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REDOX CATALYSTS FOR THE OXIDATIVE CRACKING OF HYDROCARBONS,

METHODS OF MAKING, AND METHODS OF USE THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to, and the benefit of, co-pending U.S. provisional

application entitled "REDOX CATALYSTS FOR THE OXIDATIVE CRACKING OF

HYDROCARBONS, METHODS OF MAKING, AND METHODS OF USE THEREOF" having

serial no. 62/393,41 1, filed September 12 , 201 6 .

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support under grant number

1254351 awarded by the National Science Foundation. The government has certain rights in

this invention.

TECHNICAL FIELD

[0003] The present disclosure generally relates to metal oxide redox catalysts.

BACKGROUND

[0004] Olefins and di-olefins such as ethylene, propene, 1-butene, and 1,3 butadiene are

major feedstocks for the petrochemical industry, particularly in the production of plastics and

synthetic rubbers. Olefins are typically produced from the "cracking" or thermal decomposition

of light hydrocarbons such as natural gas liquids (mostly saturated C2-C5 hydrocarbons)

which are low value byproducts of natural gas production and naphtha, a low boiling point

fraction of petroleum (~30-1 45 °C) that is rich in highly-volatile, linear paraffins that are not

suitable for liquid fuel use without extensive processing. The high temperature decomposition

process, referred to as pyrolysis, or (steam) cracking, is highly energy intensive, leading to

large fuel demands and concomitant C0 2 and NOx emissions.

[0005] The production of ethylene and other olefins from natural gas liquids and naphtha, is

very attractive as olefins are important feedstocks for many commodity chemicals such as

various types of polyethylene, polyvinyl chloride, ethylene oxide styrene, and synthetic

rubbers. Compared to conventional steam cracking which is energy and pollutant intensive,

the oxidative dehydrogenation (ODH) represents a promising alternative due to the

exothermicity of the reaction and its potential to achieve high single-pass ethane conversion.



[0006] A number of catalyst systems are shown to be active for the ODH reaction. These

include supported V and Mo based oxides, rare-earth-metal oxides, Pt group metals, and

many other mixed oxides. Most ODH reactions are carried out in the presence of gaseous

oxygen between 400 and 700 °C. While still remaining a focal research area, catalytic ODH

with oxygen co-feed faces several challenges: (i) Co-feeding gaseous oxygen with ethane

leads to potential safety hazards; (ii) Oxygen produced from cryogenic air separation is costly

and energy-intensive; (iii) Electrophilic surface oxygen species such as O and 0 2 formed from

adsorbed gaseous oxygen can limit the selectivity of the ODH reaction. 13 14 Due to these

issues, alternative schemes that are capable of converting ethane in absence of gaseous

oxygen are highly desirable.

[0007] In addition to oxidation reactions in the presence of gaseous oxygen, a cyclic

reduction-oxidation (redox) scheme has been investigated for both combustion and selective

oxidation reactions under a so-called chemical looping process. 15 16 Such an approach can

circumvent the needs for air separation by splitting an oxidation reaction into two steps: In step

one, hydrocarbon feedstock is oxidized with the lattice oxygen of an oxygen carrier, also

known as redox catalyst. The (partially) reduced redox catalyst is subsequently regenerated

with air in step two, regaining its lattice oxygen while producing heat. One such example is the

vanadium pyrophosphate (VPO) redox catalyst developed by DuPont for oxidation of butane

to maleic anhydride. 13 A major challenge for this process was the low activity and oxygen

capacity of the redox catalysts. 17 Supported vanadium oxides were also investigated for

ethane ODH under the redox mode: a study using VOx/c-AI 20 3 redox catalyst under the

fluidized bed condition achieved an ethylene selectivity of 84.51% at 6.47% ethane

conversion. The selectivity decreased with increasing conversion due to CO and C0 2

formation (57.6% ethylene selectivity at 27.6% ethane conversion). Attempts have also been

made through the addition of promoters such as MoOx
20 or Zr0 2

2 1 to the VOx-based redox

catalysts. Although slightly improved performances were obtained, the selectivity/conversions

were still unsatisfactory due to the lack of activity for the redox catalysts.

[0008] First row transition metal oxides such as those containing Fe and Mn are frequently

investigated for chemical looping processes due to their satisfactory oxygen carrying capacity

and low cost. However, they tend to be non-selective, leading to complete oxidation of

hydrocarbons. One strategy to improve the selectivity of redox catalyst is to encapsulate iron

oxide particles within a selective and mixed-conductive perovskite shell. 25 '26 As such, oxide

core is used to store and supply lattice oxygen without direct contact with the fuel. Since the

selectivity of this redox catalyst is determined by surface chemistry rather than the oxide core,

higher syngas selectivity from methane oxidation can be achieved. In addition to methane



oxidation, perovskites can catalyze a number of other oxidation reactions. 272829 Dai et al.

doped chloride into LSF to occupy oxygen vacancies and achieved good selectivity for ODH

reaction under an oxygen co-feed mode. 29 However, this catalyst was not found to be stable

and was not demonstrated under a chemical-looping mode. In addition to halides, alkali metals

are also widely studied for ODH reactions. Lunsford et al. investigated chloride and lithium

promoted MgO and achieved an ethylene yield of 45% in the presence of gaseous oxygen. 30

Chloride was reported to reduce the charge on O centers and increase the selectivity. The

active center in this system was generally ascribed to [Li+0 ] .3 1 Gartner et al. reported a

MgO/Dy 20 3 supported molten alkali metal chloride with ethylene selectivity up to 95%. 32 The

active center was proposed to be OC rather than coordinatively unsaturated cations. 32 33

[0009] There remains a need for improved redox catalysts and methods of making and using

thereof that overcome the aforementioned deficiencies.

SUMMARY

[0010] A variety of redox catalysts, methods of making, and methods of using thereof are

provided that overcome the aforementioned deficiencies.

[0011] In various embodiments, surface modified redox catalysts are provided having an

oxygen carrier core with an outer surface that has been modified to enhance the selectivity of

the redox catalyst for oxidative dehydrogenation, e.g. to provide improved selectivity for

oxidative dehydrogenation as compared to the otherwise same catalyst under the otherwise

same conditions except without the surface modification. The surface modification can include

forming a redox catalyst outer layer on the outer surface, e.g. to form a core-shell structure or

more generally an oxygen carrier with a modified/promoted surface. In some embodiments,

the surface modification includes suppressing sites that form nonselective electrophilic oxygen

sites on the outer surface of the oxygen carrier, e.g. by providing a dopant or promoter to

modify the surface chemistry of outer layer e.g. the a perovskite such as Lao.6Sr1 .4FeO 4 (which

alone is selective for deep oxidization of light olefins) LiFe0 2 causing the formation of a

Li20/LiFe0 2 shell that suppresses deep oxidation.

[0012] The oxygen carrier or oxygen carrier core can contain a metal oxide having a defected

rock salt structure such as metal oxides having the chemical formula Mi-X O where M is Mg,

Ca, Sr, Ba, Mn, Fe, Ni, or a combination thereof. For example, the oxygen carrier can include

Mg Mn0 8. The oxygen carrier can include a Mg Mn0 8 phase, a Mn20 3 phase, a mixed

manganese-magnesia oxide phase such as (Mn,Mg) 30 4, an alkaline-manganese oxide phase

such as Lii-xMn0 2- or a combination thereof.



[001 3] The oxygen carrier or oxygen carrier core can include a perovskite. The perovskite can

have the chemical formula Α Β0 where A is Ca, Sr, Ba, Sc, Y , La, Ce, or a combination

thereof, and where B is a transition metal such as Fe, Ni, Mn, or a combination thereof. The

perovskite can be CaMn0 3 .

[001 4] The included perovskite can be a B-site deficient perovskite having a Ruddlesden-

Popper / Brownmillrite structure. The B-site deficient perovskite can have the chemical formula

(La,A) (Fe,B) - 0 -i , where A is selected from the group consisting of Ca, Sr, Ba, Sc, Ce, and

a combination thereof, B is selected from the group consisting of Ti, Ni, Mn, and a combination

thereof, and n is an integer from 1 to 3 . The B-site deficient perovskite can be Lao.6Sri .4FeO 4

or Sr3Fe20 7.

[001 5] In various embodiments, the surface modification includes a dopant or promoter on

the outer surface such as Li, Na, K , Cs, Rb, P, S, B, Cr, Pt, Sn, Pd, Mo, W , Ta, V , Ce, La, Pr,

Sm, Y , Bi, Sb, Pb, Sr, Ba, Ca, CI, Br, and/or F alone or in combination that suppress deep

oxidation and or catalytically enhance the dehydrogenation of hydrocarbons.

[001 6] A variety of redox catalysts can be used in the compositions and methods described

herein. In various embodiments, the redox catalyst has a core-shell structure with a redox

catalyst outer layer, and the redox catalyst outer layer includes a mixed-metal-oxide redox

catalyst such as LiFe0 2, CaMn0 3, and Sr3Fe20 7.

[001 7] In some embodiments a co-catalyst that has activity for non-oxidative dehydrogenation

of paraffins is used. This may be produced by the wet incipient impregnation of an inert porous

support with suitable precursor solutions, such as platinum nitrate and tin chloride or chrome

nitrate. The support may be based on alumina or basic materials such as zinc aluminate and

promoters such as Sn can be added. After the sample is dried and then calcined at or above

500 °C, the metal oxide is left on the inert support. This co-catalyst may be used either mixed

with the oxygen carrier (composite bed mode) , or place before and after an oxygen carrier bed

(triple bed mode) that selectively combusts hydrogen. Under the former mode, hydrogen is

burned on-site, whereas under the latter mode, hydrogen is selectively burned in the oxygen

carrier bed. For both modes, a conversion higher than the equilibrium conversion could be

achieved at a given reaction temperature.

[001 8] The redox catalysts can be made in a variety of sizes, although in some embodiments

the catalysts are nanoparticles having a diameter of about 50 nm to about 500 nm. In some

embodiments, where the catalyst has a core-shell catalyst structure, the outer layer on the

core-shell redox catalyst can be very thin, e.g. having a thickness of about 25 nm, about 15

nm, about 10 nm, about 5 nm, or less. In some embodiments, where the catalyst has a core-



shell catalyst structure, the redox catalyst outer layer and the oxygen carrier can be present

at a molar ratio (redox catalyst/oxygen carrier) of about 0.5 to 2.5.

[001 9] A variety of methods are provided for making the surface modified redox catalysts.

The methods can include modified Pechini methods. For example, the methods can include

dissolving a mixture of metal citrate salts in an aqueous solution to form a chelating solution,

adding ethylene glycol to the chelating solution to form a gel, drying the gel, and calcining the

gel at an elevated temperature for a period of time to produce the core-shell redox catalyst.

The mixture of metal citrate salts can include oxygen carrier metal precursors. In some

embodiments, the chelating solution can include redox catalyst metal precursors that can form

a redox catalyst shell on the outer surface of the oxygen carrier core. In some embodiments,

the methods can include impregnating the outer surface of the oxygen carrier with a redox

catalyst, dopant, and/or promoter. The methods can include forming a gel by the addition of

ethylene glycol at a molar ratio of about 2 :1 based upon the amount of citric acid in the metal

citrate salts. To produce a redox catalyst outer shell, the molar ratio of the redox catalyst metal

precursors to the oxygen carrier metal precursors can be about 0.5 to 2.5. The calcining step

can be performed, in some aspects, at an elevated temperature of about 900°C to 1100°C

and/or for a period of time from about 8 to 20 hours.

[0020] In some embodiments the redox catalyst catalysts, or oxygen carrier core can be

prepared by the slurry method in which the solid metal precursors and soluble precursor salts

are physically mixed with water, and milled in a ball mill. The resulting slurry can be dried and

calcined from 900 to 1100 °C. In other embodiments a metal oxide, or a previously make

oxygen carrier is impregnated with a solution of another metal nitrate precursor or other

suitable salt. The sample can be calcined from 900 to 1100 °C.

[0021] A variety of methods are provided for using the catalysts provided herein for oxidative

cracking of light paraffins. In various embodiments, methods are provided for oxidative

cracking of light paraffins by contacting the paraffin with a core-shell redox catalyst described

herein to convert the paraffins to water and olefins, diolefins, or a combination thereof. The

light parafifins can include paraffins having from 2 to 7 carbon atoms. For example, the

paraffins can include ethane, propane, or a combination thereof. In some embodiments, the

light paraffins include ethane that is converted into ethylene at a temperature of about 750°C

or less. In some embodiments, the light paraffins include propane that is converted into

propylene without producing or while producing an insignificant amount of ethylene

byproducts. Steam and/or C0 2 can, in some aspects, be added to provide additional oxygen

when the paraffin is contacted with the core-shell redox catalyst.



