ABSTRACT

LIU, JUNCHEN.CO; Utilization andMitigation via the Chemical Looping Strategy in the
Context ofHydrocarbon Conversi@(Under the directionf Dr. Fanxing L).

In 2022, the global emission of G@as36.8 gigaton. Among athe sectors te chemical
industry is responsible for approximately 1 gigaton of direct.Gnissionsfrom chemical
productionannually. Theanticipatedncrease inthedemandor chemical products, resulting from
global populatiorgrowth, poses significant challenges to the efforts in redu€i@y emissiors
from this important industrial sectdrhe dire situation humabeings facen climatechange calls
for a vast reduction in C£{emission in the chemical industi@O, emission from theeemical
industry can be mitigatettirough twoapproachesl) CQ capture and utilization; Z2eductionin
energy consumption for chemical manufacturiBgth could be facilitatedby achemical looping
scheme. In this schemeyeactivemedum is used to pdition an overallreaction into two sub
reactions. The medm could be used to store and release oxygen of tG@acilitate higher
conversion and higher selectivity towards desired products than the osigesthe andffers an
opportunity to incorporatair separatioror CO, capture As elaborated belowhe current thesis
explores five topics coveringoth abovementionedpproachesvhile covering a number of
industrially important chemical products such as ethylene and alkenyl benzenes.

The firsttopic (Chapter 2gxplores a unique approach with mixed molten carbonates as
reaction media for C&ODH, which strategically partitions the GODH reactions int@as and
moltensalt phases and facilitates integrated .Cé&pture from power plant flue gases.
Consequently, 89% CO yield is achieved at 770
CO yield in turn enhances ethylene formation. Further charadterigaconfirm that MMODH
proceeds through a gadase cracking and moltesalt mediated reversgatergasshift reaction

pathway. Thermodynamic analysis and ab initio molecular dynamics (AIMD) simulations are



conducted to develop general principles toirojte the moltersalt reaction medium. Process
analyses confirm that MMNDDH could potentially become significantly more efficient for 220
capture and utilization than conventional £QDH.

The second topic (Chapter Ryemonstrates a redox oxide@molten saitreshell
architecture as a generalized redox catalyst design strategy fODELof ethane to reduce the
COz emission from the reactionSeventeegombinations of redox active oxides and molten salts
were prepared, evaluated, and characterized. Reddasoand molten salts are fully compatible,
forming separate and stable pha3é® molten salts aggregate at the redox oxide surface, forming
a coreshell structure to block the neelective sites responsible for COx formation. Up to ~74%
singlepass afin yields were achieved using the proposed redox catalyst design strategy.
Statistical analyses of the performance data indicate the potential to achieve up to 86.7% single
pass yield by simply optimizing the operating conditions using the redox catadpsirted in this
study.

The third topic (Chapter 4phvestigates the use of ¢.6Ca MnO;@KFeQ for the CL-
ODH of alkylbenzene to alkenylbenzene scheme. By converting diisopropylbenzene, a high yield
of diisopropenylbenzene (>85%) could be achieveditexand inrsitu XRD were used to analyze
the phase behavior of the catalyst, while XPS was employed to analyze tsenfi@ee elemental
and chemical changes. SEM was conducted to observe the morphological changes. Furthermore,
delplot and DFT were usdd reveal the reaction pathway. Finally, the environmental impact from
process energy was assessed using Aspen Plus.

The last topic (Chapter H)vestigates the effects of various dopants, including Cr, Ca, Mg,
Mo, Ti, Zn, P, and Ga, on the G@sistancand coke formation of KFefzatalysts for CLODH

of alkylbenzene. The performance of the dopants was evaluated using diisopropylbenzene as a



model compound, and their impacbn conversion and selectivity ene analyzed. CQ@
temperaturgorogrammed decompiti®n experiments were conducted to assess the carbonate
decomposition behavior with different dopants. Structural and compositional changes induced by
the dopants were analyzed using XRD, XRF, and XPS techniques. The results showed that Ti
doping improvedC O, resistance and minimized coke formation, making it a potential catalyst for
the CL-ODH process. HTPR, insitu XRD, Raman spectroscopy, XPS mapping, and DFT

provided insights into the stability and coke formation on thdopied catalyst.
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CHAPTER 1 Mixed Oxides as Multi-Functional Reaction Media for Chemical Looping

Catalysisi A Review

Edited Print of a paper published@nemical Communication



1.1 Abstract
For the past two decades, chemical looping combustion (CLC)deaisdxtensively investigated
as a promising means to produce electric power while generating a concentrated carbon dioxide
stream for sequestration. We note that the chemical looping strategy can be extended well outside
of combustiorbased carbon capture. fact, application of the chemical looping strategy in areas
beyond combustion can result in somewhat unexpected energy and carbon dioxide savings without
producing a concentrated @€iream at all. Furthermore, it allows the loopbagsed technologies
to tap into applications such as chemical produdtiar$4 trillion/year industrial sector with high
energy and carbon intensities. The key resides in the design of effective oxygen carriers, also
known as redox catalysts in the context of selective atemonversion through chemical looping
catalysis (CLCa). This contribution focuses on the design and applications of mixed oxides as
multi-function reaction media in CLCa. Since typical mixed oxide oxygen carriers tend to be
nonselective for hydrocarbommyversion, the first part of this article presents generalized design
principles for surface modification of mixed oxides to improve their selectivity and catalytic
activity. Applications of these redox catalysts in chemical loopigidative dehydrogeti@an
(CL-ODRH) of a variety of light alkanes and alkdyénzenes are presented. This is followed with a
discussion of computation assisted mixed oxide design based upon thermodynamic criteria.
Finally, a few new directions for the chemical looping technelegire introduced.
1.2Introduction

