecule is transformed into another molecule
with a different arrangement and the same atoms. The
transformation may occur on a carbocation intermediate or
an adsorbed species on the surface of the dehydrogenation
catalyst.""*""** In addition, the high temperature required for
the dehydrogenation of C3 and C4 can lead to catalyst
deactivation due to coke formation. For example, Pt-based
catalysts will deteriorate during the catalytic ODH of propane;
thus, it needs to keep reactivating the catalysts to preserve
sufficient activity for C-H bond cleavage. The stepwise
stoichiometric reactions of oxygen carriers in CLODH-C;, are
fundamentally different from conventional ODH, as the
former involves ionic diffusion, oxygen vacancy formation
and transport both in the bulk and on the surface.'*® The
reduced oxygen carriers can be easily regenerated in the
oxidizer of chemical looping systems.

Vanadium oxide-based materials have been widely applied
for alkane dehydrogenation.''’~'*> The active sites on this
type of catalysts depend to a large extent on the property of
the support and the metal loading.'** V-0, V-O-V, V=0
species or a combination of these species may be
present.”**'*>> Among these species, V-O is the most active
site for propane dehydrogenation.'®*'*® Alumina is usually
used as the support for vanadium oxide catalysts which can
efficiently stabilize V-O-support species. Recently, a propane
dehydrogenation experiment was conducted in a bench-scale
fluidized reactor under chemical looping conditions using
VO,/CaO-y-Al,O; as catalytic oxygen carriers. Due to its
excellent oxygen carrying capacity, balanced acidity and
moderate interaction between active sites and support, 65%
propane conversion and 85% propylene selectivity were
achieved."”

Molybdenum oxides are also commonly used as oxide
catalysts in alkane dehydrogenation. The first report of a
molybdenum oxide-based catalyst for dehydrogenation was
MoO;/Al,0; used in the dehydrocyclization of n-heptane."® It
was found that Mo-O is highly active for C-H
dehydrogenation.”®® The catalytic properties of molybdenum
oxide with alumina support for the dehydrogenation of
n-butane were studied at 560 °C under atmospheric pressure.
An n-butene selectivity of 80% was obtained with a Mg: Mo
molar ratio of 1:1. Temperature-programmed reduction tests
indicate that Mo was well dispersed on the support. However,
if the catalysts were prepared in an acidic medium, the
dispersion became worse."** Mitchell et al prepared
molybdenum hydrotalcite catalysts, which have molybdate
intercalated into a hydrotalcite derived from magnesium
aluminum hydrotalcite. It was found that the intercalation of
molybdate is favored by a low pH (4.5), which is an important
factor in affecting the selectivity of the catalysts for propane
dehydrogenation."*
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The dehydrogenation activity of gallium oxide was first
reported in the late 1980s."*” In that report, the conversion of
propane to benzenic compounds was studied on various
GaHZSM5 catalysts at 530 °C. The results showed that
gallium species facilitate propane conversion and enhance
the selectivity for aromatics. However, the active sites of
gallium-based dehydrogenation catalysts are still unclear.
Ga,0; has a monoclinic structure with a high concentration
of Lewis acid sites on the surface. It was reported that these
sites may serve as the active sites for dehydrogenation.'** A
correlation between the NH;-TPD results and the initial
activity for Ga,03;-Al,0; oxides revealed that the population
of surface acid sites related to tetrahedral Ga®" cations is a
key factor in determining the activity of gallium oxide for C3
or C4 dehydrogenation. Xu et al. examined the effect of
supports on propane dehydrogenation over gallium oxide
catalysts. Their results show that ZrO,-, TiO,- and Al,O;-
supported Ga,O; metal oxides exhibited high activity, but
SiO,- and MgO-supported oxides were not active for propane
dehydrogenation. They concluded that the zeolitic support,
which includes a low concentration of medium and strong
acid sites and a relatively high concentration of weak acid
sites, leads to the formation of active species on the surface
of Ga,0;."*""** Recently, Shao et al performed a
comprehensive study to examine the support and loading
effect on the activity of Ga,0O; for propane dehydrogenation.
It was found that the support property and the loading
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Fig. 8 The effect of (a) the support and (b) Ga,O3z content on propane
conversion and propylene selectivity (reaction conditions: T = 620 °C;
CsHg : Ar (molar ratio) = 1:19; WHSV = 0.6 h™%; mc,. = 0.2 9).1*¢
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amount could significantly influence the textual properties,
surface morphologies, acidic properties, surface chemical
states, coke formation and dispersion of Ga species.
Compared to SBA-15, Al,O;- and SiO,-supported Ga,O3, the
ZSM-5-supported catalyst exhibit the highest activity as
shown in Fig. 8a, since it has the maximum number of well-
dispersed gallium species. However, a high Ga loading is
unfavorable for the propane dehydrogenation reaction
(Fig. 8b) because the Ga species are agglomerated, leading to
the deactivation of active sites."*® An overview of the V-, Mo-
and Ga-based metal oxide materials used for the
dehydrogenation of C3Hg and C,H;, is shown in Table 4. It
can be seen that the vanadium oxide-based material has the
potential to be an efficient oxygen carrier for CLODH since it
achieves not only high conversion but also high selectivity.