[0022] The oxygen consumed in the oxidative cracking can be replenished by a variety of

methods. In some embodiments, the methods include regenerating the redox catalyst by

contacting the core-shell redox catalyst with an oxidizing gas, thereby regenerating oxygen in

the core-shell redox catalyst and producing heat, H2, CO, or a combination thereof. The

oxidizing gas can include air, C0 2 steam, or a combination thereof.

[0023] The oxidative cracking methods provided herein can be performed in a circulating

fluidized bed reactor. In some embodiments, the methods are performed in a reactor having

two or more parallel beds containing the redox catalyst to maintain heat transfer between the

two or more parallel beds, wherein when half of the beds are being contacted with the

paraffins, the other half are being contacted with oxidizing gas to regenerate the oxygen in the

core-shell redox catalyst, and wherein the heat produced from the oxygen regeneration is

provided to assist the cracking of the light paraffins to produce the water and olefins, diolefins,

or a combination thereof.

[0024] In various embodiments, the ability of the redox-catalyst to selectively oxidize saturated

light hydrocarbons such as ethane, propane and hexane, and/or the hydrogen produced from

separate dehydrogenation reactions at these temperatures allows high per-pass conversions

relative to non-oxidative processes by eliminating thermodynamic equilibrium limits. In various

embodiments, the redox catalyst is sufficiently selective to the formation of water over C0 2

and CO, such that at least 20% (>50% more typical for NGL's) of the energy produced in

regeneration is supplied from the regeneration of oxygen that produces water, in contract to

CO or C0 2 or from the burning of coke. In some embodiments, the hydrogen formed from

paraffin dehydrogenation is selectively combusted by an oxygen carrier which is either

physically mixed with a hydrogenation catalyst or placed between two hydrogenation catalyst

beds. In either case, the lattice oxygen of the oxygen carrier selectively burns hydrogen and

has little activity toward paraffin oxidation. In some embodiments, the per-pass yield of

valuable products, such as olefins, di-olefins and aromatics, are comparable or higher than

steam cracking, with consumption of less valuable paraffins providing heat generation through

COx formation. In some embodiments, the methods include recycling of methane, CO, and or

C0 2 into the reactor, wherein the formation of undesired byproducts is partially or fully

suppressed.

[0025] For example, in some embodiments, lithium promoted perovskite redox catalysts are

synthesized and characterized for CL-ODH of ethane. The redox catalysts are tested under

both a transient pulse mode as well as a step redox mode, up to 61% ethane conversion and

90% ethylene selectivity is achieved. Powder X-ray diffraction (XRD) characterization shows

that the redox catalyst is a composite of B-site deficient LaxSr2-xFe04 - (LSF) perovskite and



LiFe0 2. X-ray photoelectron spectroscopy (XPS) analysis indicates lithium enrichment on the

redox catalyst surface, which is determined to be Li20 by transmission electron microscopy

(TEM). The XPS O 1s spectra and 0 2-TPD (temperature-programmed desorption) show a

suppression of surface oxygen species after Li addition. This suppression is likely to be due

to a Li cation enriched surface layer. Under reactive conditions, surface enrichment of Li cation

decreases the rate of O2 conduction from the bulk and its evolution into the non-selective

electrophilic (surface) oxygen species. Broadened ethane pulse with sharp oxygen pulse

injection is further performed to confirm the non-selective nature of surface oxygen species in

ODH reaction. The findings indicate that that ODH selectivity can potentially be improved by

surface modification and controlling the O2 conduction and evolution in redox catalysts. The

catalyst and methods provided herein can be highly selective for oxidative dehydrogenation

of light paraffins. In some embodiments, the selectivity for dehydrogenation of light paraffins

is greater than the selectivity of the otherwise same catalyst except without the surface

modifications, e.g. when used in the otherwise same method and under the otherwise same

conditions.

[0026] Other systems, methods, features, and advantages of redox catalysts and methods of

making and using thereof will be or become apparent to one with skill in the art upon

examination of the following drawings and detailed description. It is intended that all such

additional systems, methods, features, and advantages be included within this description, be

within the scope of the present disclosure, and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Further aspects of the present disclosure will be readily appreciated upon review of

the detailed description of its various embodiments, described below, when taken in

conjunction with the accompanying drawings.

[0028] FIGS. 1A-1D show a Mass Spectroscopy response of(FIG. 1A) hydrogen eluted from

0.5 g of CaMn0 3 contacted with 5% hydrogen; (FIG. 1B) product eluted from CaMn0 3

contacted with 5% ethane; (FIG. 1C) inert free product of 5% ethane over Cr/Al20 3; (FIG. 1D)

inert free product of 5% ethane over bifunctional catalytic bed containing CaMn0 3 and

Cr/Al20 3 co-catalysts.

[0029] FIG. 2 shows a circulating fluidized bed configuration of oxy-cracking/ODH.

[0030] FIGS. 3A-3C show parallel packed bed configuration of chemical looping oxy-cracking

reactors: FIG. 3A is a diagram of two parallel packed beds with manifolds switching from

hydrocarbon to air feeds. FIG. 3B is a side view cross-section of multiple packed beds in same



reactor, FIG. 3C is an overhead view of paralleled packed beds showing the manifold

switching beds between purge, oxidation/regeneration, and oxy-cracking.

[0031] FIG. 4 shows C2H4, H2 and CH4 yield obtained from thermal conversion at different

temperatures.

[0032] FIGS. 5A-5B show (FIG. 5A) selectivity/conversion/yield of ( ) pure LSF ( )

0 .1LiFeO2-LSF ( X ) LiFe0 2-LSF ( + ) 2.5LiFe0 2-LSF ( + ) LiFe0 2/MgAI20 4 ( ■ ) blank

experiment obtained in five redox cycles, and (FIG. 5B) gas product profile in a transient pulse

on LiFe0 2-LSF: Temperature = 700 °C; Space velocity = 3000 h .

[0033] FIG. 6 shows selectivity/conversion/yield of ( ) 0 .1LiFeO2-LSF (X ) LiFe0 2-LSF ( )

2.5LiFe0 2-LSF at700 °C, 675 °C and 650 °C: Space velocity = 3000 h .

[0034] FIG. 7 shows selectivity/conversion/yield obtained on 2.5LiFe0 2-LSF with different

space velocities: Temperature = 700 °C.

[0035] FIGS. 8A-8B show (FIG. 8A) selectivity/conversion/yield on 2.5LiFe0 2-LSF from

consecutive pulse 1 to 10 without regeneration, and (FIG. 8B) cumulative

selectivity/conversion/yield for Li promoted LSF in the first 10 pulses: Temperature = 700 °C;

Space velocity = 3000 h .

[0036] FIG. 9 shows product species distributions and ethylene yields obtained on LiFe0 2-

LSF. Cycle number from 18 to 28. Temperature = 700 °C.

[0037] FIG. 10 shows oxygen capacity of pure LSF, 0 .1LiFeO2-LSF, LiFe02-LSF, 2.5LiFe02-

LSF and LiFe0 2 at 700 °C. Error bars indicate 95% confidence interval from 8 redox cycles.

[0038] FIGS. 11A-1 1B show (FIG. 11A) instantaneous selectivity/conversion/yield (Left Y-

axis) and cumulative oxygen release (Right Y-axis) obtained and (FIG. 11B) cumulative

selectivity/conversion/yield obtained on 2.5LiFe0 2-LSF as a function of time: Temperature =

700 °C; Cycle number = 8 .

[0039] FIG. 12 shows XRD pattern of as-prepared (a) Lao. Sr FeC (b) 0 .1LiFeO2-LSF (c)

LiFe0 2-LSF (d) 2.5LiFe0 2-LSF (e) LiFe0 2. · : LiFe0 2; ♦ : Lao.eSri .4Fe0 4.

[0040] FIG. 13 shows detailed Fe 2p 3/2 XPS scans for (a) LiFe0 2, (b) 2.5LiFe0 2-LSF, (c)

LiFe0 2-LSF, (d) 0 .1LiFeO2-LSF and (e) LSF. Arbitrary dashed lines ( I and II) for major peaks

characteristic of LiFe0 2. Arbitrary solid line ( III) for high B.E. shoulder peak characteristic of

LSF.

[0041] FIGS. 14A-1 4C show near surface cation concentrations for (FIG. 14A) as-prepared

and (FIG. 14B) cycled redox catalysts, and (FIG. 14C) ratios between surface Li concentration



relative to bulk cation concentration for cycled 0 .1LiFeO2-LSF, LiFe0 2-LSF and 2.5LiFe0 2-

LSF. Dashed line for ratio of 1.

[0042] FIG. 15 shows detailed O 1s XPS scan for (a) LSF, (b) 0 .1LiFeO2-LSF, (c) LiFe0 2-

LSF, (d) 2.5LiFe0 2-LSF and (e) LiFe0 2. Arbitrary solid lines (I) for major peaks characteristic

of LiFe0 2. Arbitrary dashed lines ( I I) for major peaks characteristic of LSF. Dashed peaks for

intermediate oxygen species.

[0043] FIGS. 16A-1 6B show (FIG. 16A) TEM and (FIG. 16B) high resolution TEM micrograph

on 2.5LiFe0 2-LSF. The effect of Li cation enriched surface on oxygen evolution.

[0044] FIG. 17 shows calculated oxygen flux from mass spectroscopy of products on LSF,

0 .1LiFeO2-LSF, LiFe0 2-LSF and 2.5LiFe0 2-LSF as a function of reduction time.

[0045] FIGS. 18A-1 8B show (FIG. 18A) 0 2-TPD and (FIG. 18B) H2-TPR profiles and

characteristic peaks for pure LSF, 0 .1LiFeO2-LSF, LiFe0 2-LSF and 2.5LiFe0 2-LSF. Both

temperature ramping rate = 5 °C/min.

[0046] FIGS. 19A-1 9C show XRD pattern of reduced (FIG. 19A) La0. Sri . FeO (FIG. 19B)

LiFe0 2-LSF (FIG. 19C) 2.5LiFe0 2-LSF. ♦ : La Sr2-xFe0 - ; * : Fe.

[0047] FIGS. 20A-20C show (FIG. 20A) conversion profile for LSF under a 3 min reduction

half-cycle; (FIG. 20B) Instantaneous selectivity/conversion/yield (Left Y-axis) and cumulative

oxygen release (Right Y-axis) obtained on LSF; and (FIG. 20C) Conversion profile for

2.5LiFe0 2-LSF under a 3 min reduction half-cycle: Temperature = 700 °C; Cycle number = 8 .

[0048] FIG. 2 1 shows the response to a broadened pulse of ethane combined with a sharp

pulse of oxygen on 2.5LiFe0 2-LSF at 700 °C at 50 ml min - 1 total flow rate.

[0049] FIGS. 22A-22B show temperature-programmed reduction (TPR) profiles of Sr3Fe20 7

δ (FIG. 22A) and Na2W0 4/ Sr3Fe20 7 (FIG. 22B, Na2W0 4 loading is 20 wt.%) : Total

flowrate= 100 seem, y H2=0. 1, ramping rate= 10°C/min.

[0050] FIGS. 23A-23B show ethane combustion over Sr3Fe20 7- (FIG. 23A) and Na2W0 4/

Sr3Fe20 7- (FIG. 23B, Na2W0 loading is 20 wt.%) at 650 °C: Total flowrate=50 seem,

[0051] FIGS. 24A-24B show hydrogen combustion over Sr3Fe20 7. (FIG. 24A) and Na2W0 /

Sr3Fe20 7- (FIG. 24B, Na2W0 loading is 20 wt.%) at 650 °C: Total flowrate=50 seem,



[0052] FIG. 25 is a graph of the n-hexane oxi-cracking performance of Mg Mn0 8 based mixed

oxide redox-catalyst co-doped with sodium pyrophosphate (NaP) and other dopants including

Ca, Pr, and Bi.

[0053] FIG. 26 is a graph of hydrogen conversion performance during n-hexane oxy-cracking

over Mg Mn0 8 based mixed oxide redox-catalyst co-doped with sodium pyrophosphate (NaP)

and other dopants including Ca, Pr, and Bi.

[0054] FIG. 27 is a graph of is a graph of the n-hexane oxy-cracking performance of Mg Mn0 8

based mixed oxide redox-catalyst alkali only (Base) and doped with sodium pyrophosphate

(NaP) , vs an ethane ODH catalyst (White).

[0055] FIG. 28 is a graph of 26 is a graph of hydrogen conversion performance during n-

hexane oxy-cracking over Mg Mn0 8 mixed oxide redox-catalysts redox-catalyst alkali only

(Base) and doped with sodium pyrophosphate (NaP) , vs an ethane ODH catalyst (White)

[0056] FIG. 29 is a graph of the oxygen capacity and ethylene yield of unpromoted LaSrFe,

0 .1K-LaSrFe, K-LaSrFe, 2.5K-LaSrFe, 0 .1Li-0. 1K-LaSrFe and 0.5Li-0.5K-LaSrFe at 700 °C.

