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Abstract: A review on the catalytic oxidative cracking of light
alkanes to alkenes is presented as an alternative route to steam
cracking for production of alkenes. Catalytic oxidative cracking
is a combination of heterogeneous and homogeneous reac-
tions; the reaction is initiated on the catalyst surface followed
by thermal gas phase cracking. The review focuses on the cata-
lytic generation of alkyl radicals at moderate temperatures
(550-650 °C) using the Li/MgO system. Comparison with other
catalyst systems such as Li/Y,03, Au/La,0s, Au-SCZ, BiOCl, B,O5/
Al,O3, Co-N/Al,O5 and Pt/Al,O3; monoliths is included. Gold sup-
\ported on sulfated ceria-zirconia catalyst (Au-SCZ) is concluded

to be a promising catalyst for further study. In addition to cata-
lytic initiation of radicals, the review discusses alkyl generation
using non-equilibrium plasma. Plasma-catalysis in oxidative
cracking induces synergy effects and introduces significant im-
provement in yields of alkenes; however, further understanding
of plasma chemistry needs to be elaborated. Minimizing CO,
production and maximizing yields of valuable C,-C, alkenes
remains the bottleneck for the commercialization of oxidative
cracking process. Future research should focus on reactor de-
sign and on developing optimized reactor-catalyst systems.

%

1. Introduction

Catalytic oxidative cracking has received considerable interest
in the past years as an alternative to steam cracking for the
production of light alkenes. Light alkenes i.e. ethene and
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propene are the building blocks of the petrochemical industry
and the basis for a broad range of consumables. The annual
production for ethene and propene is roughly 1.5 x 10® t and
8 x 107 t, respectively.l"! Yet, due to a rapidly growing world
population, the demand for these alkenes is increasing tremen-
dously,”” with demand for propene growing stronger than that
of ethene B4

Besides some commercialized on-purpose alkene technolo-
gies, (dehydrogenation and methanol to alkenes)™ steam
cracking remains today the major route for the production of
light alkenes. However, it is a very energy intensive process,
which makes it economically and ecologically less attractive. It
is reported that the pyrolysis section of a naphtha steam
cracker alone consumes approximately 65 % of the total proc-
ess energy required and generates approximately 75 % of the
total exergy loss.®) Consequently, the process is accompanied
by high emissions of CO, as a result of fuel combustion. More-
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over, the shift to lighter feedstocks in steam crackers®™ makes
the production capacities of C3-C, alkenes from this process
insufficient to meet the growing demands of these alkenes. This
urges the presence of on-purpose alkene technologies. Consid-
ering these issues, although being state of art technology, re-
searchers have been looking in the past years for alternative
processes to steam cracking.

Catalytic oxidative cracking is conceptually a potential alter-
native process to steam cracking and brings the following ad-
vantages: (1) autothermal operation; reaction in presence of
oxygen is exothermic and generates in-situ heat for endother-
mic cracking reactions. This minimizes external heat input and
reduces investment costs of utilities. (2) Cofeeding oxygen
helps to minimize the extent of coke formation and (3) the
presence of catalyst enables activation of cracking reactions at
lower temperatures, allowing further tuning of selectivity to alk-
enes.

In, non-catalytic, oxidative cracking of alkanes, there is an
agreement on that presence of oxygen in the feed alters reac-
tion thermodynamics, accelerating reaction rate and alkane
conversions. Moreover, oxygen inhibits the formation of heavy
products, which are precursors for tar and soot formation.[’-1%
For the cracking of n-hexane at 650 °C,'”! n-hexane conversion
and yield of alkenes in absence of oxygen are 2.3 and 1.4 wt.-
%, respectively, while in oxidative cracking, they reach 72.2 and
39.1 wt.-%, respectively. Oxidative cracking results in slightly
lower alkene selectivities than non-oxidative cracking due to
CO, formation. High CO/CO, ratios indicates the dominancy of
partial oxidation of n-hexane over total oxidation.

It is well known that thermal cracking is initiated by C-C
bond scission and radical formation, which later propagates in
gas phase forming cracking products."" In gas phase oxidative
cracking, there is clear evidence that oxygen participates in the
initiation of the chain reaction and partially oxidizes some of
the alkane to form carbon monoxide and water, releasing heat
necessary for propagation reaction of the remaining hexane, i.e.
B-decomposition of free radicals formed.[!

The use of catalyst in oxidative cracking reactions is justified
by its role in initiating cracking reactions at temperatures lower
than those required for non-catalytic reactions. At these low
temperatures, the active catalyst initiates cracking reactions
when extent of gas phase initiation remains small. After initia-
tion however, thermal cracking in gas phase is a dominant reac-
tion route. Catalytic oxidative cracking, is hence, a combination
of heterogeneous (catalytic) and homogeneous (gas phase)
reactions. Additionally, the catalyst helps tuning the product
selectivity towards the formation of light alkenes.'?7'%! In the
absence of the catalyst the formation of higher hydrocarbons
(alkanes, aromatics) are common. The presence of the catalyst
is thus crucial in improving alkene yields at conditions when
gas phase cracking would result in minimal alkene formation.
For example, catalytic cracking of hexane over Li/MgO catalyst
at 575 °C, results in 17 wt.-% yield of C,—C, alkenes (28 wt.-%
Cg conversion and 60 wt.-% selectivity to C,—C, alkenes) while
non-catalytic cracking results only in 1 wt.-% yield of alkenes.['¥
It is worth mentioning that in catalytic oxidative cracking, total
oxidation reactions dominate over partial oxidation leading to
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CO, formation. CO, formation is unavoidable in oxidative crack-
ing and has always been the bottleneck, preventing commer-
cialization of this process.'”!

Researchers have investigated different catalytic systems for
the oxidative cracking of light alkanes (C;-Cs). In all these proc-
esses, the catalyst plays a significant role in initiation and accel-
eration of the cracking reaction. The initiation mechanism of
cracking in these reactions very much depends on the nature
of the active sites of the catalyst. Basically two mechanisms are
reported:

(1) Surface initiation by hydrogen abstraction from the alkane
and formation of alkyl species/radicals which further undergo
[-scission reaction in gas phase to yield cracking products.
Catalysts systems reported are: (1) Alkali, alkaline earth,
and rare earth oxides such as Li/MgQ,">2" Li/La,O5 and Li/
Y,03,1822-2°1 (2) gold-containing catalysts such as Au/La,0512%
and gold supported on sulfated ceria-zirconia (Au-SCZ),?”!
(3) nitrogen-containing cobalt supported on alumina,!282
(4) boria catalysts,'3°-32 and (5) oxychlorides.*3! Molybdena and
vanadia-based catalysts are mainly reported for oxidative de-
hydrogenation reactions and will not be discussed here.[34-401
Li/MgO is repeatedly reported in literature for the oxidative
cracking of lower alkanes. At the University of Twente, we have
conducted extensive work studying moderate and low temper-
ature alkyl radical generation using Li/MgO!'2~*I and combined
plasma-Li/MgO systems;*1-%1 in the oxidative cracking of prop-
ane, butane and n-hexane.