The chemical industry contributes to nearly 1 gigaton of direct é@ssion each year.
In addition, nearly 50% of the oil and natural gas input in the chemical sector is consumed as the
feedstock, which can lead to secondary emissions in the downstream industrial and/or consumer

sectors: Despite the projected strong growth, the chemical industry is expected to curb its



emission within this decadaccording to the Net Zero by 2050 roadmap proposed by the
International Energy Agency (IEA).In fact, several leading checal and petrochemical
companies have pledged more aggressive emission reduction targets over the recent years.
However, not surprisingly, C£emissions from statef-the-art chemical production processes tie
directly to the energy intensity of the marnutaing process as well as the annual production
capacity.Figure 1.1a summarizes the production capacity and emission levels from a few key
commodity chemicals. Although the overall £€émissions can be reduced, to some extent, by
switching to low carboimtensity fuels and increasing the renewable contribution to the electrical
grid, such incremental improvements to the existing technologies are unlikely to attain the net zero
target by 2050. Rather, transformative chemical production technologiese¢Handamentally

different from stateof-the-art approaches are required.
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Figure 1.1 a) The global annual production volumes and the associatede@{3sionsof
ethylene, propylene, butadiene, and styféfheb) Top: Comparison between the enq
requirement of conventional dehydrogenation (DH) processes to that ofitlaive process
with in-situ H> combustion (assuming an ideal process with 100% hydrogen byg
combustion); Bottom: Comparison between the: @@ission from the existing processes tc
CQ utilization potential from the energy resulting fromsitu H> combustion (assuming an id

scenario of utilizing the energy fromzldombustion for C@splitting to CO)*1°

At present, the unsaturated hydrocarbons (i.e. Eth§jléhepylené&®, Butadiené ’ and
Styren& 19 listed in Figure 1.1 are primarily produced by dehydrogenation or cracking
processes, either thermally or in the presence of a heterogeneous catalyst. Common limitations
for such processes include high heat requirement and equiltimited sindge-pass yield due
to the highly endothermic and endergonic nature of the reactions, shown in Equhtidhe
limited product yield and selectivity in turn drive up the energy consumption apér@iSsions
associated with product separation.

#( O#( T(T »p YO Y ¢ Equation1.1

#( -1 O #( T(/ 1 p YO Y ¢ Equationl.2



It has long been recognized that (catalytic) oxidative conversion of the same feed molecules
in the presencef@aseous oxygen would address the aforementioned limitations by changing the
highly endothermic reactions into highly exothermic ortégure 1.1b). The exergonic nature of
H> oxidation also eliminates the equilibrium limitations, shown with EqudtidnDespite these
advantages, commercial adoption of oxidative cracking (OC) or oxidative dehydrogenation (ODH)
technologies have been scarce. In addition to the limited catalytic selectivity and stability, the key
obstacles hindering the development of OREhinologies resides in the safety concerns over co
feeding oxygen with hydrocarbon feedstocks and the high cost and energy consumptions for
oxygen generation. In fact, statéthe-art cryogenic air separation technology itself only achieves
a 25% secondalv efficiency, or ~0.78 GJ/tonne.@ terms of actual energy consumptign'?
making it a highly energy and emi@s intensive industrial process.

Resulting from three decades of research, a wealth of knowledge has been created for the
chemical looping technology from chemical looping combustion (CLC) in terms of the oxygen
carrier selection and performance, reaatesign and operation, and the overall technological
feasibility, primarily in the context of CQOcapture from fossil fuel combustioh*>! Shown in
Figure 1.2a, CLC technologies generally involves two cyclic steps: 1) the use of metal oxide(s)
as the oxidant to fully combust fossidls such as coal or methane; 2) The regeneration of reduced
metal oxide(s) in 1) with oxygen or air. We note that the core ideas of the CLC strategy reside in
in-situ air separation and indirect oxidation of carbonaceous fuels. Therefore, the use calchemi
looping for efficient air separation (CLAS) represents a natural extension of CLC, as explored by
many chemical looping researchétd* Furthermore, marrying the chemical looping strategy with
oxidative catalysis offers a unique opportunity to intensify the production of a few important

commodity chemicals with substantially decreased energy consumption areh@Sions>136



Given that separation processes consum@Y-@®f the total energy usage in chemical and
petroleum industries and heterogeneous catalysts are responsible for >80% of all chemical
products worldwide, chemical looping catalysis (CLCa) in this article, has the potential to facilitate
process intensifation throughout the chemical manufacturing sector by combining catalytic
reactions with separatiof® 342 The abovementioned chemical looping process types are
summarized inTable 1.1 In the context of CLCa, the oxygerarrier is denoted as the redox
catalyst.

Table 1.1. Chemical looping reaction pairs by process type

Process Type Reaction Pairs

CLC &OAT-Gk o #/ (1 -A

l'EOC A ©o- A

CLAS - A o - A

l'EOC A ©o- A

CLCa (UAOT AAOATO / 1 AMEJTEAQAIO - A

l'EC A ©o- A

Taking ethane ODH as an example, the redox catalyst particles first convert ethane into
ethylene and water using its active lattice oxygen. After completing this ODH steyxyther
depleted redox catalyst is exposed to air (and/or steam), to replenish the lattice.}bkygen
Compared to conventional deed type ODH reactions, chemical looping process could partition
the gaseous oxidant and the hydrocarbons, decreasing the selectivities towardedi€Q and
oxygenated. This CLCa process can be carried out either in circulating fluidized beds similar to a
CFB combustor or parallel packed beds operated similar to the Houdry ptodés¥*The

advantages of the redox catalysts and CLCa compared to conventietgbhgeneous ODH
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catalysts include: (i) integration of catalytic reaction with air separation (a simpler and safer
process); (i) potential to achieve high selectivity (absence of gaseous oxygen inhibits side
reactions); (iii) potential to tailor heat oéactions by optimizing fHconversion with metal oxide
in the redox steps for improved heat managerr@nt*®Our recent studies indicated that up to
84% energy savings and emission reductions can be realized by'€IRzure 1.2illustrates a
generalized schematic for CLCa in the context of oxidative dehydrogenation of hidrar

As will be discussed in the following sections, the potential of chemical looping extends

well beyond oxidation catalysis.



Combustion Step

CH, MeO, CO, + Steam

Air MeO, , O,-lean air

Regeneration Step

b)
Catalytic Dehydrogenation Step
CH, MeO, CH,., + Steam
Air MeO, , O,-lean air

Regeneration Step
Figure 1.2 a) Schematic illustratioof a) a generic CLC process: A metal oxide re

catalyst combusts fuel into GOn the oxidation step; The reduced metal oxic
reoxidized in the regeneration step with air; b) A metal oxide redox catalyst oxid
converts a light alkane into an olefproduct in the oxidation step; The reduced n

oxide is reoxidized in the regeneration step with air.