[0057] FIG. 30 is a graph of the product species distributions and ethylene yields obtained on

0.5K-0.5Li-LaSrFe for cycle number from 1 to 30 and temperature = 700 °C.

[0058] FIGS. 31A-31 B are graphs of the near surface cation concentrations of as-prepared

redox catalysts as determined by x-ray photoelectron spectroscopy (XPS) (FIG. 31A) ; and the

ratios between near surface K concentration to bulk K concentration (FIG. 3 1B) for as-

prepared redox catalysts (the dashed line in FIG. 3 1B is for ratio of 1) .

[0059] FIGS. 32A-32B are transmission electron micrographs of .5K-LaSrFe. FIG. 32B is a

high magnification TEM micrograph of 2.5K-LaSrFe for the square area depicted in the TEM

image from FIG. 32A.

DETAILED DESCRIPTION

[0060] Olefins and di-olefins such as ethylene, propene, 1-butene, and 1,3 butadiene are

major feedstocks for the petrochemical industry, particularly in the production of plastics and

synthetic rubbers. Olefins are typically produced from the "cracking" or decomposition of light

hydrocarbons such as natural gas liquids (mostly saturated C2-C5 hydrocarbons) which are

low value byproducts of natural gas production and light naphtha, a low boiling point fraction

of petroleum (~30-1 45 °C) that is rich in highly-volatile, linear paraffins that are not suitable for

liquid fuel use without extensive processing. The high temperature decomposition process,

referred to as pyrolysis, or (steam) cracking, is highly energy intensive, leading to large fuel



demands and concomitant C0 2 and NOx emissions. In various embodiments provided herein,

a system of catalysts for oxidative cracking (also known as oxy-cracking or oxidative

dehydrogenation) in which the saturated hydrocarbons are selectively oxidized to produce

olefins and water. In this redox catalytic system, the oxygen is provided by an oxygen carrier

(a.k.a redox catalyst). In some embodiments, this redox catalyst is designed to supply its

lattice oxygen to paraffin conversion reactions at temperatures lower than 800 °C and/or

maintains high selectivity at temperatures higher than 800 °C. The lattice oxygen can be

replenished with air or other suitable oxidizing gas such as C0 2 or steam.

[0061] Before the present disclosure is described in greater detail, it is to be understood that

this disclosure is not limited to particular embodiments described, and as such may, of course,

vary. It is also to be understood that the terminology used herein is for the purpose of

describing particular embodiments only, and is not intended to be limiting. The skilled artisan

will recognize many variants and adaptations of the embodiments described herein. These

variants and adaptations are intended to be included in the teachings of this disclosure and to

be encompassed by the claims herein.

[0062] All publications and patents cited in this specification are herein incorporated by

reference as if each individual publication or patent were specifically and individually indicated

to be incorporated by reference and are incorporated herein by reference to disclose and

describe the methods and/or materials in connection with which the publications are cited.

The citation of any publication is for its disclosure prior to the filing date and should not be

construed as an admission that the present disclosure is not entitled to antedate such

publication by virtue of prior disclosure. Further, the dates of publication provided could be

different from the actual publication dates that may need to be independently confirmed.

[0063] Although any methods and materials similar or equivalent to those described herein

can also be used in the practice or testing of the present disclosure, the preferred methods

and materials are now described. Functions or constructions well-known in the art may not

be described in detail for brevity and/or clarity. Embodiments of the present disclosure will

employ, unless otherwise indicated, techniques of nanotechnology, organic chemistry,

material science and engineering and the like, which are within the skill of the art. Such

techniques are explained fully in the literature.

[0064] It should be noted that ratios, concentrations, amounts, and other numerical data can

be expressed herein in a range format. It is to be understood that such a range format is used

for convenience and brevity, and thus, should be interpreted in a flexible manner to include

not only the numerical values explicitly recited as the limits of the range, but also to include all

the individual numerical values or sub-ranges encompassed within that range as if each



numerical value and sub-range is explicitly recited. To illustrate, a numerical range of "about

0 .1% to about 5%" should be interpreted to include not only the explicitly recited values of

about 0 .1% to about 5%, but also include individual values (e.g. , 1% , 2%, 3% , and 4%) and

the sub-ranges (e.g. , 0.5% , 1.1% , 2.2%, 3.3%, and 4.4%) within the indicated range. Where

the stated range includes one or both of the limits, ranges excluding either or both of those

included limits are also included in the disclosure, e.g. the phrase "x to y" includes the range

from 'x' to as well as the range greater than 'x' and less than 'y'. The range can also be

expressed as an upper limit, e.g. 'about x , y , z , or less' and should be interpreted to include

the specific ranges of 'about x', 'about y', and 'about z' as well as the ranges of 'less than x',

less than y', and 'less than z'. Likewise, the phrase 'about x , y , z , or greater' should be

interpreted to include the specific ranges of 'about x', 'about y', and 'about z' as well as the

ranges of 'greater than x', greater than y', and 'greater than z'. In some embodiments, the

term "about" can include traditional rounding according to significant figures of the numerical

value. In addition, the phrase "about 'x' to 'y'", where 'x' and 'y' are numerical values, includes

"about 'x' to about 'y'".

Definitions

[0065] Unless defined otherwise, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this disclosure

belongs. It will be further understood that terms, such as those defined in commonly used

dictionaries, should be interpreted as having a meaning that is consistent with their meaning

in the context of the specification and relevant art and should not be interpreted in an idealized

or overly formal sense unless expressly defined herein.

[0066] The articles "a" and "an," as used herein, mean one or more when applied to any

feature in embodiments of the present invention described in the specification and claims. The

use of "a" and "an" does not limit the meaning to a single feature unless such a limit is

specifically stated. The article "the" preceding singular or plural nouns or noun phrases

denotes a particular specified feature or particular specified features and may have a singular

or plural connotation depending upon the context in which it is used.

Redox Catalysts

[0067] In various embodiments, redox catalysts are provided having an oxygen carrier core

with one or more surface modifications to enhance the selectivity of the redox catalyst for

oxidative dehydrogenation. The surface modifications can include forming a redox catalyst

outer layer on the outer surface of the oxygen carrier core to form a catalyst having a core-

shell structure. The surface modification can include suppressing sites that form nonselective



electrophilic oxygen sites on the outer surface, e.g with dopants or promoters. The redox

catalyst can have a surface that is doped and/or surrounded by a selective redox catalyst outer

layer. The oxygen carrier core can contain a metal oxide having a defected rock salt structure

such as metal oxides having the chemical formula M 1 M2mOi-x where M 1 and M2 are Mg, Ca,

Sr, Ba, Mn, Fe, Ni, or a combination thereof. For example, the oxygen carrier can include

Mg Mn0 8. The oxygen carrier can include a Mg Mn0 8 phase, a Mn20 3 phase, a mixed

manganese-magnesia oxide phase such as (Mn,Mg) 30 4, an alkaline-manganese oxide phase

such as Lii-xMn0 2 -6, or a combination thereof.

[0068] The oxygen carrier or oxygen carrier core can include a perovskite. The perovskite can

have the chemical formula ΑΒ0 3 -δ where A is Ca, Sr, Ba, Sc, Y, La, Ce, or a combination

thereof, and where B is a transition metal such as Fe, Ni, Mn, or a combination thereof. The

perovskite can be CaMn0 3 .

[0069] The perovskite can be a B-site or oxygen deficient perovskite having a Ruddlesden-

Popper/ Brownmillrite structure. The B-site deficient perovskite can have the chemical formula

(La,A)n(Fe,B)n-i0 3 -i, where A is selected from the group consisting of Ca, Sr, Ba, Sc, Ce, and

a combination thereof, B is selected from the group consisting of Ti, Ni, Mn, and a combination

thereof, and n is an integer from 1 to 3 . The B-site deficient perovskite can be Lao .6Sri .4FeO 4

or Sr3Fe20 7.

[0070] In various embodiments, the surface modification includes a dopant or promoter on

the outer surface such as Li, Na, K , Cs, Rb, P, S, B, Cr, Mo, W, Ta, V , Ce, La, Pr, Sm, Y, Bi,

Sb, Pb, Sr, Ba, Ca, CI, Br, and/or F alone or in combination that suppress deep oxidation and

or catalytically enhance the dehydrogenation of hydrocarbons.

[0071] A variety of redox catalysts can be used in the compositions and methods described

herein. In various embodiments, the redox catalyst outer layer includes a mixed-metal-oxide

redox catalyst such as LiFe0 2, CaMn0 3, and SrFe20 7. The redox catalysts can be made in a

variety of sizes, although in some embodiments the catalysts are nanoparticles having a

diameter of about 50 nm to about 500 nm. In some embodiments, where the reodix catalyst

has a core-shell catalyst structure, the outer layer can be very thin, e.g. having a thickness of

about 25 nm, about 15 nm, about 10 nm, about 5 nm, or less. The redox catalyst outer layer

and the oxygen carrier can be present at a molar ratio (redox catalyst/oxygen carrier) of about

0.5 to 2.5.

Methods of Making Redox Catalysts

[0072] A variety of methods are provided for making the redox catalysts. The methods of

making the redox catalyst can include a sol-gel method, a co-precipitation method, a solid



state reaction method, a freeze granulation method, a spray drying method, or a combination

thereof.

[0073] The methods can include modified Pechini methods. The methods can include

dissolving a mixture of metal citrate salts in an aqueous solution to form a chelating solution,

adding ethylene glycol to the chelating solution to form a gel, drying the gel, and calcining the

gel at an elevated temperature for a period of time to produce the core-shell redox catalyst.

The mixture of metal citrate salts can include oxygen carrier metal precursors. In some

embodiments, the chelating solution can include redox catalyst metal precursors that can form

a redox catalyst shell on the outer surface of the oxygen carrier core. In some embodiments,

the methods can include impregnating the outer surface of the oxygen carrier with a redox

catalyst, dopant, and/or promoter.

[0074] The methods can include forming a gel by the addition of ethylene glycol at a molar

ratio of about 2 :1 based upon the amount of citric acid in the metal citrate salts. To produce a

redox catalyst outer shell, the molar ratio of the redox catalyst metal precursors to the oxygen

carrier metal precursors can be about 0.5 to 2.5. The calcining step can be performed, in some

aspects, at an elevated temperature of about 900°C to 1100°C and/or for a period of time from

about 8 to 20 hours.

[0075] Other methods can also be used to prepare the redox catalysts. These methods

include the solid-state reaction method which involves mixing solids precursors in dry or slurry

form followed with mixing, grinding, annealing, etc. The redox catalysts can also be prepared

using co-precipitation, spray drying, or freeze granulation methods. Promoters or dopants can

be added through blending, wet/dry impregnation, etc. In general the oxygen carriers in the

redox catalysts are often in their stable thermodynamic states and any general methods that

allow thorough mixing among metal cations followed with annealing will likely to result in

suitable oxygen carriers.

Oxidative Cracking of Paraffins using Redox Catalysts

[0076] A variety of methods are provided for using the catalysts provided herein for oxidative

cracking of paraffins, especially light paraffins. In various embodiments, methods are provided

for oxidative cracking of paraffins by contacting the paraffin with a redox catalyst described

herein to convert the paraffins to water and olefins, diolefins, or a combination thereof. The

parafffins can be light paraffins, heavy paraffins, or a combination thereof. The light parafifins

can include paraffins having from 2 to 7 carbon atoms. For example, the paraffins can include

ethane, propane, or a combination thereof. In some embodiments, the light paraffins include

ethane that is converted into ethylene at a temperature of about 750°C or less. In some



embodiments, the light paraffins include propane that is converted into propylene without

producing or while producing an insignificant amount of ethylene byproducts. Steam and/or

C0 2 can, in some aspects, be added to provide additional oxygen when the paraffin is

contacted with the core-shell redox catalyst. We note that a similar method can be used to

convert liquid hydrocarbon in general via the oxy-cracking approach described herein.

[0077] The oxygen consumed in the oxidative cracking can be replenished by a variety of

methods. In some embodiments, the methods include regenerating the redox catalyst by

contacting the redox catalyst with an oxidizing gas, thereby regenerating oxygen in the redox

catalyst and producing heat, H2, CO, or a combination thereof. The oxidizing gas can include

air, C0 2 steam, or a combination thereof.

[0078] The oxidative cracking methods provided herein can be performed in a circulating

fluidized bed reactor. In some embodiments, the methods are performed in a reactor having

two or more parallel beds containing the core-shell redox catalyst to maintain heat transfer

between the two or more parallel beds, wherein when half of the beds are being contacted

with the paraffins, the other half are being contacted with oxidizing gas to regenerate the

oxygen in the core-shell redox catalyst, and wherein the heat produced from the oxygen

regeneration is provided to assist the cracking of the paraffins to produce the water and olefins,

diolefins, or a combination thereof.