(2) Surface catalyzed oxidation reactions followed by gas phase
thermal cracking. This is a common mechanism when Pt coated
monoliths are used as described by Schmidt and co-workers
in the oxidative cracking of alkanes at short contact times of
milliseconds.[*=>4 In this review, we will present and discuss
the performance of these various catalyst systems for the oxid-
ative cracking of alkanes. We will emphasize however on work
done at the University of Twente on the Li/MgO system, de-
scribing active site, mechanism and performance, in addition
to application of non-equilibrium plasma for enhanced radical
generation. In addition to catalyst systems, the review will
present an insight on the economic feasibility of the process.

2. Catalyst Systems for Oxidative Cracking

2.1. Li/MgO

Magnesium oxide exhibits poor activity and selectivity to alk-
enes in the oxidative cracking of lower alkanes.>>! However, as
the case with the rare earth oxides, Li promotion of MgO results
in significant improvement in catalyst performance.>>=>7 Li/
MgO has been extensively studied in literature for the oxidative
conversion of alkanes; oxidative coupling of methane!®®-%? and
oxidative dehydrogenation/cracking of ethane,3*%3! propane,
butane and hexane.['>-'1 Usually, alkane conversion increases
with the increase in the carbon chain length, due to the de-
crease in the C-H bond strength. For example, at 600 °C, cata-
lytic cracking of n-propane over 1 %Li/MgO results in 33 wt.-%
conversion of propane and 56 wt.-% selectivity to alkenes
(18 wt.-% yields of alkenes).l'?! At the same temperature, cata-
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lytic cracking of n-hexane, results in 36 wt.-% conversion and
61 wt.-% selectivity to C,—C, alkenes (22 wt.-% vyields of alk-
enes).['4

2.1.1 Active Site and Cracking Mechanism

There is a general agreement in literature, based on the exten-
sive spectroscopic work of Knézinger and co-workers®*6>! and
recent literature,'°®%”! that the catalytic function of MgO is con-
nected to defect sites and is not a property of the MgO phase.
MgO itself is a poor oxidation catalyst due to the lack of mobile
electrons which stay trapped at the defect sites. Low coordi-
nated Mg?*, 0% ¢ sites at steps and corners are believed to be
the active sites for hydrogen abstraction from the alkane during
oxidative cracking reactions.[°6:6465!

As far as concerning the lithium promotion of MgO, there is
clear evidence based on the work of Knézinger®! and more
recently Lefferts and co-workers from University of Twente!®®
91 and Schlégl and co-workers!>657:66671 from Frits Haber Insti-
tute and Hamboldt University, that lithium ions effectively alter
morphology of MgO leading to better performance for oxid-
ative cracking reactions.

Two claims are reported in literature explaining the nature
of the active sites of Li/MgO catalyst. The first claim is presented
by Lunsford and co-workers, who extensively studied the Li/
MgO system for the oxidative coupling of methane.’®>°! They
attributed catalyst activity in methane activation to [Li*O7] sites
of the catalyst.®® The mechanism for the formation of the
[Li*O7] sites was described based on the proposition made ear-
lier by Abraham and co-workers.”>”" Upon thermal treatment
of MgO doped with Li, Li* ions diffuse and substitute Mg?*
cations [Equation (1)]. The excess of the cations on the MgO
matrix leads to the formation of oxygen vacancies which in the
presence of gas phase oxygen at high temperatures, result in
0% ions and [Li*O7] centers [Equation (2)].

This process is expressed by the following equation, V, de-
notes oxygen vacancy:>®

Liy0 + 2Mgdt + 05 = 2Li%5 + Vo + 2Mg )
2LiT0* + Vo + 1/20,  2LiT0™ + 0%~ 2

Alternatively, Trionfetti et al. reported on the sol-gel method
for the preparation of the Li/MgQ.[%8%°! With this method incor-
poration of Li in magnesia is achieved under milder conditions
(during sol-gel transformation), avoiding the need to calcine
the catalyst at very high temperatures. Thus, compared to the
catalyst prepared via the conventional impregnation route, the
sol-gel prepared catalyst exhibits both higher surface area and
higher concentration of active sites.

The reaction model for OCM as proposed by Lunsford and
co-workers is as the following:©8

At first CH;" radicals are formed from reaction of CH, with
[O7] sites of [Li*O7].

CH, + Lit0™ - LitOH™ + CH; (3)
The methyl radical is released to gas phase and follows a

series of reactions: (1) Coupling with another methyl radical to
form ethane [Equation (4)] and (2) reaction with gas phase oxy-
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gen to form methylperoxy radical which acts as chain propaga-
tor and accelerates gas phase chemistry [Equation (5)].
2CH; — C;Hg (4)

CHy + 0, > CH,0; (5)

Ethane formed, can further interact with oxygen to form
ethyl radical which reacts in gas phase to form ethene:

C,Hg + 07 = C,Hz + OH~ (6)
C,H; + 0%~ > 0C,HZ + e” (7)
OC,HZ — CyHy + OH™ (8)

The hypothesis by Lunsford concerning the [Li*O7] active
sites in Li/MgO was generally accepted for a long time, until it
was recently questioned by Kwapien et all®”! This research
group concluded, based on quantum chemical calculations,
that [Li*O7] is not the active site. Calculations on cluster models
illustrated that both Li/MgO and MgO possess the same nature
of active sites; i.e. low coordinated MgO sites at steps and cor-
ners. This new claim thus, is that promotion with lithium does
not introduce new active sites, however, enhances the concen-
tration of defect sites in MgO. Li* ions and oxygen vacancies
tend to segregate to the steps of MgO increasing the number of
low coordinated Mg?+*0?~ sites (Mg?*3c0% 3¢), hence enhancing
catalyst activity.>>>7>869 Consequently, improvement of cata-
lyst selectivity, is attributed to the decrease in number of
Mg?*,c0% 4 sites at the steps of MgO. Mg?*,c0% ¢ are unse-
lective sites and promote CO, formation during oxidative crack-
ing.

The reaction model of oxidative coupling of methane on
the Mg?*0?" sites is described as follows.””! Heterolytic bond-
ing of CH, on Mg?*O?" sites at steps and corners followed by
release of methyl radicals to gas phase in presence of O, [Equa-
tions (9-11)].

[Mg** 0% ygo + H—CH3 = [HO~(Mg—CH3)* lugo

= [HO™Mg~*lugo + CHz (9)

The unpaired electron formed in this reaction facilitates O,
chemisorption as a superoxide species:

[HO"Mg *lugo + 0z = (02_)[HO_MQZ+]Mgo (10)

The reaction is very exothermic (=191 kJ mol~') and the over-
all process is:

[Mg**0* Jugo + H — CHz + 0, = (05 ) [HO"Mg**|yg0 + ‘CHs
(1)

The Mg-methylate could alternatively react with O, to form
surface peroxo species. Despite the new hypothesis on the na-
ture of the active sites, the reaction mechanism remains similar
as proposed by Lunsford; i.e. the surface acting as a generator
of radical species.

Kinetic experiments of oxidative cracking of higher alkanes;
i.e. propane, n-butane and n-hexane, shows similar reaction
mechanism as proposed for oxidative coupling of methane.
Alkane activation takes place via the active sites of the catalyst
leading to the formation of an alkyl radical [Equation (12)]. Iso-
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alkyl radicals are formed more dominantly than primary alkyl
radicals, due to the relative stability of the radical on the sec-
ondary carbon atom than on the primary one.['? The later then
leaves the surface and reacts further in gas phase in presence of
oxygen to form cracking products [Equation (13)]. The product
mixture consists of C,—C, alkenes, C;-Cs alkanes, CO, and H,O.