Yun et al. reported an active propane dehydrogenation
catalyst, H-[Fe]ZSM-5, which was prepared by incorporating
iron oxides in the framework of ZSM-5 zeolites. H-[Fe]ZSM-5
with a Si/Fe ratio of 26 showed a selectivity of about 85%
toward propylene at 773 K. It is generally believed that this
dehydrogenation reaction is catalyzed by the extra-framework
iron species from iron oxides ** Shimada et al. investigated
the activated carbon-supported iron-based catalyst for the
dehydrogenation of isobutane through the redox cycle of
Fe;0, and Fe as shown below:'*®

C4Hqo + Fe30,4 — i'C4H8 + Fe + H,O (12)
Fe + CO, — Fe,0, + CO (13)

The effect of loading level of iron, reaction temperature, time
on stream and reaction atmosphere on the isobutane
conversion, isobutene yield and isobutene selectivity was
investigated. An isobutane conversion of 48%, isobutene
yield of 40% and isobutene selectivity of 80% were obtained
with 0.3 mmol iron loaded on 1 g of activated carbon at
873 K.

These metal oxides discussed above could be efficient
oxygen carriers for the CLODH-C;, process. However, the
sintering of oxygen carrier particles might be a substantial
problem. In order to improve the anti-sintering ability of the
oxygen carriers, their structural stability in redox cycles
should be enhanced.

5.2 Process foundation for CLODH-C;,

As mentioned earlier, the dehydrogenation reaction is
endothermic  and  equilibrium  limited, requiring
temperatures in excess of 600 °C and low-pressure
conditions. Based on these requirements, several industrial
processes have been developed, two of which currently
dominate propylene and butene production: UOP's Oleflex
process and Lummus' Catofin process. The UOP Oleflex
technology uses a continuous moving bed process with a
regenerator as shown in Fig. 9a.""” The whole system can
operate continuously to produce an uninterrupted stream of
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Table 4 Summary of the performance of the V-, Mo- and Ga-based metal oxide materials for the dehydrogenation of CsHg and C4H;q

Materials Reaction temp Feed Conversion (%) Selectivity Ref.
VO,/CaO-y-Al,05 (1:1) 525-600 °C C;Hg 65 85% C3Hg 127
5% VO,/y-Al,04 550 °C C;Hg 11.7 86% C3Hg 137
2.2% VO,/y-Al, 04 520 °C C,Hyo 11 55% C4Hg 138
3.5% VO,/0-AL,0, 600 °C C,Hyo 32.9 56% C,Hg 139
5.2% VO,/Al,0, 580 °C C4Hy, 62 65% C4Hg 140
17.5% MoO;/y-Al, O, 380 °C C;Hg 1.7 83% C;Hg 141
13.4% Mo05/AL,0; 560 °C C,Hyo 21 50% C,Hg 142
14.2% Mo0,/SiC 560 °C C4Hyo 22 38% C4Hg 143
1.7 wt% Ga,0,/Si0, 550 °C C;Hg 23 86% C;He 144
5 Wt% Gay03/ZrO, 600 °C C;Hg 39 74% CsHg 144
Ga,0;/MTS (mesoporous silica) 550 °C C,4Ho 46 58.3% C,Hg 133

reaction products. In this system, the spherical platinum-
based metal particles are applied as catalysts which travel
through all of the reactors and then are regenerated. The
regenerated catalyst is then transported to the first reactor,
completing an entire cycle. The Lummus Catofin technology
was developed in the 1940s. It involves a cyclic reactor
technology with 5-8 parallel adiabatic fixed-bed reactors
going through reaction, reheat and regeneration using a
chromia-alumina catalyst developed by Clariant.’*® A
schematic of a Catofin dehydrogenation process is shown in
Fig. 9b. A comparison of the specifics of these two processes
is presented in Table 5.

In UOP's Oleflex process and Lummus' Catofin process,
the formation and deposition of coke is unavoidable, leading
to a short catalyst life. Therefore, CLODH-C;, technology has

(a) UOP’s Oleflex process

Reactor Section

Regeneration Section

pressor Dryer
] I

Heater Cells

Rx Effluent

H, Recycle Net Gas(H,)

(b) Lummus’ Catofin process

Charge
Heater Air Heater Air

I ¢ On Purge On Steam

| | | | | | On Reheat

Fuel Gas
C3-Cs
Paraffin Cold Box

Product
Compressor Cooler

Fig. 9 (a) UOP's Oleflex process flow diagram. (b) Lummus' Catofin
process flow diagram.