[0079] In various embodiments, the ability of the redox-catalyst to selectively oxidize saturated

light hydrocarbons such as ethane, propane and hexane, and/or the hydrogen produced from

separate dehydrogenation reactions at these temperatures allows high per-pass conversions

relative to non-oxidative processes by eliminating thermodynamic equilibrium limits. In various

embodiments, the redox catalyst is sufficiently selective to the formation of water over C0 2

and CO, such that at least 20% (>50% more typical for NGL's) of the energy produced in

regeneration is supplied from the regeneration of oxygen that produces water, in contract to

CO or C0 2 or from the burning of coke. In some embodiments, the hydrogen formed from

paraffin dehydrogenation is selectively combusted by an oxygen carrier which is either

physically mixed with a hydrogenation catalyst or placed between two hydrogenation catalyst

beds. In either case, the lattice oxygen of the oxygen carrier selectively burns hydrogen and

has little activity toward paraffin oxidation. In some embodiments, the per pass yield of

valuable products, such as olefins, di-olefins and aromatics, are comparable or higher than

steam cracking, with consumption of less valuable paraffins providing heat generation through

COx formation. In some embodiments, the methods include recycling of methane, CO, and or

C0 2 into the reactor, wherein the formation of undesired byproducts is partially or fully

suppressed.



[0080] In one embodiment of the reaction a circulating fluidized bed with is used to contact a

redox catalyst provided herein with ethane in a low temperature (<800 °C) ODH reactor giving

high yields of ethylene and water along with other valuable hydrocarbons. The catalyst may

be deposited onto a ceramic support. After reduction the redox catalyst is circulated into a

regenerator/air reactor where it is re-oxidized producing heat. The sensible heat of the

regenerated catalyst is transferred back into the hydrocarbon reactor.

[0081] In another embodiments, a catalyst described herein is circulated but contacted with

propane instead of ethane temperatures in the range of 600-750 °C. In this embodiment

propane is selectively converted to propylene with or without a significant ethylene byproduct,

while water is formed by selective oxidation of the hydrogen coproduct. In this and other

embodiments, sufficient heat may be generated when the catalyst is re-oxidized in air, that the

system is thermally sufficient.

[0082] In another embodiment a catalyst described herein is packed into 2 or more parallel

beds configured in a way to maintain facile heat transfer between the beds (FIGS. 3A-3C).

While one or more bed undergoes reduction upon contact with propane forming high yields of

propylene and water, an adjacent bed of reduced catalyst is regenerated in air. The heat from

the exothermic regeneration bed flows into the endothermic hydrocarbon bed, maintaining the

temperature of all of the reactors block. After the beds are depleted they are purged quickly

then switched to the opposite environment (hydrocarbon to air and air to hydrocarbon). By

continually switching the reactor is capable of operating under auto thermal conditions.

[0083] In another embodiment a configuration as described above is packed with a selective

hydrogen combustion catalyst and a co-catalysts. The co-catalyst promote the non-oxidative

dehydrogenation of propane, while the oxygen carrier selectively oxidizes the hydrogen. This

configuration allows higher conversion at lower temperatures by both enhancing cracking

kinetics and increasing equilibrium conversion to propylene. This may contain a physical

mixture of co-catalysts, a bi-functional selective hydrogen combustion (SHC) and

hydrogenation (DH) catalyst packed sequentially in the same bed, or in paralleled beds, with

the valve manifold directing the gas flow between dehydrogenation and hydrogen oxidation

beds sequentially.

[0084] A parallel packed bed configuration described herein can be placed upstream of an

oligomerization unit to produce liquid feedstocks or fuels.

[0085] A circulating fluidized bed configuration, can be loaded with a catalyst described

herein. In the hydrocarbon reactor the catalyst is contacted with heated naphtha. The

paraffins such as n-pentane, n-hexane, and n-heptane, as well cycle hydrocarbons can be



cracked to light olefins such as propylene and 1,3 butadiene. The hydrogen produced by the

cracking reaction is consumed by the catalyst, while some of the paraffins (<20% of

naphthalene mass) in the feed is oxidized. A high yield of valuable olefins and pyrolysis

gasoline can be recovered.

[0086] In reactors configured such as described embodiment above, C0 2 (2-1 0 vol. % feed)

and methane ( 1 .5-20 vol% feed) byproducts can be recycled into the system and can result in

suppressing the formation of undesirable products.

[0087] The catalyst and methods provided herein can be highly selective for oxidative

dehydrogenation of paraffins, especially light paraffins. In some embodiments, the selectivity

for dehydrogenation of paraffins is greater than the selectivity of the otherwise same catalyst

except without the surface modifications, e.g. when used in the otherwise same method and

under the otherwise same conditions.

EXAMPLES

[0088] Now having described the embodiments of the present disclosure, in general, the

following Examples describe some additional embodiments of the present disclosure. While

embodiments of the present disclosure are described in connection with the following

examples and the corresponding text and figures, there is no intent to limit embodiments of

the present disclosure to this description. On the contrary, the intent is to cover all alternatives,

modifications, and equivalents included within the spirit and scope of embodiments of the

present disclosure.

Example 1: Li promoted La Sr2-xFe04- Core-Shell Redox Catalysts for Oxidative

Dehydrogenation of Ethane under a Cyclic Redox Scheme

[0089] Chemical looping oxidative dehydrogenation (CL-ODH) of ethane utilizes a transition

metal oxide based oxygen carrier, a.k.a. redox catalyst, to convert ethane into ethylene under

an autothermal cyclic redox scheme. This example presents a Li promoted LaxSr2-xFe04-

(LSF) redox catalyst for CL-ODH reactions. While LSF without Li promoter exhibits low

ethylene selectivity, addition of Li leads to high selectivity/yield and good regenerability. Up to

6 1% ethane conversion and 90% ethylene selectivity are achieved with Li promoted LSF.

Further characterization indicates that the Li promoted LSF redox catalyst consists of LiFe0 2

(disordered rocksalt) and LSF (Ruddlesden-Popper) phases. Moreover, the surface of the

redox catalysts is enriched with Li cation. It is also determined the LSF phase contributes to

oxygen storage and donation whereas activity and selectivity of the redox catalysts are

modified by the Li promoter: while oxygen for the CL-ODH reaction is supplied from the lattice



of the LSF phase, the enrichment of Li cation on the surface increases the resistance for O2

diffusion from the bulk and its subsequent evolution into electrophilic oxygen species on the

surface. The non-selective nature of the surface oxygen species and the inhibition effects of

Li promoter on O2 diffusion are further confirmed by pulse experiments. The results

demonstrate that Li promoted LaxSr2-xFe0 - is an effective redox catalyst for ethane ODH in

absence of gaseous oxygen. Moreover, the selectivity of the redox catalysts can be enhanced

by the alkali metal oxide promoters.

Experimental

Redox Catalysts Preparation

[0090] Addition of Li to LaxSri-xFe0 3 - perovskites leads to formation of a B-site deficient

LaxSr2-xFe04-6 phase and a LiFe0 2 phase. To ensure comparability of the redox catalyst

samples, Li-promoted redox catalysts are synthesized with varying ratios of LiFe0 2 and LaxSr2

xFe0 4 -6. All redox catalysts were prepared by a modified Pechini method 25 . To synthesize LSF,

stoichiometric amounts of Fe(N0 3)3-9H20 (98%, Sigma-Aldrich), La(N0 3)3-6H20 (99.9 % ,

Sigma-Aldrich), Sr(N0 3)2 (99%, Noah chemical) were dissolved in deionized water under

stirring at 30 °C. Citric acid was then added to the solution at a 3:1 molar ratio to total metal

ions (Fe3+ , La3+ and Sr2+) . The solution was kept stirring at 50 °C for 0.5 h to form a chelating

solution. Ethylene glycol was then added to the solution to promote gel formation. The molar

ratio between ethylene glycol and citric acid was 2:1 . The solution was kept at 80 °C under

stirring until a viscous gel formed. The gel was dried overnight at 130°C in a convection oven.

The sample was then calcined in a tube furnace at 950 °C for 12 h under continuous air flow.

In synthesis of Li promoted LSF, an additional amount of LiN0 3 (99.9%, Sigma-Aldrich) was

added to the solution with stoichiometric amounts of Fe(N0 3)3-9H20 , La(N0 3)3-6H20 ,

Sr(N0 3)2. As mentioned earlier, the amount of lithium precursor was expressed on the basis

of the molar ratio between LiFe0 2 and LSF phases. The Li promoted redox catalysts were

named as x-LiFe0 2/LSF, where x corresponded to the LiFe0 2/LSF molar ratio.

LiFe0 2/MgAI 20 4 was also synthesized as the reference sample. MgAI20 4 was chosen as the

inert support material to increase the mechanical strength of redox catalyst. In the synthesis

of LiFe0 2/MgAI 20 4, 1 g of LiFe0 2 (95%, Sigma-Aldrich) was dissolved in water and incipient

wet impregnated onto 1 g of MgAI20 (99.9%, Noah Chemicals). The sample was dried in a

convection oven at 130 °C overnight and then calcined in a tube furnace at 950 °C for 12 h

under continuous air flow.



Redox Catalyst Characterization

[0091] XRD was conducted with a Rigaku SmartLab X-ray diffracto meter to determine the

redox catalyst crystal phases in oxidized and reduced states. The radiation source was a

monochromatic CuKa (λ=0. 1542) with an operating condition at 40 kV and 44mA. A step size

of 0.05° and a scan step time of 1 s at 20= 15-85° was used to generate the XRD patterns.

The XRD patterns were processed using the International Center for Diffraction Data (ICDD)

database in HighScore plus software.

[0092] XPS was used to analyze the near-surface composition of pure LSF and LSF promoted

with different amounts of Li. The sample powder was pressed onto a carbon tape and

outgassed at 10 5 Torr for overnight before it was introduced into the ultrahigh vacuum

chamber for scanning. The XPS patterns were recorded on a PHOIBIS 150 hemispherical

energy analyzer (SPECS GmbH) equipped with a non-monochromatic MgKa excitation source

( 1254 eV). The data treatment was performed with the CasaXPS program (Casa Software

Ltd. , UK) . The C 1s line at 284.6 eV was taken as a reference for binding energy calibration.

Near surface compositions were calculated based on characteristic peak areas and their

respective atomic sensitivity factors. It is noted that Li 1s and Fe 3p characteristic peaks

overlap in the region of 52-59 eV. To calculate Li concentrations, the Fe 3p peak area was

first calculated from the area ratio between Fe 2p and Fe 3p peaks of pure LSF. The Li 1s

peak area was then obtained by subtracting the calculated Fe 3p peak area from the total

peak area in the region of 52-59 eV.

[0093] BET surface areas were obtained with a Micromeritics ASAP 2020 accelerated surface

area and porosity system via a multipoint physical adsorption measurement. Nitrogen was

used as the adsorbate gas at the temperature of 77 K . Prior to analysis, 0.5-1 g of sample

was degassed at 200 °C and 10 µηι Hg for overnight.

[0094] 0 2-TPD was carried out using a thermogravimetric analyzer (TGA) instrument to study

the oxygen uncoupling of the redox catalysts. 34 50-1 00 mg of sample was placed in a crucible

inside the instrument chamber. Prior to analysis, the sample was pretreated at 850 °C for one

hour and cooled down to room temperature under a continuous flow of 20% 0 2 ( 100 ml min - ,

balance Ar) . The chamber was purged with pure Ar for another hour after the oxygen

pretreatment. Then, the temperature was ramped up to 950 °C at a rate of 10 °C/min under

the flow of 100 ml min - 1 pure Ar. H2-TPR (temperature-programmed reduction) was also done

by using 10% H2 (200 ml min - 1 , balance Ar) with TGA instrument to determine the reducibility

of the redox catalysts. 29 Prior to analysis, sample was pretreated at 850 °C for one hour and

cooled down to room temperature under a continuous flow of 20% 0 2 ( 100 ml min - 1 , balance

Ar). The chamber was purged with 100 ml min - 1 pure Ar for one hour after the oxygen



pretreatment. Then, the temperature was ramped up to 750 °C at a rate of 5 °C/min under the

flow of 10% H2 (200 ml min - 1 , balance Ar) . The average chemical compositions of redox

catalysts was determined by inductively couple plasma (ICP). TEM (JEOL JEM 201 OF) was

also performed at an accelerating voltage of 200 keV to obtain morphological information of

the core-shell particle.