CoHznyo + 05 = 1—CyHyp 4, + OHy (12)

CoHsp 41 + 0, = C;—Cs alkanes + C;—Cyolefins + CO, + H,0 (13)

Usually, alkane conversion increases with the increase in the
carbon chain length, due to the decrease in the C-H bond
strength, confirming that hydrogen abstraction from the alkane
is the rate-determining step. Selectivity to alkenes change only
slightly with the increase in carbon number. At 650 °C, selecti-
vity to alkenes from cracking of ethane, propane and n-butane
is reported to be in the range of 60-70 wt.-%.'?! Cracking prod-
ucts, however, change with carbon chain length depending on
the decomposition routes of the primary and secondary alkyl
radicals in the gas phase. For example, oxidative cracking of n-
butane results in butene, propene and ethene, while in oxid-
ative cracking of ethane, ethene is the only alkene observed.!'?

2.1.2 Influence of Oxygen Partial Pressures

In oxidative cracking over the Li/MgO system, oxygen plays two
significant roles. Firstly, oxygen accelerates alkane conversions
via the formation of hydroperoxy HO,* and OH- radicals which
act as chain propagators of the gas phase chemistry. During
the oxidative cracking of both propane!’ and n-hexane, ' in-
creasing oxygen concentrations led to significant improvement
in alkane conversions. Figure 1 shows the influence of oxygen
partial pressures on the rate of formation of various products
for the oxidative cracking of n-propane. Leveles et al.l'? sche-
matically (Figure 2) described the mechanism of propane crack-
ing, both in presence and absence of oxygen.

1

Rate (10° mol/g/s)

0 T
0 0.1 0.2

P{O;)/bar

Figure 1. Rates of formation over the catalyst vs. oxygen partial pressure.
Conditions: P(CO,) = 20 mbar; P (CsHg) = 280 mbar; T = 600 °C; total flow =
100 mL min~"; 200 mg of catalyst.!'?

Secondly, oxygen is necessary to regenerate the active sites
of the catalyst. Two mechanisms are reported in literature.
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l — without O,

(o)
initiation EXRN 4 CH,0O:--p CO,,

CH,

[cH]

Figure 2. Reaction mechanism for the oxidative cracking of propane with and
without oxygen in the feed.l'?

Equations (14-15) describe the mechanism proposed by Luns-
ford et al.>® [.] denotes an electron trapped at an oxygen ion
vacancy.

2Li" OH - LiT 0+ Li*[.]+H,0 (14)

Lit[.]+1/20, —» LitO~ (15)

In oxidative cracking of propane, based on the work by Sinev
and co-workers,7274 Leveles et all'? proposed a different
mechanism as presented in Equations (16-19). Note that the
overall regeneration reaction remains identical to the preposi-
tion made by Lunsford et al. for OCM. The critical difference is
that the new mechanism does not involve the energetically
very expensive removal of lattice oxygen. This is confirmed by
theoretical calculations of reaction energies of surface interme-
diates.”#

0, + OH;y > 07 + HO, (16)

HO; + OH; — 05 + H,0, (17)

H,0, > 2 OH (18)

‘OH + OH; - 05 + H,0 (19)

2.1.3 Influence of Temperature

Reaction temperature has clear influence on both conversion
and selectivity. Alkane conversion dramatically increases with
temperature accompanied with increase in selectivity to alk-
enes and decrease in selectivity to CO,.['2'4

Figure 3 shows the influence of temperature on conversion
and selectivity for oxidative cracking of propane.

At temperatures above 600 °C, gas phase activation of the
alkane starts to become significant and dominates over the
heterogeneous activation route via the catalyst. Therefore, in
catalytic oxidative cracking, it is essential to operate at relatively
low temperatures (550 to 600 °C) where gas phase initiation is
negligible. However, too low temperatures, favor total combus-
tion reactions, via the catalyst surface, minimize cracking and
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conversion (%)

T(°C)

Figure 3. Conversion of propane and selectivities for various products vs.
temperature over Li/MgO catalyst. Conditions: 10 % propane and 8 % oxygen
in He; total flow, 10 mL min~'; 100 mg of catalyst.!'?]

alkene formation. At low temperatures formation of surface alk-
oxide species are favored from reaction of alkyl radicals with
0% sites of MgO (probably on Mg2*,c0%4¢) [Equation (20)].
Alkoxide species are reactive and known to be intermediates in
total oxidation pathways through consecutive attack by gas
phase oxygen [Equation (21)].l'47%]

CpHinyy + 02" = [0C Hypyq]s + €7 (20)

[0ChHaps1]s + 02 + 6~ = CO + COy + Hy,0 + 027 (21)

2.1.4 Selectivity vs. Conversion

Interestingly and due to inherent property of Li/MgO, unlike the
case with redox catalysts (V,0O5s), selectivity to alkenes remains
invariant with alkane conversions.

These promising results are due to both basic and non-redox
properties of the Li/MgO catalyst which prevents further ad-
sorption and hence combustion of the product alkene. More-
over, in the oxidative cracking of propane, Leveles et al.l'? illus-
trated that at similar experimental conditions even in presence
of gas phase oxygen, rate of conversion of propene is lower
than that of propane, explaining the absence of secondary reac-
tions of propene. Figure 4 clearly illustrates how selectivities to
alkenes remain unchanged as function of propane conversion.

50
— e o . CiHe ]
g VIV . ]
> -
2 25 1
o
2
8 ‘——‘——‘—i——c—ez‘—-__-__-_-_i
CH, -
—e—a—f ~
0 T T ~0 T T
0 5 10 15 20 25

conversion (%)

Figure 4. Selectivities for various products vs. propane conversion at 600 °C
with Li/MgO catalysts. Conditions: 10 % propane and 8 % oxygen in He; total
flow, 4-80 mL min~'; 100 mg of catalyst.'?
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Similar observations were obtained from the oxidative cracking
of n-hexane.l'¥

2.1.5 Heterogeneous vs. Homogeneous Reaction

As mentioned above, oxidative cracking over Li/MgO is a com-
bination of heterogeneous and homogeneous gas phase reac-
tions. In addition to temperature, both residence time and par-
tial pressure of the alkane have a crucial effect on gas phase
initiation of cracking. To minimize extent of gas phase initiation,
optimal residence times and partial pressures of the alkane are
needed to minimize the extent of gas phase initiation. Leveles
et al.l"? show that for oxidative cracking of propane residence
times below 0.5 s are needed to limit the activation on the
catalyst surface. Additionally, there is clear evidence on the ef-
fect of post catalytic free volume on enhancing gas phase reac-
tions and hence conversions. In oxidative cracking of hexane,
Boyadjian et al.['¥ similar to earlier work by Nguyen et al.,[7®!
reported on the effect of post catalytic volume on n-hexane
conversions (Table 1).