1.3Redox Catalyst Design in CLCa for Olefin Production

Complete oxidation of carbonaceous fuels (to@@d HO) is expected for CLGecause
this will maximize the heat release, increase the power generation efficiency, and produce a near
fiseque-stadt,stedd® In contrast, CLCa needs to avoid full oxidation since the
target products would be vakaeldedfuels and chemicals such as BO, or unsaturated organic
molecules. With such expectations, typical CLC oxides alone would not be effective for CLCa
because they tend to result in poor product selectivity. This is not at all surprising given that typical
CLC oxygen carriers, particularly those composed of mixed oxides, are often specifically designed
to have high equilibrium oxygen chemical potentiadfjifacile oxygen evolution kinetics, and
(in many cases) highly basic surfaé¢&s'#14°Therefore, the most critical aspect for CLCa resides
in selectivity enhancement of redaktive metal oxidesGiven that the (nosselective) reactions
occur at the gaexide interfaces, surface modification of the oxides is almost always necessary in
order to enhance the product selectivity.

Addition of dopants and/or modulating the meaiaygen bonding strengibn the surface
have been shown be effective to enhance the selectivity towards light olefins for a number of redox
oxides and reaction8®'*® Thi s section focuses on present.i
surface modification of mixed oxide in the context of oxidative dedyeination of hydrocarbons:
instead of doping or impregnation of smallmberof heteroatoms on the surface, we reasoned
that complete or neamomplete coverage of a neelective oxide surface with a catalytically active
layer would effectively suppressisi reactions. This approach was first validated in our group for
methane partial oxidation reactioff® %1 152 andit was recently extended to a series of ODH
reactions using various core and shell materials, as illustratéidune 1.3 119121 138 143, 144, 147,

153161 \We categorize this generalized ODH strategy into three types: Type 1, sh&iguia



1.3, involves coveringthenem el ecti ve mi xed oxides with an fi
block the norselective sites on the surface, thereby inhibiting nonselective oxidation. In this case,

the redox catalyst primariljunctions as an oxygen carrying agent for selective hydrogen
combustion (SHC); Type 2, as illustratedFigure 1.3, utilizes teasaltalthet i veo
surface layer. With the assistance of the oxygen species supplied from the mixed oxide, this active
surface layer can accommodate and/or generate active oxidants, e.g. electrophilic oxygen species

or halogen atoms, to initiate-l@ bond actvation at the gamolten salt interface. The reactions

likely proceed through a surfagd@tiated gas phase radical reaction pathway, with concurrent
hydrogen oxidation; Type 3, shownkigure 1.3, involves covering the oxide substrate with a

solid cataytic shell to catalyze the dehydrogenation reactions, and:thggtoduct is sequentially
combusted by the oxygen supplied by the oxide core. The following sections further elaborate on

these coreshell redox catalyst design strategies.
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a)a L y $MolEneSalt modification
GH, e.g. GHs
H+ GH,.,

GH,, +HO

e.g. GH, GHyo

GH,, +HO

Molten Salt: LiCQ, LiBr etc.

\
\ 0 Catalytlc Material modification
\ \ GH, e.g.ethylbenzene

H+ GH,.,

GH,, +HO

Surface Layer:JEeOsheII

Figure 1.3 General coreshell design frameworks for mixed oxide@molten salt catalyst

mi xed oxide@catalytic shell catalysts:
Type 2: AActiveo molten salt permaterialtpmerdote

mixed oxides.

131Type 1: Alnerto molten salt modification
A Type 1 redox catalyst functions primarily as an oxygen separation and donation agent

for selective hydrogen combustion. Therefore, the formation of unsaturated hydnogeotocts

would rely on a separate reaction pathway such as thermal cracking or catalytic dehydrogenation.

In this case, selectively combusting the hydrogen byproduct would eliminate the equilibrium

limitations and supply the heat required by the endotlredlehydrogenation or cracking reactions.

A typical application of Type 1 redox catalysts is ethylene production via thermal cracking of

ethane. In this context, we developed redox catalysts based on selected molten salbasddMin

oxides, e.g. MgMnOg*?": 47 (Fe/Mn)Q*%3, (Mn/Si)Ol% and CaMn@:1** %8 with tungstates,

vanadates and/or molybdates|tan saltsi*” 162 163
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Among these redox catalysts, BnOs@NaWOs was the most thoroughly studiéd:
147 As shown in theFigure 1.4a, coimpregnating Na and W anhwg ratios on MgMinOs would
lead to significant increase in olefin selectivity and yffdOf the various Na:W ratio
investigated, the MgMNnOs@NaWOs (Na:W=2:1) redox catalyst exhibited one of the highest
increase in eHs yield (~45% increase, on an ahdge scale) compared to the unpromoted
MgeMnQs at 850 € and 4500 ht. The yield increase was primarily resulted from the substantially
decreased COselectivity (>80%). MgMnOs@Na&WO4 also exhibited well defined crystalline
phases at room temperature @mOs and NaWOQ,), with only a minor NaMg(WOs)s phase
(Figure 1.4b). The coreshell structure of the catalyst was verified by {emergy ion scattering
spectroscopy (LEIS)igure 1.4c) and Xray photoelectron spectroscopy (XPBigure 1.4d).12
Even after 10 cycles of sputtering, W and Na/Mg are still far more prevalent than Mn according
to LEIS. It is noted that LEISannot accurately differentiate Na and Mg due to their similar atomic
weights. XPS, which provides near surface elemental composikangé€ 1.4c), also confirmed
the suppression of Mn by N&Os. In fact, impregnation of N&/O4 onto many MRAcontaining
oxides has shown to create an oxide@W@, core shell structure. For instance, transmission
electron microscope with energy dispersiveay spectroscopy (TENEDS) images published
from our group by Hao et al. indicated a core shell structure of GaW250s
(CMFO)@NaWOu(Figure 1.4e)*°" whereas LEIS and/or XPS data indicated surface enrichment
of NaeWOs on mixed (Fe/Mn)@°3 (Mn/Si)Ql%, (Mn/Cu)Q, 18 14 and a number of perovskite
oxides. The formation of cotghell structure is likely to be due to the relatively low melting point