Reactive testing

[0095] Reactivity tests were carried out under both a transient pulse mode and a continuous

flow mode. In both testing modes, 0.5 g of the redox catalyst was placed in a fixed-bed quartz

U-tube reactor ( I.D. = 1/8 inches) at atmospheric pressure. In order to minimize thermal

conversion of ethane, inert silicon carbide or aluminum oxide was loaded on both sides of the

U-tube to reduce the void volume. 35

[0096] Transient pulse experiments were performed at 650, 675 and 700 °C. The

experimental setup was similar to what has been reported before.36 25 ml min - 1 of helium was

used as carrier gas, giving a space velocity of 3000 h . Other space velocities were also

tested. Pulses of 37.5% C2H (0. 1 ml_, balance Ar) were injected with 1 minute loading and 1

minute injection time. To investigate the behavior of the redox catalyst in ODH reaction and to

confirm its regenerability, each 2Η pulse was followed with a regeneration step of 37.5%

oxygen ( 15 ml min - 1 , balance Ar) for 1 minute. Five reduction pulses and five oxygen

regeneration steps were conducted on each redox catalyst to test its regenerability and

repeatability. To study the evolution of catalytic performances, 10 consecutive ethane pulse

were injected to reduce the redox catalysts, followed with a final step of oxygen regeneration.

Finally, a broadened C2H pulse (broadened by sending a 0 .1 mL injection through a 150 mL

broadening tube) was injected coupled with a sharp pulse injection of 0 2 ( 1 mL, balance Ar)

to determine the role of gaseous oxygen in ODH reactions. The experimental setup was similar

to a previous report. 36

[0097] Continuous flow experiments were performed at 700 °C. In reduction steps, the feed

gas composition was 15 ml min - 1 of ethane and 25 ml min - 1 of Ar, giving a space velocity of

4800 h- . An oxidation step was followed with each reduction step, using 10% oxygen (5

ml min - 1 , balance Ar). To investigate the on-line redox catalyst behavior and to measure the

redox oxygen capacity, each reduction and oxidation step was performed for 5 minutes for 8

cycles, with a 5 minutes of Ar purging in between.

[0098] All products formed were monitored by a downstream quadruple mass spectrometer

(QMS, MKS Cirrus II). They were quantified by integrating characteristic peaks of each species

obtained from quadruple mass spectrometer. C2H4 formation was calculated by deducting the



contribution of C2H to the mass 26 peak calculated by the characteristic ratio of mass 30 to

mass 26 before calculating C2H concentration from mass 26. Coke formation was calculated

by integrating the amount of CO and C0 2 formed during the regeneration step.26 CO formation

was calculated by deducting the contribution of C2H , C2H4, and C0 2 characteristic peaks

(Mass 30, Mass 26 and Mass 44, respectively) from CO characteristic peak (Mass 28) . H2

formation was also monitored by the quadruple mass spectrometer. However, the amount of

hydrogen formation in pulse experiments was negligible, i.e. within the noise level of quadruple

mass spectrometer measurements. To verify the data obtained from quadruple mass

spectrometer, gas chromatography (GC, Agilent Technologies, 7890B) with Ar and He thermal

conductivity detector (TCD) channels was also used to examine the formation of H2, CO and

coke. It was observed on quadruple mass spectrometer and GC that the amount of CO

formation and coke formation were negligible for both pulse and continuous flow experiments.

Ethane appears to be converted under two routes, the selective oxidation from ethane to

ethylene and the deep oxidation from ethane to C0 2. The molar ratio of ethylene and C0 2

product formation to redox catalyst active oxygen consumption were stoichiometrically

estimated to be 1/ 1 and 1/3.5, respectively. The oxygen capacity of redox catalysts were

calculated by using such an oxygen mass balance. H20 is calculated from a hydrogen

balance. To examine the selective combustion of H2, H20 selectivity is calculated on the basis

of the amount of H20 formation to the overall H2 formation from cracking. 35 Ethylene selectivity

and ethane conversion were calculated from product species distributions.

Results and discussions

Reactive Testing of the Redox Catalysts

[0099] The primary function of the proposed redox catalysts is to selectively oxidize ethane

into ethylene and water in absence of gaseous oxygen. Since ethylene can also be formed

via thermal cracking of ethane at high temperature, the reaction temperature in this work is

limited to 700 °C. Blank experiments indicate that thermal ethane conversion is less than 5%

at this temperature. Blank experiments are conducted by flowing 37.5% ethane (40ml- mirv ,

balance Ar) into U-tube loaded with inert aluminum oxide. Product distributions are obtained

at 5 different temperatures: 600, 650, 700, 750 and 800 °C. FIG. 4 shows the yield of each

species at such temperature. We observe that CH4 formation is insignificant at all

temperatures. Above 700 °C, we see a dramatic increase in C2H4 and H2 from thermal

cracking.

[01 00] The proposed redox ODH concept relies on active lattice oxygen in the redox catalyst.

For the current LiFe0 2-LSF system, active lattice oxygen is primarily provided by a B-site

deficient LSF phase, which has limited oxygen capacity. This, coupled with the relatively high



activity of the redox catalyst, make the redox ODH reaction highly dynamic, i.e. ethane

conversion and ethylene selectivity quickly change as active lattice oxygen gets consumed. In

order to accurately characterize the redox behavior of the redox catalyst, a transient pulse

analysis is performed since it is shown to be particularly effective to characterize reducible

oxides.36 '37 '38 In such experiments, the amount of ethane in each pulse is small enough such

that changes in the bulk and surface properties of the redox catalyst is minimal between

consecutive pulses. FIG. 5A shows the reactivity data for LSF with different Li loadings. For

comparison purposes, the abovementioned values are also determined for a blank tube, pure

LSF, and an inert (MgAI20 4) supported LiFe0 2 under identical conditions. In that figure, we

included five discrete dots for each dot shape/color. Each type of dots stands for a distinct

redox catalyst and the five dots represent 5 pulses with regenerations. These dots fall into the

same region, indicating a stable catalyst regenerability. Blank experiment shows insignificant

thermal conversion of ethane at 700 °C (less than 5%) albeit at a high selectivity. In contrast,

approximately 95% conversion is achieved with LSF but selectivity towards ethylene is less

than 10%, with C0 2 being the primary product. This indicates that unpromoted LSF is effective

for ethane combustion. In comparison, the Li promoter significantly changes the activity and

selectivity of the redox catalysts. Merely 1.42 w.t. % Li promoting in LSF (0. 1LiFeO2-LSF)

shifts the ethylene selectivity from less than 10% to over 60% . Meanwhile, ethane conversion

decreases from 95% to 50-60%. With increasing amounts of Li promoter (from 0 .1LiFe0 2-LSF

to 2.5LiFe0 2-LSF) , the selectivity increases from ca. 70% to ca. 90%. The highest ethylene

yield (55%) is obtained on 2.5LiFe0 2-LSF. Comparable selectivity can also be achieved with

MgAI20 4-supported LiFe0 2. However, the conversion is low ( 12%) , which can be explained by

the low oxygen carrying capacity and activity of LiFe0 2. A typical gas product profile in a

transient pulse on LiFe0 2-LSF is shown in FIG. 5B. Ethylene, C0 2 and unreacted ethane are

the main product components with Ar being the dilution gas. At 700 °C, the amount of

hydrogen formed in all the experiments are negligible based on quadruple mass spectrometer

and GC measurements. This indicates close to 100% selectivity towards H20 . A high H20

selectivity is desired since the effective combustion of H2 in the ODH step results in increased

heat release from regeneration and contributes to overall heat balance of the proposed CL-

ODH process.35

[01 01] Temperature effects are investigated for all Li promoted redox catalysts. FIG. 6 shows

the catalytic performances of redox catalysts at three different temperatures (650 °C, 675 °C

and 700 °C) . It is observed that the selectivity slightly increases with decreasing temperatures

but the corresponding conversion drops more significantly. This indicates that the activity and

selectivity of oxygen species in the redox catalysts are highly temperature dependent. At

higher temperatures, more lattice oxygen is transported to the redox catalyst surface at higher



rates. This leads to increased active oxygen species on the redox catalyst surface for higher

ethane conversion. We note that the abundance of oxygen on the surface can lead to

increased non-selective surface oxygen species via oxygen evolution (O2- - O - 0 2
2 - 0 2

) , this can cause deep oxidation as reported by Neal and Shafiefarhood et al. for Fe20 3@LSF

based redox catalysts in methane conversion. 26 '36 The effects of oxygen type on redox catalyst

selectivity is further discussed in later sections. Higher reaction temperatures are not studied

in the current manuscript due to increased thermal cracking at higher temperatures (~1 5%

ethane conversion at 750 °C).

[01 02] Besides temperature, the effect of space velocity is also studied by varying the gas

flow rate. FIG. 7 shows the catalytic performance with different space velocities on 2.5LiFe0 2-

LSF. As anticipated, a higher conversion can be obtained at a lower space velocity with a

decrease in selectivity. The change in conversion/selectivity can be explained by increasing

electrophilic oxygen species and readsorption of ethylene species on redox catalyst surface

at lower space velocities. The highest ethylene yield is observed at a space velocity of 3000

h . Such a space velocity is used in most of the reactivity tests.

[01 03] In order to investigate the dynamic conversion/selectivity trend with the consumption

of active lattice oxygen, 10 consecutive ethane pulses without regeneration are introduced

onto 2.5LiFe0 2-LSF (FIG. 8A) . With increasing number of pulses, the selectivity gradually

increases and conversion decreases. This is consistent with the loss of active lattice oxygen

over multiple redox cycles. Overall ethylene yields remain above 35% in all 10 pulses. FIG.

8B shows the average selectivity/conversion/yield obtained within the first 10 pulses for each

Li promoted sample. Similar to the results for the first pulse (FIGS. 5A-5B), 2.5LiFe0 2-LSF is

the best-performing redox catalyst, with an average selectivity of 94% and average yield of

44% .

[01 04] Oxygen carrying capacity of a redox catalyst is crucial for all cyclic redox processes.

The oxygen capacity can be calculated using an oxygen mass balance. Eight redox cycles are

repeated to confirm the reproducibility of the calculated oxygen capacity. Negligible change in

redox catalyst performance is observed in terms of ethane conversion, ethylene selectivity,

and oxygen carrying capacity. FIG. 10 shows the oxygen capacity with each redox catalyst,

including pure LSF and LiFe0 2. The oxygen capacity of LiFe0 2 is obtained on LiFe0 2/MgAI20 4

and normalized to the amount of pure LiFe0 2. As shown in the figure, the oxygen capacity

decreases from 0.73 w.t.% to 0.26 w.t.% with the increasing of Li promoter amount. It can be

explained by the low oxygen carrying capacity of LiFe0 2 (0.24 w.t.%) . This indicates that the

oxygen capacity in Li promoted LSF is mostly contributed by the LSF phase. We note that

redox catalyst with 1:1 molar ratio of LiFe0 2 and LSF exhibits significantly higher oxygen



carrying capacity than the redox catalysts with 1:10 ratio of LiFe0 2 and LSF. This may be due

to a phase cooperation effect between LSF and LiFe0 2 phases. A similar phase cooperation

mechanism was also proposed by Ozkan et al. on the basis of contact synergy mechanism. 39

It is noted that the oxygen carrying capacity of the LSF containing redox catalysts are in line

with that for CaMn0 3 based oxygen carriers for chemical looping with oxygen uncoupling. 40

Such an oxygen carrying capacity range, although relatively low, is practical for the proposed

redox operations. The stability of the redox catalysts is further confirmed with 30 redox cycles

on LiFe0 2-LSF as a model redox catalyst, which shows stable product distributions and

ethylene yields (FIG. 9). The stability of the redox catalysts are further confirmed by running

30 redox cycles on LiFe0 2-LSF as a model redox catalyst. The redox cycles are in continuous

flow mode, with feed conditions identical to those discussed in experimental section. FIG. 9

shows the cumulative product species distributions and ethylene yield within the first 30

seconds of each reduction step. The redox catalyst performance is stable within 30 cycles.

[01 05] To further investigate the ODH performance of the redox catalysts, 37.5% ethane

(40ml- min , balance Ar) is used as reducing gas to react with a fixed bed of redox catalysts

for a 3 min reduction half-cycle. FIG. 11A illustrates the 2.5LiFe0 2-LSF redox catalyst's

selectivity/conversion/yield and cumulative oxygen release as a function of reduction time.