Table 1. Influence of post-catalytic volume on oxidative cracking of n-hexane
(reaction conditions: 100 mL min~', 10 % hexane, 8 % oxygen and balance
He; WHSV = 15.4 h™!, T = 575 °C).'¥

Without post-cat. vol. With post-cat. vol.

Conversion (mol-%)

n-Hexane 28.4 33.6
Oxygen 65.2 65.5

Selectivity (mol-%)

CO, 24.6 20.5
CH, 1.9 23
C,-C, alkenes 60.7 63.3
C,-C, alkanes 4.4 5.0
Cs-products 8.5 8.9

2.1.6 Promotion of Li/MgO

There is a general agreement on that promotion of Li/MgO
would lead to loss of lithium, hence eventually to loss of cata-
lytic activity.['® Therefore promotion of Li/MgO is unfavorable
and not commonly studied. Basically, three types of promoters
have been studied: (1) promotion with a rare earth metal; e.g.
Dy,['82% (2) promotion with a halogen!'®'?! and promotion with
redox promoters such as Mo, V and Bi,""¥ discussed in section
2.1.7.

In Li/Dy/MgO, addition of Dy,03 to Li/MgO, decreases cata-
lyst activity by a factor of two, together with slight decrease in
selectivity. Thus, the additional Dy,05 system results in an nega-
tive effect on catalyst performance, due to the loss of lithium
as LiDy0,.l"8]

Chlorine-containing Li/MgO exhibits high activity and selec-
tivity to alkenes in oxidative cracking reactions; however, the
catalyst suffers from deactivation due to loss of Cl. Lercher and
co-workers!'®19! investigated the role of chlorine addition on
performance of Li/Dy/MgO for the oxidative cracking reactions.
Figure 5 illustrates these results. Chlorine-containing catalyst
shows clear deactivation; thus, researchers conclude that Li is
the only essential addition to magnesia.
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Figure 5. Effect of chloride addition on the conversion (filled symbols) and
selectivity (open symbols) of the Mg-Dy-Li-Cl (triangle symbols) and Mg-
Dy-Li (square symbols) catalysts with time on stream. Feed, propane; WHSV,
1 h—1.[18]

2.1.7 Stability of Li/MgO

One drawback of the Li/MgO system is the loss of activity with
time, especially within the first hours of reaction. Different deac-
tivation mechanisms are reported depending on the nature of
the active sites considered. With the claim of the [Li*O7] sites
as the active sites of the catalyst, the role of product CO, in
poisoning of these sites was reported repeatedly.'>'415] The
product CO, inhibits reaction by adsorption on the [Li*O7] sites
of the catalyst forming Li,COs, the presence of which has been
detected by TPD of carbon dioxide.

With the recent claim however, considering the low coordi-
nated Mg?* (0% ¢ sites at the steps and corners of MgO as the
active sites of the catalyst, catalyst deactivation is attributed to
sintering enhanced by presence of Li,COs. In MgO, sintering
leads to drastic changes in the primary particle morphology as
indicated by electron microscopy and spectroscopic techniques,
which in turn leads to loss of defect sites (active sites) on the
steps and terraces of Mg0.[>%671

Doping the catalyst with redox promoters like molybdenum
and bismuth helps to maintain catalyst stability, hence achieve

Li/MgO used
3° g
8'. ‘
§4 LI/MgO fresh E 3
= HE
: - 5
=
g I3
- (<]
o @
@ 2 @
® MoO,-LiMgO used °
4 k]
1 e
1—I ! &
0 :
T 1
)
)
Bi,0,-Li/MgO used P

100 200 300 400 500 600
Temperature (°C)

700 800 900

Figure 6. Temperature programmed desorption of CO, for fresh and used
catalysts (TPD in situ after catalytic reaction, signals are normalized to the
BET surface area). Temperature ramp 10 °C min~', He 10 mL min~".['¥]
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higher yields of light alkenes.™™ It is believed that the presence
of the dopant repels CO, and significantly inhibits Li,CO3 forma-
tion, hence preventing sintering and preserving catalyst activity.
Low concentrations of the dopant are sufficient to improve cat-
alyst stability. Higher concentrations lead to combustion via
Mars-van-Krevelen oxidation/reduction cycles, moreover as
mentioned in the earlier section, high concentrations of
dopants would lead to loss of lithium and are hence un-
favorable.®”! Figure 6 shows TPD of CO, from doped and un-
doped Li/MgO catalyst after being used for the oxidative crack-
ing of n-hexane. Doped catalyst results in significantly lower
CO, desorption peak.

In addition to sintering, in oxidative coupling of methane at
high reaction temperatures, there is evidence of lithium loss via
volatilization. This is however less relevant for oxidative cracking
because of the milder reaction temperatures used.[°”)

2.2. Rare Earth Oxides

Various rare earth oxides have been studied in literature for the
oxidative cracking of n-butane, these include: (1) stoichiometric
rare earth oxides such as La,0s; Sm,0s, Eu,05, Gd,05 and (2)
non-stoichiometric rare earth oxides such as CeO,, PrO;; and
Tb,0,.[® Oxidative cracking over non-stoichiometric rare earth
oxides proceeds via redox reaction involving lattice oxygen.
This results in low catalyst activity and selectivity to alkenes as
result of total oxidation and significant CO, formation.

Amongst various rare earth oxides tested, Sm,0s; shows
highest activity and selectivity to C,—C,4 alkenes. At 600 °C ca. 37
and 25 wt.-% yield to alkenes and CO, is reported, respectively.
Oxidative cracking over rare earth oxides proceeds via
hydrogen abstraction from the alkane by active surface oxygen
species, 0%~ and O~, forming alkyl radicals which undergo -
scission and further crack in gas phase.l*?24 CO, formation
over these catalyst systems results from interaction between
intermediate radicals/alkenes and active oxygen species. This is
favored at low temperatures due to the long-life adsorbed radi-
cals. Nevertheless, at high temperatures the rate of the release
of these intermediate species is increased leading to lower CO,
formation.

Promotion of rare earth oxides with alkali metals results in
further improvement in catalyst performance. Figure 7 shows
that, for oxidative cracking of n-butane, doping of La,03 with
Na, Li and K results in significant improvement in selectivities
to light alkenes,”® the extent of which would depend on the
type of the alkali metal. It is commonly observed that of all
alkali metals, Li doping results in best selectivities to alkenes.
For oxidative cracking of n-butane at 700 °C, Li/La,O5 results in
79 wt-% selectivity to alkenes. The catalyst however exhibits
relatively low activity for n-butane conversion (19 wt-% n-
butane conversion).” Amongst various Li doped rare earth
oxides (Li/La,05, Li/Sm,0s3, Li/Gd,0s3, Li/Y,03), Li/Y,05 exhibits
best activity and yields of alkenes. Oxidative cracking of
n-butane over Li/Y,03 at 700° results in 39 wt.-% yield of C,—-C,
alkenes.”* In general the positive effect of alkali metal doping
is associated to the role of the latter in weakening the adsorp-
tion of intermediate hydrocarbon species as well as alkenes to
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the catalyst surface. Apparently, this effect strongly depends on
the type of the alkali metal. In case of Li/Y,03, the presence of
a thin layer of Li,COs is reported, which enhances the formation
of new active oxygen species, in addition to hindering deep
oxidation reactions.!?#

C,-conversion (%)