of NapWO4 (698‘VC)165 and low surface tension of the molten salt on typical oxide surfaces.
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Detailed mechanistic studies from our group were conducted by Yusuf et al. to understand
the function and mechanism of the molten salt promoter for Type 1 redox c&talyst
MgsMnOs@NaWO4 was used as the model catalyst. Methanol TPSR experifigairé 1.5a)
showed that the presence of:M#D4 led to significantly decreased @6ignal. This suggests that
Na;WO, would suppress the basic sites on the surface efM@s 2 Mn 2ps/2 region scan from
XPS Figure 1.5 showed that the high peaks corresponding td"Nh644.1 eV and 641.7 eV
were suppressed in M@nOs@NaWO, as compared to the unpromoted dMaOs 2t This
corresponds well to the decrease in the basic sites on the surface. Oxygen donation/reincorporation
dynamics were also probed wittD/%0 isotope exchange experiments, showRigure 1.5 and
Table 1.22%. The presence of molten N&O4 inhibits oxygen exchange, particularly in terms of
limiting the incorporation rates of dissociatively adsorbed oxygen into thé&/@alayer. Gas
switching experiments between lnd Q further indicated that Hsolubility in NaWOs was
negligible, thus indicating that the hydrogen combustion reaction would occur on the molten salt
T gas interface. Therefore, it can be inferred thatViau decreases the GQormation by
increasing the energy barrier for the release of the active lattice oxygen at the reaction interface.
Electrochemical impedance spectroscopy (EIS) measurements confirmed that oxygen and electron
can transport within th&aWOs molten layer to facilitate selectivezldombustion Figure
1.5d).1%8 It was further shown that N&/O,4 was redox active between®\and W* even though
the bulk NawO, phase was difficult to be fully reduced. As such, J#@/Os redox pair would
act as the intermediate to shuttle oxygen to and from th@/Qacore for selective hydrogen

combustion following the following mechanisiigure 1.5).
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Table 1.2 Arrhenius Activation Energies for M§InOs and MgMnOs@NaWO4*2*

Activation MgsMnOsg (kJ/mol) MgeMnOs@Na&WO4 (kJ/mol)
Energy (800~850 €)

Ero 163.83 202.58

Era 227.18 205.04

Eri 123.82 174.68

Ro: Overall oxygen exchange rate;
Ra: Dissociative oxygen adsorption rate;
Ri: Adsorbed oxygen incorporation rate

The same strategy can be extended to many other Mn based oxides and make&ritalts
157,158, 164 a recent study, we demonstrated this strategy witkMi@s and (Cu/Mn)Q as the
redox core and W, V, Mo based alkali salts as the surface profibtéisthe abovementioned
molten salts were shown to be effective to decrease thes&e€xtivities from >90% (unprooted
oxides) to <15%Kigure 1.6a and b) at 850 €. C:H4 selectivities were maintained >80% while
achieving up to ~90% #tonversion. As shown iRigure 1.6a, up to ~74% @Ha yield at 80 vol.
% CHs feed and 850 € can be achievdeigure 1.6a also demonstrated the effect of different
molten promoters. The use of multiple alkali metal cations (e.g. Li and Na) and/or transition metals
for the salt anion (e.g. Mo and W) were shown to improve the reatalkyst performance in several

cases. Such combinative effect further increases the flexibility for designing the Type 1 catalyst.

16



&

100 o 800 G
Ko | oy : 825
S 95107 ke A, 850
S o ! o o
i) . e ' \ A
> ' oo b
2
'S 90 ! L ‘oo
= . . ) \ *
= \ ! ' .0
% 85 \ \ \ \ ® 2
' @ 2
& o2 oz B8] 2
N o' X 2, 2, > L
O 8oz =5 & 5 w3
< < < 2 B 5
= ®. @ < =
& =& & o
\

C,H, Conversion%)

75 e
20 30 40 50 60 70 80 90 100

4500 hrt

% (Li-Na),wo, O Li,WO,
1500 hr*
A Thermal Blank @ Na-W (2-1) % (Li-Na),WO,

+ KWO,

A Thermal Blank 0 Na-V (1-1) O Na-V (3-1) & Na-V-w

O Na-W (2-1)
B Na-Mo (2-1) [> Na-V-Mo-W|

100, .‘ o d
. , \ ! 825 q
S oslAa ' | 850 q
S N :
= . \
s - o A
; 904" fo) R
o \ ! '
] . ' \ .o
) ' \ \ '
N 854 \ \ N
) O : :
T \ \ \ \ o
N Y \
0'80{3, ¢ xgm 0¥ g
'ﬁ |‘ < OA.‘ OA‘ OA'
;siE 5 s 3 30
20 30 40 50 60 70 80 90

C,Hg conversion (%)

A Thermal Blank 0O Promoted Mn:Cu=4]1
O Promoted Mn:Cu=2:1¥f Promoted Mn:Cu=1j1
& Promoted Mn:Cu=1:2

Flig\ure 1.6. a) Performance data of the @DH with alkali W,V,Mo molten salt shell ar

MgeMnOg core at 850 € at 4500 h%4b) Performance data of the @DH with N&WO4 molter

salt shell and Cu/Mngore at 850 € at 4500 hf, 164

Catalyst stability was also demonstrated through a-teng study using a more

mechanically robust prototype redox catalyst designed based afoteeentioned principle'g®

As shown inFigure 1.7a, stable product selectivity and ethane conversion were maintained,

throughout 1400 redox cycles, in a bubbling fluidized bed reactor operated at 845 € with space

velocities varying between 2000 and 3250.1Fhe pressure drop across thedined bed was

also quite stable, indicating proper fluidization without significant attrition and particle

entrainment?® The demonstrated higher conversion, along witkitn H oxidation, leads to a

lower energy requirement and potential for near an order of magrnt@ emission reduction

(Figure 1. 7).
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xx indicates the &ane conversion value in percentagfe.