The dashed line stands for blank yield at 700 °C, which represents the background thermal

conversion of ethane. As can be seen, selectivity increases from around 70% and remains

constant around 90%. Conversion and yield decrease with the consumption of active lattice

oxygen and reach the blank yield line at the end of the reduction step. In a practical operation,

the redox catalyst residence time can be limited to the first 10 , 20 or 30 seconds, which can

give cumulative selectivity/conversion/yield of 84.7%/38.3%/32.4% , 88. 1%/29. 1%/25.6% and

89.7%/23.7%/21 .2%, respectively. We note that 70 w.t.% of the available oxygen is released

within the first 30 seconds, which indicates fast oxygen release kinetics. FIG. 11B shows the

cumulative selectivity/conversion/yield as a function of time. Also, slightly lower ethylene

selectivity is observed at the beginning of the reduction half-cycle. A similar phenomenon has

been reported by Neal and Shafiefarhood et al. ,26 '36 which indicates that the redox catalyst

surface contains high concentration of electrophilic oxygen species that accounted for deep

oxidation. It is noted that the calculated cumulative H20 selectivity is close to 100% during the

reduction step. This indicates that the redox catalyst is very effective for selectively combusting

H2 into H20 .

Redox Catalyst Characterizations

[01 06] In order to further understand the role of Li and corresponding ODH reaction pathways,

the redox catalysts are investigated using a number of characterization tools. FIG. 12



illustrates the XRD patterns for all the as-prepared samples. As can be seen, all the Li

promoted samples exhibit two crystalline phases, i.e. a B-site deficient perovskite

(Ruddlesden-Popper, LaxSr2-xFe0 - ) phase and a LiFe0 2 phase (disordered cubic rocksalt,

ICDD PDF#: 00-002- 1237) . The formation of LiFe0 2 and B-site deficient perovskite phases

are likely to be due to Li binding with Fe cations within the pristine LaxSri-xFe03 phase. For

comparison purpose, pure Lao .6Sri .4Fe0 4 (LSF) and pure a-LiFe0 2 samples are also included

in this study. The main perovskite phase in LiFe0 2-LSF and 0 .1LiFeO 2-LSF is identified to be

La0.eSri.4FeO4 (ICDD PDF#: 0 1-072-7578). This is further confirmed by comparing with the X-

ray diffraction pattern with a reference La0 .6Sri .4FeO sample. In the case of 2.5LiFe0 2-LSF,

LaSr 3Fe30 9 .88 is determined as the main crystalline phase (ICDD PDF#: 04-007-9523). The

formation of a LaSr 3Fe309.88 phase may be due to a crystalline distortion of La0 .6Sri . FeO

structure. 4 1 We note that the XRD pattern of LaSr 3Fe309.88 shares similar peak positions and

relative intensities of the La0 .6Sri . FeO phase. A new peak between 30 and 35 degree forms

in the case of LiFe0 2-LSF and 0 .1LiFeO 2-LSF. This new peak can be assigned to a minor

strontium ferrite (SrFe0 3) phase. The formation of this relatively stable phase is likely to result

from the high Sr: La ratio used in the current study. A similar effect was reported by Neal et

al. .42 To conclude, the Li promoted LSF sample is characterized to be a composite of LiFe0 2

and an Fe-deficient LSF phase. Surface area analyses using BET are also conducted, which

shows comparable low surface areas within the range of 1 - 6 m2/g for all the as-prepared

samples (Table 1) .

Table 1: BET surface areas for calcined pure LSF, 0.1 LiFe02-LSF, LiFe02-LSF and

2.5LiFe02-LSF

[01 07] Even though bulk lattice oxygen is a crucial reactant, the ODH reaction occurs on the

redox catalyst surface. 29 It is therefore important to investigate the surface properties of the

redox catalysts in addition to their bulk structural properties. FIG. 14A shows the near surface

cation compositions of the as-prepared redox catalysts as determined by XPS. All

concentrations are presented in atomic concentrations and are reported in two significant

digits. Pure LiFe0 2 is also examined as a reference. Consistent with previous reports on the

LSF system 26 42 , the surface of LSF shows significant Sr enrichment (73% of cations) . Addition

of even small amount of lithium, e.g. 0 .1LiFeO 2-LSF, decreases surface Sr concentration to

~40% with little to no decrease in Fe and La cation concentrations. Such drop in Sr



concentration is due to the enrichment of Li on the surface. Near surface Li concentration

becomes more pronounced with higher amount of Li addition: Li becomes the largest near

surface component on 2.5LiFe0 2-LSF (52% of cations) while Sr drops to 2 1% . Fe and La

cation concentration remain similar in all Li promoted redox catalysts except in 2.5LiFe0 2-LSF

where Fe is slightly higher than La. We note that Fe concentration does not drop much with Li

promotion and even increases for 2.5 LiFe0 2-LSF sample. This inconsistency with Li20

enrichment may be attributed to the coexistence of LiFe0 2 phase on the surface. It is

supported by comparing the detailed Fe 2p3/2 XPS scan of redox catalysts. The Fe spectra in

LiFe0 2 is consistent with 2.5LiFe0 2-LSF but differs much from LSF (FIG. 13). The coexistence

of LiFe0 2 with Li20 on Li promoted LSF surface is confirmed by detailed Fe 2p3/2 XPS scans.

As is shown in FIG. 13 , two major peaks are identified on LiFe0 2, a lower binding energy

(B.E.) peak at 7 10.4 eV and a higher B.E. peak at 7 12 .1 eV. These characteristic peaks are

entirely consistent with 2.5LiFe0 2-LSF, indicating that the Fe species in 2.5LiFe0 2-LSF are in

the form of LiFe0 2. Additional peaks show up with lower amount of Li promotor. These

additional peaks are characteristic of LSF. We note that a high B.E. shoulder peak around 7 15

eV to 7 16 eV exists for LSF, 0 .1LiFeO2-LSF and LiFe02-LSF. Such shoulder peak has been

identified as surface low-coordinated Fe species. 1

[01 08] In our case, this shoulder peak is characteristic of B-site deficient LSF. These results

indicate the LSF surface is gradually covered by Li20 and LiFe0 2 as the amount of Li promotor

increases.

[01 09] Similar concentration changes are also observed on cycled redox catalysts (after 8

cycles, ending in oxidation) and the near surface lithium concentrations are slightly higher than

as-prepared samples. Since redox reactions promotes ionic diffusions43 , further enrichments

of Li on the surface after redox cycles indicate that Li cation enrichment reduces surface

energy of the redox catalysts. The degree of Li surface enrichment can also be quantified by

calculating the near surface Li concentration to bulk concentration ratio. The bulk lithium

concentration can be estimated by assuming the redox catalysts to be a homogeneous mixture

of LiFe0 2 and LSF. Based on the ratio between measured surface concentration and bulk

concentration, a surface elemental enrichment (ratio > 1) or deficiency (ratio < 1) can be

obtained. From FIG. 14C, a significant surface enrichment of lithium can be observed on all

cycled Li promoted redox catalysts. In fact, near surface Li content is overestimated by as

much as 770% for 0 .1LiFeO2-LSF, showing that Li cation is selectively enriched on the

surface. Although surface termination by a Li layer could contribute to Li cation enrichment, it

cannot explain the degree of enrichment observed since XPS detects the first several

nanometers of the sample.44 One possible explanation is that the redox catalyst surface is



covered with a Li20 and/or LiFe0 2 layer, which is too thin to be detectable by XRD. TEM

analysis as discussed later, is used to probe this possibility.

[01 10] The Li cation surface enrichment is further examined by detailed analysis of O 1s XPS

spectra. FIG. 15 shows the O 1s profiles for as-prepared redox catalysts. Pure LiFe0 2 and

pure LSF O 1s profiles are also examined as references. As can be seen, two major peaks

and one minor peak are identified on LiFe0 2. The major peak located at 531 .9 eV can be

assigned to hydroxide and carbonate species and the other major peak at 529.8 eV can be

ascribed to lattice oxygen in Li20 .45 The minor peak at around 528 eV is attributed to a minor

oxygen deficient phase. LSF also shows two similar major peaks at different binding energies

than in LiFe0 2. The major peak located at 531.5 eV can be assigned to hydroxide and

carbonate species, and the peak at 527.8 eV can be assigned to lattice oxygen species from

LSF. A minor, low binding energy peak is observable at 525 eV, which is characteristic of this

B-site deficient LSF. Both sets of oxygen peaks from LiFe0 2 and LSF are visible in LiFe0 2-

LSF and 0 .1LiFeO2-LSF. Over half of the oxygen visible in the near surface region of

0 .1LiFeO2-LSF is similar to those on the surface of LiFe0 2, consistent with the enrichment of

Li identified from XPS. This indicates that the near surface oxygen species become similar to

those in LiFe0 2 upon Li addition. This is consistent with the significant selectivity increase

observed in 0 .1LiFeO2-LSF redox catalyst. Higher Li concentration pushes the oxygen peaks

closer to those identified in LiFe0 2. The major oxygen peaks identifiable on the 2.5LiFe0 2-

LSF are entirely consistent with LiFe0 2, which explains the highest selectivity obtained on this

sample. As an additional evidence, deconvolution of the Fe 2p peaks leads to phase

assignments entirely consistent with 0 1s analysis (see supplemental FIG. 13), i.e. the surface

compositions of Li promoted LSF are quite similar to those of LiFe0 2.

[01 11] Besides the abovementioned characteristic peaks, the surface enrichment of Li cation

has a strong effect on electrophilic surface oxygen species as indicated by the change in

intermediate binding energy (B.E.) oxygen species on the redox catalysts. These intermediate

B.E. oxygen species are located in the region of 530 eV to 531 eV and they are usually

identified as electrophilic surface oxygen species.46 Such oxygen species have been

associated with deep oxidation. 47 On pure LiFe0 2, we do not observe this intermediate oxygen

species peak. Such peak appears for LSF and but decreases with fraction of the LiFe0 2

phase. On pure LSF, the intermediate oxygen peak area is comparable to either of the major

peaks. The suppression of such surface oxygen species can explain the increased selectivity

for Li promoted redox catalysts.

[01 12] The LSF@Li20 core-shell structure is further characterized by a high resolution TEM .

FIG. 16A shows a typical micrograph of 2.5LiFe0 2-LSF. A particle size with approximately 100



nm diameter is observed. Higher magnification micrograph further verifies the enrichment of

Li cation on the surface. As shown in FIG. 16B, both the shell and core materials are well-

crystallized with distinct d-spacings. The shell material has a d-spacing of 2.67 A , which can

be ascribed to the ( 1 11) plane of Li20 (ICDD PDF#: 00-01 2-0254). The bulk material has a d-

spacing of 3.90 A , which can be assigned to the ( 10 1) plane of Lao.6Sri .4Fe04 (ICDD PDF#:

0 1-072-7578). These results indicate that bulk LSF is covered by a layer of Li20 with a

thickness less than 5 nm. Such a thickness is consistent with XPS observations and can

explain the absence of Li20 phase in XRD characterizations.

[01 13] 0 2-TPD is also performed to characterize relative amounts of chemisorbed and lattice

oxygen species. FIG. 18A shows the O 2-TPD profiles for each sample. The intensities of the

signals are normalized based on LSF content. For pure LSF, there is a significant peak at ca.

4 10 °C, which can be assigned to the chemisorbed alpha-oxygen peak. 29 The high intensity

of the alpha-oxygen peak in pure LSF corresponds well with XPS findings and can explain its

high selectivity towards complete oxidation. In the cases of all Li promoted sample, the peak

intensity significantly declines, forming shoulders stretching from ca. 350 to 450 °C. This again

confirms that the amount of electrophilic surface oxygen species is significantly reduced due

to the effect of Li promoting. While XPS data indicates that Li cation enrichment on catalyst

surface decreases the amount of electrophilic surface oxygen species at ambient temperature,

TPD result suggests that such an outer layer may serve as a barrier to inhibit outwards

diffusion of O2 and its evolution into surface oxygen species.

[01 14] To investigate the reducibility of the redox catalysts, H2-TPR is performed on pure LSF

and Li promoted LSF. The intensities of the signals are also normalized based on LSF content.