Lay0, -] 42.5(%) Fco,

[Tco

Cs/La,0, =] 26.5(%) B2 cHe

| EdcaHe

Na/La;O, 1 17.7 (%) Ec"‘
KiLa,0, = 36.3(%) >0

[ c4He

LilLa;0, MBS, woen | o

| R

0 20 40 60 80 100
Selectivity (%)

Figure 7. Changes in selectivity after modifying La,O5 with alkali metals. Reac-
tion temperature = 600 °C; W/F = 0.43 g s/mL; feed n-butane/oxygen/nitro-
gen/helium = 1.4/1.5/5.6/88.5 (mL min~', NTP); molar ratio of alkali metal/
La = 1.0.8

More recently, Sa et al.1?®! reported on the oxidative cracking
of n-butane over Au/La,0;. At 650 °C, ca. 40 wt.-% conversion
and 47.7 wt-% selectivity to alkenes is achieved. The active
site is believed to be a combination between cationic gold and
lanthanum oxide, which activates the n-butane at low tempera-
tures. The catalyst is selective towards alkene formation and
does not provide sites for combustion reactions, leading to low
CO, formation. The addition of gold also appears to stabilize
lanthanum oxycarbonate species that may play a role in en-
hancing the performance of the gold-promoted oxides cata-
lysts.

2.3. Oxychlorides

Oxychlorides show good performance and relatively good sta-
bility for oxidative cracking reactions. Yoshimura and co-work-
ers!33! reported on the oxidative cracking of n-butane over oxy-
chlorides such as BiOCl, LaOCl, and SmOCI. Compared to LaOCI
and SmOCI catalysts, BiOCl catalyst shows selectivity for higher
alkenes and suppresses deep oxidation reactions. At 600 °C,
BiOCI, results in 50.7 wt.-% conversion of n-butane and 73.4
and 25.6 wt.-% selectivity to total alkenes and CO,, respectively.
SmOCI, results only in 27.4 wt.-% conversion of n-butane with
46.8 wt.-% selectivity to light alkenes and 52.5 wt.-% selectivity
to CO,. Thus, deep oxidation reactions are favored over both
lanthanum and samarium-containing catalysts.

The difference of catalytic performances among AOCI (A =
Bi, La, Sm) catalysts is ascribed to the difference in active cen-
ters on the surface of these catalysts. Generally, it is considered
that lanthanum and samarium ions in the oxychloride catalysts
can form activated oxygen species for deep oxidation of n-
butane.®2% However, the nature of active centers on the oxy-
chloride catalysts is not well understood yet.
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The cracking severity on BiOCl increases with temperature.
At the higher temperature (ca. 600 °C) selectivity to ethene in-
creases, while at lower temperatures (500 °C) dehydrogenation
reactions are favored resulting in butene, butadiene and pro-
pene. Similar to Li/MgO, it has been proposed that oxidative
cracking of n-butane over BiOCI is initiated by hydrogen ab-
straction and butyl radical formation. At high reaction tempera-
tures, the butyl radical is cracked to give ethene and ethyl radi-
cal or propene and methyl radical due to -scission. At lower
temperatures, the butyl radical is mainly dehydrogenated to
produce butene. Water is formed from oxidation of abstracted
hydrogen by gas phase oxygen.

BiOCI catalyst is considered relatively stable under reaction
conditions for oxidative cracking of n-butane. Only at tempera-
tures above 650 °C, the formation of a new Bi,;0,0Cl3; phase is
observed, which is considered to be inactive and selective for
the oxidative cracking reactions. Thus at temperatures above
650 °C, the performance of the catalyst deteriorates.

2.4. Boria-Containing Catalysts

One of the earliest papers that appeared on oxidative conver-
sion of propane was in 1998. Buyevskaya et al.3°32 reported
on the oxidative conversion of propane over boria-containing
Al,O3, TiO,, ZrO, and MgO catalysts. Boria supported on
alumina, shows best performance with the highest yields to
alkenes.

The catalyst shows in addition to dehydrogenation and par-
tial oxidation, cracking activity; thus leads to the formation of
cracking products such as ethene and methane. The perform-
ance of the catalyst depends very much on the catalyst prepara-
tion method. For the oxidative conversion of propane at 550 °C,
B,03/Al,0;5 prepared from aqueous solution of boric acid and
alumina results in highest cracking activity (42 wt.-% propane
conversion) with 26.5 % yields to propene and ethene, and only
10.1 wt.-% and < 1.7 wt.-% yields to CO, and C,-C, oxygenates,
respectively. Catalyst prepared by wetness impregnation results
in 30 wt.-% conversion of propane, with 16.5 wt.-% yields to
propene and ethene, and 4 wt.-% and 8 wt.-% yields to CO,
and C;-C, oxygenates, respectively.

Structure-performance study using XRD characterization
shows the formation of different crystalline and amorphous
boron-containing phases depending on the preparation
method. It is shown the trigonal BOs species, present in both
amorphous and crystalline phases, are responsible for catalytic
activity. Catalyst prepared from aqueous solution of boric acid
and alumina contains amorphous BO; phase. This, however, is
found to be unstable and volatile under reaction conditions
through reaction with product water and formation of boric
acid. Catalyst prepared by wetness impregnation contains crys-
talline B,03, Al4B,0Og and AlgBgO,; phases. The catalyst is rela-
tively more stable than one prepared from aqueous solution
however, again in this catalyst loss of boron through reaction
with water remains unavoidable. Al,B,0, is found to be not
active for propane conversion and AlgBgO,; phase active for
formation of oxygenates.

The activity for propane conversion of B,03/Al,05 catalyst is
attributed to the Lewis acidity of the catalyst.®? It is suggested,
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that Lewis acid sites generate propyl radicals which further re-
act in gas phase forming cracking products and oxygenates.
However, increase in propane conversions results in significant
decrease in selectivities to propene (dehydrogenation product)
and significant increase in CO accompanied with gradual in-
crease in selectivity to ethene (cracking product) and CO,. Fig-
ure 8 shows the effect of propane conversion on selectivities to
various products. The observed product dependency on con-
version suggests that partial oxidation becomes significant at
high conversions, leading to enhanced thermal cracking and
hence enhanced ethene formation.

10 20 30 40 50 60 70 B8O S0 100
X(C,Hy) /%

Figure 8. The dependence of product selectivities on propane conversion on
B,0; (30 wt.-%)/A1,05; T = 550 °C, p(CsHg) = 25 kPa, p(O,) = 50 kPa.>"!