While Type 1 redox catalysts were most frequently used in the context of ethane thermal
cracking, they can also be applied for oxidative cracking of naphtha. As shduwgunes 1.8a
and b, the promotion of NAWO4 on BaFe@AleO19, CaMnQ;, or Lay sSio.oFeQ decreases the GO
selectivity and increases the olefin yields from the cracking of naphtha model compounds such as

n-hexane and cyclohexaf& 160
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A similar strategy has also been recently adopted by a few other researchers in the context
of CL-ODH and methane oxydehydroaromatizagitin®”: 118 168n all cases, higheritombustion
selectivity were observed after promoting the
further demonstrates the feasibility of the Type 1 catalyst architecture. In fact, the selective
hydrogen combustion function of Type 1 redox catalyst would work well when combined with
other DH or cracking catalysts. This will be further detailed in Sedtia#d.

To sum up, the design of Type 1 redox catalyst mainly aims to increase the selectivity
towards hydrogen combustion, reducing the unwanted deep oxidation products such\&& CO
apply an fAinerto | ayer of mol tHdond &twdtidn,whilwh i ¢ h |
still being able to selectively oxidize hydrogen using the active lattice oxygen from the transition

metal oxides. The term inert mainly refers to the inhibition ¢ Gond activatiorbecausehe
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molten salt promoters do actively peipate in oxygen and electron transport as well as the
hydrogen combustion reaction.
1.3.2.Type 2: Active molten salt modification

Contrastingvitht he Ai nert o nature of -iboedadivaijoe, 1 mo l
Type 2 redox catalysts utiizzn fAacti ved molten salt promoter
This is facilitated by the active species such as peroxides and halogen atoms generated from the
interaction with the mixed oxide core. Our recent studies indicate that many mixed oxjdes, e.
Lao.sSr.2FeQs.u (LSF), when promoted by molten carbonate or halide salts, are quite effective for
CL-ODH of G-C4 alkanest®”: 1¢8Shown inFigure 1.9, LSF@LpCOs achieved >55% conversion
and ~90% @H4 selectivity for CL-ODH of ethane at ~750 €%’ The timedependent gasesu
product profile within the ODH half cycld-{gure 1.%) also demonstrated significantly higher
ethane conversion than thermal cracking (denoted as blank). The maol@®; lshell also
significantly increased the ethylene selectivity for the LSF core.paosd to the minimal activity
in thermal cracking, the significant increase in conversion with the Type 2 redox catalysts indicates

that the molten salt layer catalyzes the ODH reactions besides its SHC function.
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In-situ XRD was performed to study LSF@10 wt. %Q®:; (Figure 1.10a) and LSI
(Figure 1.1M)%". The peak analysis inditss that the perovskite (LSF) phase largely rem:
stable in LSF@10 wt. % kCOs during the ODH step. In contrast, a significant portio
unpromoted LSF decomposed to,0g, (La/SryFeQ: and Fe phases. TGA studies showed
the oxygen capacity of L$#10 wt. % LyCOswas significantly lower than pure LSF (0.5 wt
vs. 12 wt. %). These observations indicate thaf 0k inhibits the oxygen release from LSF .
limits the reduction of Fe cation in the perovskite structure. Coupled with M&sbauer speigy
results, it was determined that for LSF@10 wt. %Cls, F€ in LSF was reduced to Fe
whereas in unpromoted LSF, a notable fraction 8f/Fe** were deeply reduced to form mete
Fe. The role of LAICOs was further characterized by electrocheahimpedance spectroscopy (E
Figure 1.1(). The results indicate that, at near melting poirdCCs has increased oxygen |

conductivity, but the electronic conductivity stayed near zero. This suggests tDsL.coulc
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transport ionic oxygen species, but not electron. Therefore, such oxygen species must
oxidized form. Among all possible species, peroxide iosf Y@ the most likely after excludil
other potential species (moleculas, @*, O, and GO4*) based on @TPD, C-NMR anc
literature studyf®. This was also supported by the ethane apdddeed experiment with a
without cefeeding CQ (Figure 1.1Q). It was shown that the cofeed of £@ould decrease tl
activity for ethylene formation, indicating that the peroxide species is likely suppressec
(c/ C# Oc# /). Density functional theory (DFT) calculation also indicates
the formation of the peroxide from the* o Fe* is thermodynamically favorablé&igure 1.1C).
Based on these findings, the following reaction steps were proposed for the ODH reac
peroxide formation at the LSFAGQO; interface through Fé A Fe** transition; (2) dissolutic
and transport of the ® by Li.COs; (3) H abstraction from £Es facilitated by G at the molter
salt/gas interface. The subsequent reactions are likely to proceed through a surface

homogenous reaction pathway bilessing ethyl radicals into the gas phase.
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As one wouldexpect, for different reactions and conditions, the required active species
may change. For example, butane ODH to 1,3 butadiene conversion needs to be carried out at
temperatures far below4GO:6 s mel ti ng point (~710XO@pUud As su
not be effective. As can be seen fréigure 1.11, LSF@10 wt. % LIiCOs does not have a high
selectivity towards 1;Butadiene®® For this reaction, LSF@AX (A=alkali, X=halogen) redox
catalysts reported in previous work showed significant butadiene yields whereas the blank
experiment indicated mimal thermal crackin®. The unmodified L& exhibited 71% butane
conversion, but with ~93% selectivity towards Q@oducts. In contrast, LSF@20 wt. % LiBr

showed 56.2% 1;Butadiene selectivity with 75.6%Mutane conversiotf?
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Figure 1.11 1,3-butadiene selectivity and conversion profiles for LSF@10 wt. % LiBr via
ODH of nbutane (our work) compared with literature results with various catalys

GHSV=4500 ht and 500 €.1®®

Compared to LiBr, other molten and active halogenategsattoters such as NaBr, KBr

and/or LiCl were less effective. This indicates that Br possibly act in conjunction with Li to
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facilitate selective dehydrogenation of butane. The role and interaction of Li and Br species were
probed by ab initio molecular dymacs (AIMD), shown inFigure 1.12a: The LiBr is likely
oxidized by LpO- to form atomic Br, which then diffuSeto the surface and facilitateH
abstraction from butane at the gas/molten salt interface. DFT calculation shbiguria 1.12
indicates thathe Brassisted €H activatiors have energy barriers of 91.6 kJ/mol (butane to butyl
radical) and 34.7 kJ/mol {iutene to butenyl radical), a significant decrease compared tekhe C
bond dissociation energy (~400 kJ/mol). In addition, the desorptiogiesef the radicals are

both ~30 kJ/mqlsoit is more likely that the radicals would be convertedtsalehydrogenated
counterpar on the surface of the molten salt layer. Additional-glagse Reaction Mechanism
Generator (RMG) and ChemkRroresults indicate @t 2-butene, instead of 1-fautadiene, would

be the primary product via ggase radical reactions in the presence of butyl radical. The absence
of 2-butenes contrary to expectations ftire surfacenitiated radical reaction pathwaks such,

the asformed atomic Br would be primarily responsible for all the dehydrogenation steps. Based
on these findings, the following reaction steps were proposed: 1)-thenaed peroxide on LSF
oxidizes LpO to LixO2; 2) Li2O2 oxidizes LiBr to atoric Br; 3) atomic Br then abstracts H from