As is shown in FIG. 18B, the TPR experimental profiles present two main reduction peaks at

350 - 500 °C and above 700 °C. The low temperature reduction peaks correspond to changes

in iron valence states from 4/3+ to 3/2+ whereas the high temperature reduction peak should

correspond to the formation of metallic iron from Fe2+ . The positions of the initial reduction

peaks follow the sequence LSF < 0 .1LiFe0 2-LSF = LiFe0 2-LSF < 2.5LiFe0 2-LSF and the peak

intensities with LSF = 0 .1LiFeO2-LSF > LiFe0 2-LSF > 2.5LiFe0 2-LSF, both with temperature

increasing from left to right. These results clearly indicate that addition of Li promoters

decreases the reducibility of the LSF phase. The relationship between the reducibility of bulk

oxygen and ODH selectivity has been reported by Blasco and Nieto.48 Lower reducibility

generally corresponds to higher ODH selectivity. Since increasing Li promoter amount leads

to increased Li enrichment near the surface, decreased redox catalyst reducibility for samples

with high Li loading can be explained by the presence of Li cation enriched surface layer which

inhibits O2 diffusion from the bulk. Oxygen flux from redox catalysts can be calculated in light



of the reactivity data and specific surface area. FIG. 17 shows the oxygen flux for pure LSF

and Li promoted LSF. 37.5% ethane (40ml- mirv , balance Ar) is used as reducing gas for a 3

min reduction half-cycle at 700 °C. For all samples, the oxygen flux have maximum peaks at

about 15 s . The oxygen flux fade out within 2 minutes, indicating a complete consumption of

active oxygen. The highest maximum oxygen flux value is observed in pure LSF and it

decreases with the addition of Li. Such a maximum oxygen flux value can reflect the bulk O2

conduction rate. It is calculated that unpromoted LSF and 2.5LiFe0 2-LSF have a maximum

oxygen flux of 0 .12 mg s nr 2 and 0.04 mg s nr 2, respectively. This further confirms the

slowed O2 diffusion rate with Li addition. Compared with the aforementioned TPD results,

moderating the O2 diffusion rate to the redox catalyst surface can in turn lead to decreased

electrophilic surface oxygen species via oxygen evolution. It is noted that a similar core-shell

effect has been reported in MgO/Dy20 3 supported molten alkali metal chloride catalysts. 32 In

such catalysts, active intermediate OCI diffuses through the LiKCI outerlayer and reacts

selectively with ethane. The molten layer can avoid direct contact of ethane with surface

electrophilic oxygen species.

[01 15] The redox catalysts are reduced in 37.5% ethane (40ml min 1 , balance Ar) for 5

minutes in each reduction half-cycle. FIGS. 19A-1 9C show the XRD patterns obtained on

reduced pure LSF, LiFe0 2-LSF and 2.5LiFe0 2-LSF. A metallic iron phase appears on all of

the reduced samples but the B-site deficient LaxSr2-xFe04- phase still remains. This indicates

that reduction under ethane would not fully decompose the LSF structure. It is noted that no

Li-containing phase is obtained under XRD. The disappearance of LiFe0 2 indicates that such

phase is easier to reduce than LSF, forming metallic Fe and a Li phase that is not detected by

XRD due to poor crystallinity and small atomic cross section. The LiFe0 2 phase is restored

when re-oxidized with air.

[01 16] The actual lithium concentrations are examined by using ICP. Table 2 lists the

summary of these redox catalysts and their nominal/measured lithium concentrations. The

actual lithium concentrations are slightly smaller than the nominal values. This is likely due to

some lithium vaporization at the 950 °C sintering temperature. Typical ethane conversion

profiles for pure LSF under a continuous flow mode is shown in FIG. 20A. 37.5% ethane

(40ml- min 1 , balance Ar) is used as reducing gas to react with a fixed bed of redox catalysts

for a 3 min reduction half-cycle at 700 °C. We observe that C2H4 and C0 2 peaks show up

within the first minute, i.e. redox catalyst is active at the beginning of the half-cycle. The

thermal background becomes dominant as the active oxygen species are consumed. Such a

thermal background can be indicated by the similar concentration level of C2H4 and H2 at the

end of the reduction half-cycle. FIG. 20B shows the redox catalyst selectivity/conversion/yield



and the oxygen consumption with the function of reduction time. Pure LSF shows 160% larger

oxygen capacity (0.8 wt%) than 2.5LiFe0 2-LSF (0.3 wt%, see results and discussions) . Pure

LSF is good for ethane combustion into C0 2 with a low ethylene yield. The typical ethane

conversion profiles for 2.5LiFe0 2-LSF shows in FIG. 20C. The redox catalyst performance

over time is included in results and discussions.

Table 2 : Redox catalyst samples and their nominal/actual lithium concentrations

Sample Nominal Li concentration (wt%) Measured Li concentration (wt%)

LSF NA NA

0 .1LiFeO2-LSF 0.21 0 .15

LiFe0 2-LSF 1.65 1.42

2.5LiFe0 2-LSF 3.08 2.52

[01 17] The aforementioned results indicate that regulating the rate of lattice oxygen transport

to the redox catalyst surface and inhibiting O2 evolution to electrophilic surface oxygen

species can lead to increased redox catalyst selectivity for redox ODH reactions. To further

confirm such findings, a broadened ethane pulse coupled with an injection of sharp oxygen

pulse is performed. Since gaseous 0 2 molecule can evolve on the oxide surface via a 0 2 -

0 2 - 0 2
2 - O - O2 pathway, one would anticipate higher ethane conversion and lower

C2H4 selectivity if: 1. O2 conduction is the rate limiting step for ethane oxidation in absence of

gaseous oxidant; 2 . Electrophilic oxygen species are responsible for C0 2 formation. As is

shown in FIG. 2 1 , the oxygen pulse causes ethane conversion to increase by nearly 130% .

Meanwhile, 40% decrease in ethylene selectivity is observed. These results confirm that the

electrophilic oxygen species is primarily responsible for non-selective oxidation and the Li

cation enriched surface layer inhibits O2 conduction and evolution to such oxygen species.

Conclusions

[01 18] The current example investigates Li promoted, B-site deficient iron containing

perovskites as redox catalysts for ethane oxidative dehydrogenation under a cyclic redox CL-

ODH scheme. The proposed redox scheme allows auto-thermal ethane dehydrogenation

without using gaseous oxygen, rendering a more efficient, environmentally friendly, and safer

route for ethylene production. While perovskites without Li promoter exhibit high selectivity

towards C0 2 formation, addition of Li leads to high ethylene selectivity/yield and good

regenerability. Up to 90% ethylene selectivity and 6 1% conversion are observed. Li-promoted

redox catalysts exhibit oxygen carrying capacity up to 0.6 w.t.% with near 100% H20

selectivity, making it potentially suitable for the proposed CL-ODH operations. Mechanistic

investigation indicates that selectivity of the redox catalyst can be enhanced by regulating the



rate of O2 conduction and evolution through surface enrichment of Li cation on the redox

catalyst. This is evidenced by XPS, TEM, 0 2-TPD and H2-TPR studies. XPS study indicates

Li enrichment on the oxide surface, which is confirmed by TEM. Detailed O 1s XPS scans

show a decreased amount of electrophilic surface oxygen species with Li promotion. Further

investigation with 0 2-TPD also confirms that Li promoter reduces the non-selective

electrophilic oxygen species. Moreover, the presence of Li cation enriched surface layer

decreases the reducibility of the redox catalyst. Becasue CL-ODH reaction involves the

oxygen species supplied from bulk lattice oxygen species, it is hypothesized that the presence

of Li cation enriched surface increases the resistance of O2 diffusion from the bulk and its

subsequent evolution into electrophilic oxygen species on the surface. The non-selective

nature of the surface oxygen species and the inhibition effects of Li promoter on O2 diffusion

are also confirmed by pulse experiments. Based on such findings, it is concluded that Li

promoted LaxSr2-xFe04-6 can be an effective redox catalyst for ethane ODH in absence of

gaseous oxygen.

Example 2

[0119] La0 .6 S .4 Fe0 4 (LSF) was prepared by the modified Pechini method in which

stoichiometric amounts of La-, Sr- and Fe- nitrate precursors are dissolved in water and heated

with citric acid to form a sticky gel. The resulting mixture is dried and calcined in air and then

impregnated with LiFe0 2 in a 2.5:1 molar ratio of LiFe0 2: LSF. Subsequent calcination results

in a LSF coated with a mixture of LiFe0 2/LiOH and/or Li20 . The catalyst thus self assembles

into a core-shell structure where the oxygen carrier LSF phase is coated with a

LiFe0 2/LiOH/Li 20 overlay that promote dehydrogenation and hydrogen oxidation while

preventing contact with deep oxidizing species in the core. In the experiments 0.5 g of catalyst

were packed into a 1/8" ID quartz U-tube reactor with inert grit placed on both side of the bed

to control the gas volume of the heated zone. The U-tube reactor was heated in a tube furnace

and 37.5 µ pulses of ethane (diluted in 63.5 µ argon) was pulsed into the rector at a GHSV

of 3000 h at 650, 675, and 700 °C resulting in higher conversions of ethane and selectivity

of ethylene as shown Table 3 . The performance was such that over 60% conversion with 90%

selectivity was observed at 700 °C where thermal cracking conversion is negligible.



Table 3. Conversion of ethane and Selectivity/Yield of ethylene over LiFe0 2 /LSF from

pulse experiments

Example 3

[01 20] Mg Mn0 8 doped with sodium and phosphorous was prepared; magnesia powder was

impregnated with a solution of a stoichiometric amount of manganese ( II) nitrate and sodium

pyrophosphate (corresponding to 1.7 wt. % Na) dried at 80 °C and calcimined at 950 °C. The

prepared catalyst was further doped with Pr so that it constituted a 5 wt. % loading. 10 % n-

hexane balanced with argon was flown over 0.5 g of the catalyst at 775°C at 150 SCCM for

20 seconds, with regeneration in oxygen between reduction steps. Product distributions are

given in Table 4 . A conversion of 7 1 .5% was observed with a yield of olefins and di-olefins

52.8% (carbon basis) vs. a conversion and yield of 55.9% and 44.8% respectively for thermal

cracking. The performance was such that, compared to thermal background conversion, it

produced higher yields even with the formation of COx. In spite of a higher conversion to

unsaturated hydrocarbons, less hydrogen is observed in the outlet of the oxy-cracking catalyst

relative to thermal cracking (Table 5) . The amount of water formed shows that a significant

portion of the hydrogen is combusted, providing 20% heat to the reaction.



Table 4. Product yield oxy-cracking over 10% n-hexane at 775 °C and 150 seem.

%Yield (Carbon Basis)

Thermal Oxy-

Cracking

Methane 5.2% 6.0%

CO 0.0% 0.6%

C0 2 0.0% 8.5%

Ethane 1.7% 1.7%

Ethylene 2 1.7% 27.8%

Acetylene 0.0% 0.1%

Propane 0.5% 0.4%

Propylene 12.9% 12.2%

Butane 0.1% 0.1%

Butylene 7.0% 7.3%

1,3 butadiene 1.6% 4.2%

Pentene 1.6% 1.3%

Table 5. Mol% of hydrogen and water in outlet for thermal cracking and oxy-cracking

over 10% n-hexane at 775 °C and 150 seem.

Mol% Hydrogen/Water (argon free basis)

Thermal Oxy-

Cracking

H2 8.9% 1.7%

H20 34.16%

Example 4

[0121] Sodium tungstate/CaMn0 3 was prepared by wet impregnation of sodium tungstate

onto CaMn0 3 prepared by the modified Pechini method as laid out in example A . This catalyst

was placed into a quartz U-tube reactor and heated. In separate runs it was contacted with

5% hydrogen and 5% ethane diluted with argon at 650 °C. Mass spectroscopy measurements

indicate that nearly all hydrogen is consumed for ~20 min. In the ethane experiment no activity

was observed, indicating that the oxygen carrier selectively burns hydrogen. A Cr/Al20 3 non-

oxidative dehydrogenation co-catalyst was prepared by impregnation of chrome nitrate onto



an alumina support, followed by calcination at 800 °C. When contacted with 5% ethane as in

the CaMn0 3 experiment, it produces hydrogen and ethylene. However, when Cr/Al20 3 is used

as a co-catalyst packed before a bed of CaMn0 3, the hydrogen produced by the

dehydrogenation catalyst is consumed by the CaMn0 3 oxygen carrier with little formation of

COx. The overall lattice oxygen capacity of the catalyst was determined to be over 9 wt.%.

Example 5 : N-Hexane Cracking

[0122] Catalyst with substantial composition of Mg Mn0 8 were prepared either as in example

6 or by solid state methods. In solid state methods a physical mixture of Mn0 2 and MgO

powered are mixed along with and alkaline containing constituent such as sodium

pyrophosphate or sodium hydroxide either dry or in the presence of water which forms a slurry.

The resulting mixture is calcined at 800-1000 °C. Additional dopants such as calcium nitrate,

praseodymium nitrate, and Bi nitrate are added by impregnating the calcined redox catalyst

with an aqueous solution of the dopant, followed by drying and calcining again. For each

characterization run 10 % n-hexane, balanced with argon, was flown over 0.5 g of the catalyst

at 700-825°C at 150 SCCM for 20 seconds in a ¼" O.D. u-tube, with regeneration in dilute

oxygen between reduction steps. The conversion, carbon selectivity and hydrogen selectivity

are reported in Figures 25-28. The results show that dopants may be used to tune the system

towards higher thermal output (by hydrogen and carbon selectivity to water and COx

respectively) or higher selectivity to olefins.