2.5. Gold-Containing Catalysts

Gold supported on sulfated CeO,-ZrO, (Au-SCZ) is reported as
a promising catalyst for the oxidative cracking of propane.
Narasimharao et al.?”! presents a comparative study of oxid-
ative cracking of propane over both sulfated and unsulfated
gold supported on ceria-zirconia catalysts. Figure 9 illustrates
the performance of these two catalysts as function of tempera-
ture. Au-SCZ exhibits superior performance over the unsulfated
catalyst. The catalyst shows cracking activity at temperatures as
low as 400 °C. At this temperature ca. 28 wt.-% conversion of
propane is achieved with ca. 88 wt.-% selectivity to light alk-

90~ v 4 Sel.toolefins-AusCZ
——
804 A . T
Sel. to olefins-AuCZ *———— N
< 70+ -
5 \ v
o A
o 60 —
g 60 -2
S '
o 50+ )
] - I—
o 40 Con. of propane-AuSCZ ¢ /
304 > Con. of propane-AuCZ
20+
. v . . : v T T T
400 450 500 550 600 650

Reaction temperature (°C)

Figure 9. Conversion of propane and selectivity to alkenes over AuCZ and
AuSCZ samples.?”)
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enes (ethene, propene and butene). At 650 °C, ca. 62 wt.-%
conversion of propane is achieved with ca. 68 wt.-% selectivity
to light alkenes (ethene, propene and butene). The catalyst is
stable over 48 h of reaction and no carbon deposition is ob-
served.

The high activity of Au-SCZ is explained by the role of sulf-
ation in improving dispersion of gold particles, in increasing the
amount and strength of acid sites and in formation of easily
reducible interactive species between the gold particles and
the CeqsZry 50, surface. This conclusion is based on observa-
tions from characterization experiments. TEM images of Au-SCZ
(Figure 10) show homogeneous dispersion of lower size nano-
particles and DRIFT pyridine adsorption tests reveal that sulf-
ation increases the strength of the Lewis sites and creates new
Bronsted sites.'®% Considering the acidic nature of the surface,
the authors propose that reaction proceeds via protonation of
propane on the catalyst surface forming CsHg* which decom-
poses into H, and C3H;* or CH, and C,Hs*. Propene and ethene
are formed after deprotonation of CzH," and C,Hs*, respec-
tively.

Figure 10. TEM images of (a) AuCZ and (b) AuSCz.?”)

2.6. Nitrogen-Containing Co-Al,O;

In addition to Au-SCZ, nitrogen-containing Co-Al,Os is identi-
fied as a promising catalyst for low temperature (400 °C) crack-
ing of propane.?829 The catalyst is prepared by deposition of
cobalt and nitrogen-containing precursor [sodium salt of (4,5-
carboxy)-cobaltphthalocyanine] on Y-Al,O; followed by thermal
decomposition in stream of He at 700 °C.

Nitrogen doping improves the performance of Co-Al,O3 cat-
alyst. The low temperature cracking activity is a special charac-
teristic of this catalyst. 0.8Co-N exhibited best performance. At
400 °C, ca. 25 wt.-% yield of light alkenes is observed with n-
butane cracking and 14 wt.-% yield of alkenes with propane.
These are higher than yields obtained on any other system
studied so far for the oxidative conversion of propane and n-
butane (Figure 11). Temperature increase from 400 to 600 °C
results in increase in alkene yields. At 600 °C, 47.6 and 37.4 wt.-
% vyield of light alkenes is observed at 82 and 76.6 wt.-%
n-butane and propane conversions, respectively.

Catalyst characterization by SEM, X-ray photoelectron spec-
troscopy (XPS), XRD and TPR studies suggests that a stable co-
balt oxynitride phase is formed. This resulted in lowering the
oxygen binding energy leading to enrichment in mobile, low
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Figure 11. Comparison of performance of various catalyst systems for the oxidative cracking of propane (circles) and n-butane (diamond)

energy, oxygen species that significantly accelerates cracking
activity and hence alkene formation.

2.7. Non-Conventional Reactor Systems

The catalysts discussed so far have been tested in packed bed
reactors. In this section we will discuss other types of reactors.

2.7.1 Pt Coated Monoliths

In the nineties, Schmidt and co-workers6=>4 reported on the
oxidative conversion (dehydrogenation and cracking) of alkanes
into alkenes over Pt-coated monoliths at short contact times of
milliseconds. The oxidative conversion of lower alkanes (ethane,
propane, butane)“*=>% and higher alkanes (pentane, isopent-
ane, n-hexane, n-decane)®>¥ was investigated on various
noble metal catalysts such as Pt, Rh and Pd at different alkane/
oxygen ratios in adiabatic tubular reactors (autothermal opera-
tion). The reaction mixture was preheated to between 200-
250 °C and then heated to temperature > 900 °C by the exo-
thermic oxidation reactions.

Both type of noble metal and alkane-to-oxygen ratio have
clear influence on the product distribution. On Pt, for example,
synthesis gas and alkene formation is observed at stoichiometry
and high alkane-to-oxygen ratios, respectively, with no carbon
deposition and catalyst deactivation. Rh favors the formation
of synthesis gas (CO and H,) while on Pd carbon deposition
deactivates the catalyst.

Dehydrogenation reactions are favored over cracking at high
alkane-to-oxygen ratios over a Pt-coated alpha-Al,O; foam
monolith. At these conditions, oxidative conversion of propane
and butane results in the formation of light alkenes such as
ethene, propene and butene. High temperatures favor forma-
tion of ethene while low temperature and short contact times
favor formation of propene. At conversions of propane and n-
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butane higher than 90 wt.-%, 55-60 and 65-70 wt.-% selectivity
to light alkenes is observed, respectively. At high alkane-to-oxy-
gen ratios, the oxidative conversion of higher alkanes, such as
n-pentane and n-hexane results in formation of Cs and Cq linear
alkenes, respectively.

Schmidt and co-workers proposed that for dehydrogenation,
surface reactions are dominant over homogeneous reactions.
Similar to the mechanism over Li/MgO, the catalyst surface initi-
ates alkane dissociation by hydrogen abstraction by adsorbed
oxygen on Pt (oxidative dehydrogenation) leading to a surface
alkyl. B-hydrogen and f-alkyl elimination reactions of the ad-
sorbed alkyl lead to dehydrogenation and some cracking.

At low alkane-to-oxygen ratio (oxygen rich environment)
however, cracking reactions dominate over dehydrogenation.
At these conditions, oxidative conversion of n-pentane and n-
hexane form primarily ethene and propene. The product distri-
bution is quite similar to that of thermal pyrolysis of the same
alkanes. Hence, it is proposed the presence of two consecutive
reactions: (1) surface initiated partial oxidation to CO, CO, and
H,O by oxygen atoms adsorbed on platinum, followed by (2)
thermal cracking in gas phase.

In oxidative cracking of n-decane and n-hexadecane, similar
trends are observed. Increasing C/O ratio shifts the product
from syngas to light alkenes then to a-alkenes. In general, ob-
servations made by Schmidt and co-workers6=># in partial
oxidation of alkanes over Pt-alumina catalysts at millisecond
contact times suggest that for the lower alkanes, relatively low
temperatures, short contact times and high alkane-to-oxygen
ratios favor surface dehydrogenation reactions. Higher alkanes
and low alkane-to-oxygen ratios favor oxidation and cracking
reactions.

2.7.2 Integrated Plasma-Catalyst Systems

Integrated plasma-catalyst systems have been reported in liter-
ature for the decomposition of hydrocarbons. Boyadjian et
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al.*4+%5] reported on the oxidative cracking of n-hexane with
Li/MgO in presence of DBD non-equilibrium plasma at tempera-
tures between 500 and 600 °C. Plasma catalytic cracking results
in considerable improvements in the yields of light alkenes indi-
cating the presence of synergy. At 600 °C, integrated plasma-
Li/MgO system results in 34 % yields of C,-C, alkenes, while
the catalyst system alone results in 18 % yields of alkenes.