» C2.Ca
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the potential to be more efficient in C3 and C4
dehydrogenation applications due to the many reduction and
oxidation reactions involved. Recently, Chen et al. reported a
chemical looping dehydrogenation process for propane
dehydrogenation to propylene using a dual-functional Mo-V-
O mixed oxide as shown in Fig. 10a."*® The redox
experiments were run via dehydrogenation-regeneration
cycles without feeding molecular oxygen. Fig. 10b shows the
evolution of product compositions over Mo-V-O mixed
oxides at 500 °C. Three characteristic regions are identified:
overoxidation, oxidative dehydrogenation and nonoxidative
dehydrogenation. In the first region, 36% propane conversion
and 89% propylene selectivity were achieved, which breaks
through the PDH equilibrium yield of 28% via at equivalent
conditions. During the overall dehydrogenation step, ~80%
propylene selectivity and 0.8 mol kg ' yield was obtained
as shown in Fig. 10c. The propylene yield reported in this
work has exceeded that of conventional ODH catalysts due to
the involvement and modulation of bulk lattice oxygen via
Mo doping. This work provides a fundamental insight into
the oxygen carrier evolution in the dehydrogenation process
and a promising strategy for CLODH-C;, technology. With
the development of efficient oxygen carriers, we believe that
CLODH-C;, technology has the potential to be commercially
deployable in the near future.

6. Conclusions and perspectives

Alkanes in shale gas are important feedstocks for value-
added chemical conversion. In this article we have reviewed
the state-of-the-art chemical looping reforming schemes
including the most extensively studied processes CLPO,
CLOCM and CLODH. The redox reactions of oxygen carriers
in these processes are different from catalytic reforming on
conventional catalysts, as the former involves ionic diffusion,
oxygen vacancy formation and transport both in the bulk and
on the surface of oxygen carriers. The state-of-the-art CLPO of
methane process has a major focus on oxygen carrier design
and improvement. A design evolution from microparticles to
nanoparticles has been readily established with significantly
improved performance and properties. In the CLOCM
process, mechanistic insights involving the interaction of

This journal is © The Royal Society of Chemistry 2020
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Table 5 Comparison of specifics of the Oleflex and Catofin processes

View Article Online

Review

Process UOP's Oleflex process

Lummus' Catofin process

Reactor system Continuous moving beds

Fixed beds in parallel

Catalyst Platinum-based metal catalyst, ~5 year lifetime Chromia-alumina catalyst ~3 year lifetime
Heating Using gas flow preheaters Heating the catalyst during regeneration
Operating conditions ~600 °C, 1-3 bar ~600 °C, 0.5-1 bar

Conversion (%) 35-40 45-50

Selectivity (%) ~90 ~90

oxygen vacancies on the surface of the oxygen carrier with
CH, intermediate species are believed to have an impact on
the overall yield of C,, products. Additionally, as the oxygen
carrier reduction progresses, the overall yield of the C,.
products typically decreases, which is a direct result of the
reduced availability of oxygen to facilitate CLOCM reactions.
This is due to the reduced oxygen diffusion from the bulk to
the surface of the oxygen carrier. Thus, the reaction times
could be limited to a few seconds of high CLOCM
performance, which could be increased as the oxygen
diffusion rate can be increased in a controlled fashion

Oxidative Air
(a) Dehydrogenation CL-ODH Regeneration
CyHg+ H,0 + H,
—* @a <
Vo, ga” . V0, Y
/. co, V05

| @

Q— . CiHs
AZCAN
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N ]

7 V0, + air VO, + depleted air
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C,H, feed inert purge
=
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Fig. 10 (a) CLODH scheme. (b) Product profiles over Mo-V-O (V/Mo =

6) with different reaction times. (c) Product profiles over Mo-V-O (V/

Mo = 6) during 100 cycles*® (reproduced with permission from the

American Chemical Society).

This journal is © The Royal Society of Chemistry 2020

through the modification of the oxygen -carrier. These
considerations could aid in enhancing the viability of the
CLOCM process. For CLODH, the state-of-the-art oxygen
carrier particles have certain drawbacks due to limited oxygen
diffusion from the bulk to the surface. Thus, similar oxygen
carrier formulation strategies derived from CLPO and
CLOCM can be considered for CLODH. Understanding the
mechanisms of the C-C cracking and C-H bond cleavage on
the surfaces of oxygen carriers as well as the thermodynamic
and kinetic properties of these metal oxide based materials is
also essential in successfully engineering cyclic redox
reactions towards chemical looping reforming and
dehydrogenation of C1-C4 in shale gas.
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