Example 6 : Li and K co-promoted LaSrFe

[0123] Synthetic procedure: In synthesis of Li and K co-promoted LaSrFe, nitric precursors of

K , Li, La, Sr and Fe were added together and dissolved into water, forming one solution. Citric

acid is then added to the solution at a 3:1 molar ratio to metal ions. The solution is kept stirring

at 50 °C for 0.5 h to form a chelating solution. Ethylene glycol is then added to the solution to

promote gel formation. The molar ratio between ethylene glycol and citric acid is 2:1 . The

solution is kept at 80 °C under stirring until a viscous gel formed. The gel is dried overnight at

130 °C in a convection oven. The sample is then calcined in a tube furnace at 950 °C for 12 h

under continuous air flow.

[0124] Reactivity testing: Both transient pulse mode and continuous flow mode are used to

test the reactivity performance of redox catalysts. The reaction temperature is 700 °C. 0.5 g

of the redox catalysts are placed in a fixed-bed quartz U-tube reactor (I.D. = 1/8 inches). Inert

silicon carbide are loaded on both sides of the U-tubes to reduce the void volume for thermal

conversion of ethane. Transient pulse experiments are conducted to obtain the

conversion/selectivity/yield of a redox catalyst. In transient pulse experiments, pulses of 37.5%



C2 H ( 100 i , balance Ar) are injected into the U-tube reactor using 25 ml- min - 1 helium as

carrier gas at 700 °C. The regular space velocity is 3000 h . Continuous flow experiments are

used to obtain the oxygen capacity of a redox catalyst. Continuous flow experiment, a

reduction step is conducted first, with a feedstock of 15 mL min - 1 ethane and 25 mL min - 1 Ar.

An oxidation step is conducted in a following step using 10% oxygen (5 mL min - 1 , balance Ar) .

Each reduction and oxidation step is performed for 5 min, with 5 min of Ar purging in between.

[01 25] All products formed are monitored by a downstream quadruple mass spectrometer

(QMS, MKS Cirrus II). They are quantified by integrating characteristic peaks of each species

obtained from quadruple mass spectrometer. C2H4 formation is calculated by deducting the

contribution of C2H to the mass 26 peak calculated by the characteristic ratio of mass 30 to

mass 26 before calculating C2H4 concentration from mass 26. From QMS and GC observation,

there are only three major components in the product stream: unreacted C2H , C2H4 and C0 2.

The molar ratio of ethylene and C0 2 product formation to redox catalyst active oxygen

consumption are stoichiometrically estimated to be 1/ 1 and 1/3.5, respectively. The oxygen

capacity of redox catalysts are calculated by using such an oxygen mass balance.

[01 26] As is shown in FIG. 29, Li promoted LaSrFe can achieve good ODH conversion and

selectivity. However, its oxygen capacity decreases quickly with Li promotion. On the other

hand, K promoted LaSrFe can somewhat maintain the oxygen capacity, however, the

conversion/selectivity/yield is not as satisfactory as Li promoted LaSrFe. Li and K co-promoted

LaSrFe takes advantage of high oxygen capacity of K-LaSrFe and good ODH selectivity of Li-

LaSrFe. The resulting catalyst (0.5K-0.5Li-LaSrFe) can achieve up to 86% ethylene selectivity

and 60% ethane conversion while maintain an oxygen capacity over 0.6 wt%. The stability of

this redox catalyst is also proved by running 30 redox cycles (FIG. 30) . The

conversion/selectivity/yields of Li and K co-promoted LaSrFe with various Li and K doping

levels are tabulated in Table 6 .

Table 6. Conversion/selectivity/yields for Li and K co-promoted LaSrFe



[01 27] As Li is difficult to detect under XPS, K promoted LaSrFe is characterized instead as

a model compound. XPS characterization shows that K cation is selectively enriched on the

surface of the redox catalysts (FIGS. 31A-31 B), forming a core-shell structure. It is determined

from TEM that the core material is LaSrFe and the shell material is probably amorphous K-

containing phase such as K20 (FIGS. 32A-32B) .

Main findings:

a . Sodium tungstate doping has little effect on oxygen capacity;

b. Sodium tungstate doping suppresses ethane combustion;

c . Sodium tungstate doping has little effect on hydrogen combustion;

d . Strontium ferrite is a promising SHC catalyst.

[01 28] It should be emphasized that the above-described embodiments of the present

disclosure are merely possible examples of implementations, and are set forth only for a clear

understanding of the principles of the disclosure. Many variations and modifications may be

made to the above-described embodiments of the disclosure without departing substantially

from the spirit and principles of the disclosure. All such modifications and variations are

intended to be included herein within the scope of this disclosure.
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We claim:

1. A redox catalyst comprising an oxygen carrier core having an outer surface,

wherein the outer surface comprises a surface modification to enhance the selectivity

of the redox catalyst for oxidative dehydrogenation as compared to the otherwise same

catalyst under the otherwise same conditions except without the surface modification, and

wherein the surface modification includes one or both of forming a redox catalyst

outer layer on the outer surface and suppressing sites on the outer surface that form

nonselective electrophilic oxygen sites.

2 . The redox catalyst of claim 1, wherein the oxygen carrier core comprises an oxygen

carrier material selected from the group consisting of metal oxides having a defected rock

salt structure, perovskites, and combinations thereof.

3 . The redox catalyst of claim 2 , wherein the oxygen carrier comprises a metal oxide

having a defected rock salt structure, and

wherein the metal oxide is selected from the group consisting of metal oxides having

the chemical formula MOi-x where M is Mg, Ca, Sr, Ba, Mn, Fe, Ni, or a combination thereof.

4 . The redox catalyst of claim 3 , wherein the metal oxide comprises a Mg Mn0 8 phase.

5 . The redox catalyst of any one of claims 2-4, wherein the oxygen carrier comprises a

perovskite, and

wherein the perovskite has a chemical formula Α Β0 3-δ where A is Ca, Sr, Ba, Sc, Y,

La, Ce, or a combination thereof, and where B is a transition metal such as Fe, Ni, Mn, or a

combination thereof.

6 . The redox catalyst of claim 5 , wherein the perovskite is CaMn0 3- .



7 . The redox catalyst of any one of claims 2-6, wherein the oxygen carrier comprises a

perovskite, and

wherein the perovskite is a B-site deficient perovskite having a Ruddlesden-Popper /

Brownmillrite structure.

8 . The redox catalyst of claim 7 , wherein the B-site deficient perovskite has the

chemical formula (La,A) (Fe,B) -i 03n-i , where A is selected from the group consisting of Ca,

Sr, Ba, Sc, Ce, and a combination thereof, B is selected from the group consisting of Ti, Ni,

Mn, and a combination thereof, and n is an integer from 1 to 3 .

9 . The redox catalyst of claim 7 , wherein the B-site deficient perovskite is Lao .6Sri .4FeO

4 or Sr3Fe20 7.

10 . The redox catalyst of any one of claims 1-8, wherein the surface modification

includes suppressing sites on the outer surface that form nonselective electrophilic oxygen

sites by adding a dopant or promoter such as Li, Na, K , Cs, Rb, P, S, B, Cr, Mo, W, Ta, V,

Ce, La, Pr, Sm, Y, Bi, Sb, Pb, Sr, Ba, Ca, CI, Br, and/or F alone or in combination.

11. The redox catalyst of any one of claims 1- 10 , wherein the redox catalyst is a

nanoparticle having a diameter of about 50 nm to 500 nm.

12 . The redox catalyst of any one of claims 1- 11, wherein the surface modification

includes forming a redox catalyst outer layer on the outer surface, and

wherein the redox catalyst outer layer comprises a mixed-metal-oxide such as

LiFe0 2, CaMn0 3, and SrFe20 7.

13 . The redox catalyst of any one of claims 1- 12 , wherein the surface modification

includes forming a redox catalyst outer layer on the outer surface, and

wherein the redox catalyst outer layer has an average thickness of about 10 nm or

less.



14 . The redox catalyst of any one of claims 1- 13 , wherein the surface modification

includes forming a redox catalyst outer layer on the outer surface, and

wherein the redox catalyst outer layer and the oxygen carrier are present at a molar

ratio (redox catalyst outer layer/oxygen carrier) of about 0.5 to 2.5.

15 . A method of making a redox catalyst according to any one of claims 1-14 , the

method comprising

dissolving a mixture of metal citrate salts in an aqueous solution to form a chelating

solution, wherein the mixture of metal citrate salts comprises oxygen carrier metal

precursors present at a stoichiometric ratio corresponding to the stoichiometric ratio of the

metal atoms in the oxygen carrier,

adding ethylene glycol to the chelating solution to form a gel,

drying the gel, and

calcining the gel at an elevated temperature for a period of time to produce the redox

catalyst,

wherein the method further comprises modifying the outer surface of the oxygen

carrier in the redox catalyst by one or both of (i) adding one or more redox catalyst metal

precursors to the chelating solution to form an outer redox catalyst layer and (ii)

impregnating a redox catalyst, dopant, and/or promoter onto the outer surface of the oxygen

carrier.

16 . The method of claim 15 , wherein the ethylene glycol is added at a molar ratio of

about 2 :1 based upon the amount of citric acid in the metal citrate salts.

17 . The method of claim 15 or claim 16 , wherein the elevated temperature is about

700°C to 1300°C.

18 . The method of any one of claims 15-1 7 , wherein the period of time is about 1 to 20

hours.



19 . The method of any one of claims 15-1 8 , wherein the method includes adding one or

more redox catalyst metal during the redox catalyst formation step or through

impregnation/precipitation after the redox catalyst has been formed.

wherein the molar ratio of the redox catalyst metal precursors to the oxygen carrier

metal precursors is about 0 .1 to 2.5.

20. A method for oxidative cracking of paraffins, the method comprising

contacting the paraffin with a redox catalyst according to any one of claims 1-

14 to convert the paraffins to water and olefins, diolefins, or a combination thereof.

2 1 . The method of claim 20, wherein the paraffins comprise paraffins having from 2 to 7

carbon atoms.

22. The method of claim 20, wherein the paraffins comprise ethane that is converted into

ethylene at a temperature of about 750°C or less.

23. The method of claim 20, wherein the paraffins comprise propane that is converted

into propylene without producing or while producing an insignificant amount of ethylene

byproducts.

24. The method of any one of claims 20-23, further comprising regenerating the redox

catalyst by contacting the redox catalyst with an oxidizing gas, thereby regenerating oxygen

in the redox catalyst and producing heat, H2, CO, or a combination thereof.

25. The method of claim 24, wherein the oxidizing gas comprises air, C0 2 steam, or a

combination thereof.

26. The method of any one of claims 20-25, wherein steam and/or C0 2 are added to

provide additional oxygen when the paraffin is contacted with the redox catalyst.



27. The method of any one of claims 20-26, wherein the method is performed in a

circulating fluidized bed reactor.

28. The method of any one of claims 20-27, wherein the method is performed in a

reactor comprising two or more parallel beds containing the redox catalyst to maintain heat

transfer between the two or more parallel beds,

wherein when half of the beds are being contacted with the paraffins, the other half

are being contacted with oxidizing gas to regenerate the oxygen in the redox catalyst, and

wherein the heat produced from the oxygen regeneration is provided to assist the

cracking of the light paraffins to produce the water and olefins, diolefins, or a combination

thereof.

29. The method of any one of claims 20-28, wherein the redox-catalyst ability to

selectively oxidize saturated light hydrocarbons such as ethane, propane and hexane,

and/or the hydrogen produced from separate dehydrogenation reactions at these

temperatures allows high per-pass conversions relative to non-oxidative processes by

eliminating thermodynamic equilibrium limits.

30. The method of any one of claims 20-29, wherein the redox catalyst is sufficiently

selective to the formation of water over C0 2 and CO, such that at least 20% (>50% more

typical for NGL's) of the energy produced in regeneration is supplied from the regeneration

of oxygen that produces water, in contract to CO or C0 2 or from the burning of coke.

3 1 . The method of any one of claims 20-30, wherein the per pass yield of one or more of

the valuable products, such as olefins, di-olefins and aromatics, are comparable or higher

than steam cracking, with consumption of less valuable paraffins providing heat generation

through COx formation.

32. The method of any one of claims 20-31 , further comprising recycling of methane, CO,

and or C0 2 into the reactor, wherein the formation of undesired byproducts is partially or fully

suppressed.



33. The method of any one of claims 20-32, wherein the method has a selectivity for the

oxidative dehydrogenation of the light paraffins that is greater than the otherwise same

method under the otherwise same conditions and using the otherwise same redox catalyst

except where the redox catalyst does not include the surface modifications.

34. The redox catalyst of claim 3 , wherein the metal oxide comprises a Mg Mn0 8 phase,

a Mn20 3 phase, a mixed manganese-magnesia oxide phase such as (Mn,Mg)30 4, an

alkaline-manganese oxide phase such as Lii-xMn0 2-6, or a combination thereof.
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No protest accompanied the payment of additional search fees.
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