Presence of plasma provides new routes for C-C and C-H
bond dissociation via electron impact excitation of the alkane.
The following hexane dissociation routes were proposed: (1) C-
C, C-H bond scission by electron-impact excitation of hexane
molecules [Equations (22-25)] and (2) C-H bond scission by
collision of hexane molecules with O(*P) oxygen atoms [Equa-
tion (26)] formed from electron impact excitations of molecular
oxygen [Equations (27-28)].

Reaction of molecular oxygen with hexyl radicals form HOO
radicals [Equation (29)] which act as the main chain propagators
and increase the radical concentration during oxidative conver-
sion.

CeHiyy+e~ = CsHis+H +e” (22)

CeHyy +e~ = CsHyy +CHy + e~ (23)
CoHyy + e —» C4Hy + CGoH:; +e™  (24)
Cetia + e~ = C3Hy; + G3Hy + 7 (25)
CeHyis + O(PP) = C4His + OH (26)
O,+e” = 2003P)+e” (27
0,+e” = 0CPY+0(D)+e” (28)
0, + C4Hyz = CeH,p + HOO- (29)

Moreover, presence of plasma helps generating new active
sites on the catalyst. It is reported that UV light generated by
plasma, leads to the ionization of low-coordinated surface oxy-
gen anions (0%~ LC in MgO, forming a localized surface hole
state [O7] and a surface-trapped electron [Equation (30)].7”
0% +hv—> 0 +e” (30)

These [O7] defect sites created by the plasma, similar to the
[Li*O] sites, could also enhance H' abstraction from the alkane
forming alkyl radical.
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Generally, in plasma-catalysis it is believed that radicals gen-
erated by plasma would further interact with the catalyst sur-
face. Experiments on varying plasma-catalyst positions in the
reactor clearly illustrate that further interaction of the radicals
with catalyst surface is resulting in dehydrogenation, alkene for-
mation as well as combustion.”*'=>! This, however, is very com-
plex because plasma contains many other species, e.g. ions,
electronically as well as vibrationally excited species. Further-
more, the properties of the plasma are influenced by the pres-
ence of the catalyst, and vice versa, the catalyst is influenced
by the plasma. The complexity of this is enormous and insight
is still very limited.[”87°!

2.8. Comparative Summary of Various Catalyst Systems

Table 2 presents a summary of the performance of all catalyst
systems mentioned in this review for the oxidative cracking of
n-propane and n-butane in temperature ranges between 400
and 900 °C. Both Au-SCZ and Co-N/Al,O5 are especially impor-
tant catalysts showing cracking activity at low temperatures
(400 °C) while no other catalyst system exhibits cracking activity
at low temperatures as such. At temperatures between 550-
650 °C Li/Cl/Dy/MgO results in highest yields to alkenes, how-
ever, it is unstable and its use is not very much favored. For this
temperature range, amongst Au-SCZ, Co-N/Al,O3 and Li/MgO
catalysts, Au-SCZ is the most selective catalyst resulting in high-
est yields to alkenes thus, the most promising.

The application of Li/MgO stays somehow limited due to
considerable formation of CO,. Deactivation of Li/MgO catalysts
occurs as result of Li,CO5; formation and sintering. Catalyst sta-
bility is improved via addition of traces of molybdenum or bis-
muth metals, which play a significant role in inhibiting forma-
tion of Li,CO; thus preventing sintering and loss of activity.
Plasma-Li/MgO system is found to be very promising for the
formation of high yields of alkenes due to the synergy effect
created. Despite the ability of plasma to generate radicals at
room temperature, cracking still requires high temperatures. At
room temperature alkyl radicals formed in plasma tend to cou-
ple and form higher alkanes.

Au/La,03 exhibits an average performance, which makes it
less attractive as compared to above mentioned catalyst sys-
tems. The application of BiOCI for oxidative cracking is limited

Table 2. Conversions and selectivities from oxidative cracking of n-propane and n-butane over various catalyst systems (for Li/Y,03, BiOCl and Au/La,O3 only

data of n-butane cracking is available in literature).

Catalyst Reaction conditions Conv. (%) Sel. to alkenes (%)  Yield of alkenes (%) Ref.
Li/MgO C3Hg/O,/He = 10/8/82, T = 650 °C, WHSV = 0.8 h! 64.0 55.9 35.8 02
Li/Cl/Dy/MgO C3Hg/O,/He = 10/8/82, T = 650 °C, WHSV = 0.8 h™! 76.0 69.0 524 nal
Plasma-Li/MgO CeH14/05/He = 10/8/82, T = 600 °C, WHSV = 3.08 h™' 55.0 64.0 35.2 (431
Au/S0,%/Ce 5Zr.50 C5Hg/O5/air = 20/10/70, T = 400 °C, WHSV = 36 h™' 28.0 88.0 24.6 1271
Au/S0,%/Ce 5Zr.50 C5Hg/O5/air = 20/10/70, T = 650 °C, WHSV = 36 h™' 62.0 68.0 422 1271
CoN,/Al,05 C5Hg/O5 = 1/1.5, T = 400 °C, WHSV = 5 h™' 24.0 59.0 14.2 1281
CoN,/Al,05 C5Hg/O5 = 1/1.5, T = 600 °C, WHSV = 5 h™' 77.0 49.0 37.7 28]
B,05/Al,05? C5Hg/O, = 25/50, T=550°C, x =2 gsmL™’ 20.0 75.0 15.0 1301
Pt/Al,05 C3Hg/O,/He = 17.5/17.5/65, T = 900 °C, 5 SPLM 74.0 58.0 429 46l
Li/Y,05 n-C4H,4/0,/He = 8/8/84, T = 700 °C, 180 mL min™" 51.0 77.0 39.3 (241
Au/La 03 n-C4H,,/0,/He = 1.1/0.6/98.3, T = 650 °C, 220 mL min~" 40.0 47.7 19.1 1261
BiOCI n-C4H,0/0,/He = 1.1/0.6/98.3, T = 650 °C, 220 mL min~" 20.0 21.1 4.2 1261

[a] Catalyst prepared by wet impregnation.
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to a very narrow temperature window between 600 and 625 °C;
above this temperature an inactive and unselective phase is
formed on the catalyst. B,Os/Al,O5 exhibits very high selectivity
to alkenes at 550 °C, however selectivity on this catalyst is con-
version dependent and would decrease at high conversions due
to oxidation of intermediate alkyl species. The performance of
Li/Y,0s3 is only reported at temperatures above 700 °C, therefore
it is difficult to draw conclusions on the suitability of this cata-
lyst due to lack of experimental data. Partial oxidation over Pt/
Al,O3; monoliths at short contact times is a high temperature
application, hence would not bring the advantage of low tem-
perature cracking.