C-H bond from Rbutane and-butene, sequentially forming titadiene and HBr; 4) HBr then

reacs with Li>O to form LiBr to complete the reaction cycle.
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Generally speaking, a Typg2 redox catalyst functions tugh (1) inhibiting CQ

formation by covering the mixed oxide with the promoter, similar to Type 1 redox cat&ly

and(2) selectively catalyzing ODH reactions through the formation of active species from molten

salt and oxide core interactions. It is also worth noting that different promoters in Type 2 redox

catalysts can lead to different reaction pathways and meclaisinle 1.3. Selection of the

oxide substrate is also important in terms compatibility with the promoter and ability to form

desirable active oxygen species such as peroxide ions.

Table 1.3 Proposed reaction pathway in the solid/gas and gas/liq@danes

CoHs ODH with LSF@LpCOs

C4H10 ODH with LSF@LIBr
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1.3.3Type 3: Mixed oxide @ catalytic phase redox catalyst for hydrocarbon conversion

Type 3 redox catalysts are based on a design concept like Type 2 but differs in that a solid
catalytic phase is used and a radical formation step is not likely to be involvedstoice, a
well-studied KFe-O catalyst is highly active towards ethylbenzene DH to stytéhé’: By
combining the KFeO 6 s catalytic function with transit
equilibrium limitation can be circumvented, intensifying the overall process.

A notable example is the mufinctional(Ca/Mn)xO@KFeQ redoxcatalyst developed
from our group, which showed high activity towards ethylbenzen€OOH!*®. As shown in
Figure 1.13, up to 91% singlgass styrene yield can be achieved. This repreaeri28s yield
increase, on a relative basis, compared to commercial dehydrogenation. As can b&igeea in
1.13, there is an unselective region at the beginning of the ODH reaaijondstring which the
ST selectivity was ~54%. The selectivity of ST would increase to ~95% as more ethylbenzene
(EB) is injected. This unselective region can be avoided by limiting the air injection during the
regeneration step, as shownHigure 1.13 to maintain a high selectivity (~94.2%). Higher EB
partial pressures closer to industrial conditions has also been tested at a |abigeael (130),
and the styrene yield surpassed the equilibrium limitation. In addition, the stability of this redox

catdyst was tested for 100 cycleSigure 1.131), albeit at a relatively low EB partial pressure.
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b) XPS of Mn 2pand c) XPS of Fe 2for redox catalysts at different reaction statfés.

Figures 1.13a and bsignify that there were dynamic changes in the redox catalysituin
XRD (Figure 1.14a) and exsitu XPS Figure 1.14) were used to characterize the changes in the
shell and the core at different stages of the redox ODH readfibiis-situ XRD indicated that
the unselective region shownhingure 1.13 was resulted from the solstate reactions between
the core and shell phases, forming a nonselectigddno.o2d02> phase while decreasing the
surface concentration of potassium. #he injection of EB continues, this nonselective phase

disappeared and the catalytic layer KE@Ppeared throughout the rest of the EB injection step.
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Meanwhile, there was a continuous lattice oxygen release from theV@a*0 solid solution,

which wasresponsible for selective hydrogen combustion. Hragares 1.14b and ¢ the Mn 2p

peaks shifted to lower binder energy level when in contact with EB (in both reduced and deeply
reduced region), while the Fe 2p peaks only shifted after prolormaedct with the EB (deeply
reduced region). Both results suggest that Bridation state, which is key to high DH activity,

is reserved by sacrificing Mt**in the operating regime.

The reaction mechanism was further studied by isotope experiments in our group. Similar
to conventional catalytic DH, during the dehydrogenation reaction, ethylbenzene on the CLCa
catalyst undergoes a tvgtep H abstraction on the KFg8urface!’®1’2 The KIE value Figure
1.151) measured in the isotope experiment confirmed that H abstmagts the ratémiting step.

This was further supported by the DFT resufigggre 1.15-1) , w h e-H absttadtien step
was shown to be rademiting. DFT results also indicated that the presence of water would facilitate
the proton transfer ithe water formation step on the KFesrface, leading to more thareld
decrease in activation enerdgyidqure 1.1%-2). This was verified by dehydrogenation experiments

on KFeQ both with and without cofeeding steam.
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Similar to Type 2 redox catalysthe desigrof Type 3 needs to consider the compatibility
of the core and shell materials. The dynamic changes observed during the redox reactions signifies
the potential complexity of CLCa when compared to conventional heterogeneous catalysis
systemg®?
1.3.4.Synergistic effects between heterogeneous and redox catalysts

As briefly mentioned in Sectiori.31, the abovementioned redox catalyst design,
particularly Type 1, has the potential to function in concert with conventional heterogeneous
catdysts. We recently demonstrated this approach towards catalytic cracking of cyclohexane by
integrating catiorexchanged ZSM with a Type 1 redox catalyst, i.e. N@Os-promoted
perovskite oxid®’. The primary function of the redox catalyst was to selectively oxidize hydrogen
and to enhance the naphtha conversion. It is interesting to note that a significant increase in
ethylene (@) andpropylene (@) selectivity and €/C,™ ratio was observed by mixing the ZSM
5 based catalyst with the Type 1 redox catalfsgures 1.16a and h). The presence of the

NaoWOs @ perovskite catalyst did not deactivate the zeolite catalyst. Rather, it clihageitic
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properties of the zeolite by creating additional strong Bransted acid sites, which is likely to be
responsible for the enhanced olefin selectivity and yield. A similar concept was also shown to be
effective for nhexane conversion: Ba&xchangd ZSM5 mixed with CaMne@NaWO4 could

exhibit up to 67% singkpass olefin yield from4mexane with tunable propylene to ethylene ratio,
with <5% CQ yield 1”3 We note that in both cases, the nature of the interactions betwees ZSM
and the redox catalyst particles, as well as the fundamental rdasdhe change in product
selectivity have yet to be understoBd This represents an interesting area fedépth studies.
Synergistic utilizabn of heterogeneous catalysts with re@ative oxides can also significantly
broaden the applicability for CLCa.

When integrating CLCavith a heterogeneous catalyst, an important aspect to consider is
whether the heterogeneous catalyst would function well under significant oxygen partial pressure
swings. In addition, steam generated from hydrogen combustion by the CLCa redox catalyst can
have a negative impact on the active sites of the catalyst and can lead to side reactions (e.g. steam
reforming). For example, MaCactive for dehydroaromatization (DHA) of methar&!'®:, can
react with steam produced from SHC to form Mp@hich would deactivate the catalyst.
Therefore, care must be taken in selecting robustamgatible hybrid catalyst systems involving

both chemical looping and heterogeneous catalysts.
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1.4Computational-assisted oxide selection

Although the previous section focused on surface promoters for the-aetios oxides,
the seletion of the oxide also represents a crucial and enabling step-@DEL In fact, a sizable
amount of chemical looping research focused on discoveries and the selections -tiaseile
oxygen carriers. To date, over 2,000 research articles have covdezdniibispects of oxygen
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carrier compositions, performance, and underlying mechanism. Despéesiveresearch and
development efforts, a rationalized strategy for the effective design and selection of oxygen
carriers is still lacking. In fact, the higitomplexity of redox reactions, which extends beyond the
interactions of gaseous molecules with poorly defined oxide surfaces, makesyiimpassible
for abinitio design of redooxides. On the other hand, the emergence of oxygen carriers
composed ofedoxactive mixed oxides, e.g. perovskite oxides, has greatly expanded the design
space for chemical looping material selection, making oxygen carrier optimization an even more
daunting task.

We note that while it is impractical to expect ani@itio oxygencarrier selection model
to comprehensively consider all aspects of oxygen carrier design, some relatively simple selection
criteria can nevertheless be adopted, particularly when capitalizing on modern computational and
data science tools, to greatBduce the experimental efforts in oxygen carrier development. Take
CLCa of light alkanes as an example, the light olefin yields tie directly with the equilibrium oxygen
partial pressure @29 or equivalently oxygen chemical potentiabflag of the redx oxide from
a thermodynamic standpoinEigure 1.17a). In fact, the thermodynamic selection rule of the
oxides in CLCaof alkane ODH largely overlaps with that of chemical looping combustion and
chemical looping air separation (CLAS). This is not at all surprising given that a primary function
of the oxygen carrier in CLCa is-Bitu air separation, besides acting astarogeneous catalyst.
Given that the thermodynamic requirement represents a prerequisite for oxygen carrier selection,
we recently used such a criterion to select oxides with a general formulatic@ 0fS33B1.yOz.
(A=Ca, K, Y, Ba, La, Sm; B = Ti, NiMn, Mg, Cu, Co) for applications such as CLAS and
chemical looping dry reforming of methart@gure 1.1 illustrates the generalized simulation

and experimental validation strategies as well as representative t&sisspite adopting
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simplified assumptions to facilitate m&ty functional theory (DFTFpased higkthroughput
computations, the simulation results were shown to be quite effective in predicting various
perovskite oxides with interesting properties, that could be adopted in both &idS Cal8?

These redoactive oxide materials haveaellent potential to be adopted for CLCa. We also note
that the proposed model is not without limitations. For instance, the model was based exclusively
on thermodynamic criteria without considering kinetic effects. To ensure manageable
computational intesity, we assumed random distribution of the dopants and did not consider
potential defect clustering. The U parameters selected to correct the straitg oaulomb
interaction of the electrons may need to be further tuned for the perovskite oxidentiab
formation of alternative phases and structures besides the base; StRefure were not
considered. Thes#spectsepresent potential areas of improvements for future modelling efforts.
To date, only a few other groups have also use-thighughput method for materials screenit§

184 Fan et al. screened over 150Q-M2-O/N pairs and 170 MM 2-Nrich/Npoor pairs to identify
optimized bicationic materials for Ghmmonia synthesis from different rotff&in the context of

CLC of methane, Singstock et al. screened over 1300 redox pairs (i.ex/AKB®B,
A(SOy)x/ASx) and predicted 152 pair to demonstrate >99% methane conversion with limited

byproducts®.
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1.5Summary and outlook

The pressing need for decarbonizing modern society calls for transformative technologies
to intensify stateof-the-art manufacturing processes. The chemical looping strategy, with an
inherent capability for chemicafransformation combined with feedstock and/or product
separations, offers unique opportunities to significantly simply the chemical manufacturing
processes, improve energy efficiency, and reducgdbiissions.

This review covered a generalized redox gatadlesign strategy, involving a redagtive
mixed metal oxide core and a surface promoter shell, for thR@KH of hydrocarbons to olefins.
An interesting aspect of this design strategy is the ability to independently tune the properties of
the oxide cog and the promoter shefirovided that the two materials are compatible under the

operating conditions. For example, for ethane conversion with Type 1 catalyst, we recently
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predicted that & yield could achieve 78.2 86.7% based on the existing datanfranolten salt
promoted Mg@gMnQOs and Cu/MnQ. These analyses suggest that further increase in gagte

olefin yield is highly possible by optimizing the core and the shell compositions and ratios. For
Type 2 redox catalysts, the heat of reactions of etf@xODH can be tuned to be mildly
exothermic in both the ethane ODH and theoxmlation steps, allowing more efficient heat
management. On the other hand, the selection of the core would also affect the activity and
selectivity of the redox catalysts. thme case of LSF, F&in the perovskite structure was proposed

to be responsible for the formation of the peroxide in molten phase. As an example, further
adjusting the La:Sr ratio could tune the propensity to form peroxide and therefore optimize the
ODH performance. Type 3 redox catalysts, and the potential to integrate CLCa redox catalyst with
a heterogeneous catalyst in tandem, also offer exciting opportunities.