3. Technical and Economic Evaluation

The potential industrial application of the catalytic oxidative
cracking (COC) process depends on both the technical and eco-
nomic advantages the process is able to achieve, as compared
to the conventional steam cracking process. Thus, to evaluate
the oxidative cracking process, a comparative study of both
processes is essential.
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« Air as the feed: Need for N, separation unit to separate N,
from the products.
(3) Steam cracking operates at 800 °C while COC operates at
550-600 °C. Steam cracking uses an external source of heating
where methane is used as fuel, while in oxidative cracking part
of the heat of reaction is provided auto-thermally inside the
reactor, hence reducing external fuel combustion. Conse-
quently, oxidative cracking consumes less energy than steam
cracking process.
(4) Different product distribution and ratio of C3-C,; alkene/
ethene. Table 3 presents data of naphtha cracking from oxid-
ative cracking experiments performed with the support of BASF
in Ludwigshafen compared to that of steam cracking. Oxidative
cracking results in CO, production and higher ratio of C3-C,
alkenes-to-ethene. This leads to different separation trains, es-

Table 3. Comparison of product distribution from catalytic oxidative cracking
(COQ) and steam cracking of naphtha.

Naphtha COC Naphtha steam cracking

Conversion (wt.-%)

At the University of Twente, we performed a process design  naphtha 50.0 85.0
of the oxidative cracking process, utilizing experimental data  Oxygen 93.0
from the cracking of n-hexane.l'® Figure 12 presents a func-  sqjectivity (wt-%)
tional block diagram of the two processes, highlighting the ke
i 9 i P gnhlig 9 y C,-C, alkanes 14.3 18.0
differences. The key process differences between the two proc- iy ane 215 272
esses are the following: Propene 22.1 17.3
(1)COC uses catalyst and hence a catalytic reactor. A catalytic ~ Cs-alkenes 124 6.1
reactor would require smaller investment costs compared to B“éad'eng -:’237 ‘2"57]
. - t . .
the steam cracking furnaces. Zo sTproducts 57 o
(2)COC uses oxygen in the feed with no diluent while SC uses o, 3.1 0.0
steam as diluent. Two feeding options are possible: H, 0.4 0.9
« Pure oxygen as the feed: Need for air separating unit and (G +Ca)/G” 1.6 09
. . . . . Product value (Euro/t) 130.0 170.0
necessity to ensure safe operation outside the explosion limits.
H;0
quench oil } (1302
hexane l Separation C2-C4 olefins
— > Reactor \ catalyst > Se};anla(tion rs:nlif)f:ig » Block B — C,-C,alkanes
oxygen 575 °C Block A €42 €32 0,5 CO, H,,Cy o, 1y
i Y unconverted feed  quench oil + Cs
fuel COy
quench oil H.0 CO;
l T T C,-Cy olefins
hexane . Separation
> Reactor > S;lf(;arcitfn _ iﬁ:} f:ls — Block B |, Csolefins, paraffins
e 800 °C H,,C0,C;2C;>C3> C4> Cs C;-C,alkanes
steam
¢ Aromatics
, Alkynes/diolefins
unconverted feed ~ quench oil
fuel €O,
Figure 12. Key process differences between the COC and SC processes.!'®
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pecially in block B (Figure 12). Steam cracking process is de-
signed for a maximum ethene production and recovery; hence,
light alkenes are separated first. Oxidative cracking process is
designed for production and recovery of propene and butene;
hence, these alkenes are separated first. The separation of
heavy products and quench oil (block A in Figure 12) in both
processes is similar.

An economic evaluation of the oxidative cracking process,
presented by J.-P. Lange from Shell Laboratories, shows that the
potential savings in the investment costs of the COC process,
as result of the use of smaller catalytic reactor, are significantly
offset by the cost of oxygen purification plant.l’”!

Additionally, our results indicate that 74 % of the operational
costs of the COC process are costs of naphtha feed. This implies
that carbon loss as a result of combustion of part of the valu-
able naphtha feed makes the COC process economically less
attractive than steam cracking. Moreover, the heat utilities
present only 3 % of the total operational costs, which implies
that the energy efficiency of the COC process as compared to
SC does not result in significant savings in operational costs.

The product value of the COC process, due to the presence
of CO,, stays below that of steam cracking (Table 3). Using cur-
rent market prices of naphtha, ethene, propene and butene,
COC results only in marginal revenues over the operational
costs. These strongly suggest that the COC process is not eco-
nomically feasible yet. The economic feasibility of oxidative
cracking would depend on developing a process which would
bring yields of alkenes to comparable values as in steam crack-
ing. This would necessitate the development of efficient combi-
nation of catalyst-reactor systems. Moreover, since oxidative
cracking process results in formation of more of C5-C, alkenes
than ethene, any increase in market prices of C3-C4 alkenes
would potentially improve the overall product value of the
process.

4, Reactor Design

Reactor design and research work investigating the develop-
ment of optimized reactor-catalyst systems would be essential
in further improving yields of alkenes for oxidative cracking re-
actions. Fluidized bed and membrane reactors are conceptually
potential reactors for the oxidative cracking reactions. These
reactors allow for staged oxygen admission to the reactor,
hence maintaining low oxygen partial pressures in the reactor
and reducing extent of combustion reactions. For the oxidative
dehydrogenation of ethane, for example, the use of a multi-
tubular membrane reactor results in significant improvements
in the yields of ethene.®"! For the same application, another
research group has investigated the use of fluidized bed mem-
brane reactor.®? For oxidative cracking similar reactor design
could be considered with ensuring the presence of void spaces
for enhancement of homogeneous alkyl radical reactions.

5. Conclusion

We presented a review on the catalytic oxidative cracking of
lower alkanes with focus on the Li/MgO system. Oxidative
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cracking is initiated on the catalyst surface followed by thermal
cracking in the gas phase. The potential catalyst should possess
active and selective sites for hydrocarbon activation and alkene
formation, and minimize extent of total oxidation reactions. A
comparative study of Li/MgO with various catalyst systems re-
ported in literature shows that the application of Li/MgO stays
somehow limited due to considerable formation of CO,. Recent
literature work on both Au-SCZ and Co-N/Al,O5 shows the sig-
nificance of these catalyst systems for oxidative cracking at tem-
peratures as low as 400 °C. Au-SCZ exhibits superior selectivity
to alkenes with very low activity for combustion reactions,
which makes it a promising catalyst for further study.

Combined catalyst-plasma systems result in synergy effect
and enhanced alkene yields. The chemistry of these systems is
very complex and not yet fully understood. Very high yields of
alkenes are also achieved with oxidative cracking at short con-
tact times over Pt/Al,0; monoliths. However, this is considered
a high temperature application and would therefore not bring
the advantage of low temperature cracking.

Despite of the relatively high yields of alkenes achieved with
the best catalysts mentioned in this review (e.g. Au-SCZ), CO,
formation is inevitable and introduces challenges in the techni-
cal and economic feasibility of the process and its attractiveness
over the state-of-art steam cracking. Future work should focus
on reactor design and the development of optimized reactor-
catalyst systems aiming towards commercially acceptable yields
of alkenes in oxidative cracking reactions. The reactor system
should allow for staged oxygen admission and ensure the pres-
ence of void spaces for enhanced gas phase propagation of
intermediate radicals. Gas phase reactions would lead to alkene
formation and partial oxidation rather than CO, which is charac-
teristic of surface-promoted total oxidation reactions. The com-
bination of optimal reactor design and selective catalyst system
is the key for achieving commercially acceptable yields of alk-
enes.

Keywords: Cracking - Oxidation - Alkanes - Alkenes - Li/

MgO - Au-SCZ
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