From a practical standpoint, moltsaltpromoted oxide may face fluidization issues if
opemted in a fluidized bed reactor. However, it is possible to adjust the surface promoter
composition to ensure good fluidizability and letegm stability*?® The molten salt promoted
redox catalysts have also been operated in packed bed reactors in our recent studies, showing
satisfactory stability'® 12°Another issue is the potential leaching of molten salts at high
temperaturesand reactor materials selection to minimize potential corrosion need to be carefully
considered fofuture studies and practical applications. In fact, a recenttinng study on
Li.COs-promoted LSF showed signs of slight increase in €ectivity''® This may be
attributed to the loss of ¢€Os. Therefore, @plenishing the LICO;s either exsitu or during the

reactor operation could be considered for future studies.
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Table 1.4 Selected example of recent progress in chemical looping catalysis

Oxidation: 30 mol.% @Ar, 30
ml/min

Target Carrier Operating Condition Key Performance Ref
Product Result
Syngas/C | FeOs@SBA-15 750935 €, 17.837.5 ml/h/mgFgD; | ~100% CO selectivity | 1°®
o LaosCasFeQy 850 €, Flow rate: 80 ml/min Xmethane 82% 185
0.8 g catalyst Ssyngas 93%
Reduction: 10 mol. % C#N.
Oxidation: 10 mol. % C&N,
BaFa.xSnOs.y 900 €, 0.1g catalyst >99% syngas selectivity 14
Reduction:5% CkHe (20 mL/min) Y syngas= 19.2 mmol/g
Oxidation:5% Q/He (20 mL/min)
MgO supported 1000 €, 2g catalyst 1500 Hr Xmethane99% 17
CaFe0s Reduction:10% CHHe (25 mL/min) | Ssyngas 98.1%, H/CO
Oxidation:40% C@He (25 mL/min) | ~2
Ni-doped FgO3/Al O3 900 T, 2g catalyst 1500 h Xmethane95% 186
Reduction:20% CH(75 mL/min) Ssyngas ~96%, BH/CO
Oxidation:20% Q (75 mL/min) ~2.3
Ethylene | (Li,W)-MgeMnOg 850 €, 2400 ht X methane 50% 106
(via CL- Reduction: Pure% CH?200 mL/min) | Co. Yield: 28.6%
OCM)
Ethylene | 0.2Ce/SrFe® 700~750 € 3000~6000 Ethylene Yield: 23.8% | 100
(via CL- Reduction: ~12.5 mol.% £l Xc0269.4%
ODH) Sro.sCa Felsi 500 €, 600 ' GHSV Sethylens 91% 9
@NaCO; + Reduction: 6 mol. % e, balance N | Xethane 42%
MoVNbTeOx
Ce-incorporated FeTiQ | 600 C, Sethylens 84.1% 187
Reduction: 20 vol. % §He/N>, Xethane 14%
30ml/min
Oxidation 20 vol. % C@N,, 30
ml/min
Propylene | Mo-V-O (V/Mo=6)'88 500 €, 2500 h* GHSV Xpropane 36% 188
(via CL- Reduction: Pure% CH?200 mL/min) | Spropylene89%
ODH)
Ammonia | Li-Pd/Li,NH 300 € and 1 bar ¢} 189
100% N or Hy at 30 ml/min pwp 11 CE
Si modifiedo-Al ;03 1 bar Xan=60.4% 190
ZrO; supported N-sorption: 1200 € 100ml/min N
NHs-desorption: 1200 € 80 vol.%
H>O 500 ml/min
20 wt. %TiN/MgO Nitridation: 1 atm, 808 nm laser at | O 191
30W/cn? (=550 €) pxi 11 C E
NO V205 300~650 € NO selectivity: 99.8% | 192
(NHs3 Reduction: 5 mol.% NHAr, 30 NHs conversion: 97%
oxidation) ml/min
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The application of chemical looping concept is not limited to olefin producfi@ide 1.4
summarizes recent publications related to CLCa. An extensively investigated topics is methane to
syngas/H conversiorP> 109117, 123, 12627, 130, 136, 185, 1908 A fe\y other studies explored a phase
transition sorbent concept where a single mixed oxide particle combines the functiorox a re
oxide (for oxygen separation), a carbonate sorbent (fers€@aration), and a catalyst (to catalyze
chemical reactiongp: 123 130. 197, 198, 2®1 Eqr jnstance, a recent study adopted the chemical
looping strategy to selectively oxidize ammonia with excell@ selectivity for nitric acid
production'®? A few other studies explored the feasibility of using nitrides/imides/hydftfés
189191, 21214 35 intermediates fammonia synthesis and using alkali molten salt as the medium
for combined C@capture and utilizatiaf™® Engineering the chemical potential of redox oxides
has alsdbeenshown to be able to circumvent reaction equilibrium limitations in conventional
processes while maintaining high selectivity, making it possible teaelpireviously unattainable
yields for watergas shift reaction¥® 1%From the chemical looping standpoint, one can see that
most of the processes summarized above harness the oxidizing potential (e.g. SHC) of the metal
oxides at high temperatures during the half cycle for metal oxdaction. In most of the
abovementioned processes, the reduced metal oxides are regenerated an stedn/CQH.0
rich environment, allowing integrated air separationp Gization, or hydrogen production.

It can be fully anticipated thatell-designed metal oxides, after reduction, could be used
for producing complex, valuadded chemicals via hydrogenation and/or carbonylation during the
regeneration half cycle. This offers the potential to produce two differentadbier products in
a two-step redox process or even musiep chemical loops. Therefore, many new and highly
exciting areas of fundamental research and practical applications can be anticipated through the

unique combination of chemical looping with heterogeneous catalysis.
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2.1.Abstract

Existing CQ-mediated oxidative dehydrogenation (£0ODH) of ethane for C®
utilization has yet to demonstrate >60% singgss CO yield due to the intrinsic equilibrium
limitations of the C@-ODH reactions. We report a unique approach with mixed molten carbonates
as reaction media for G&DDH, which strategically partitions tH@0O,-ODH reactions into gas
and moltersalt phases and facilitates integratedG@pture from power plant flue gases.
Consequently, 89% CO yield is achieved at 770
CO yield in turn enhances ethylene formatieurther characterizations confirm that molsatt
mediated ODH (MMODH) proceeds through a gpkase cracking and moltesalt mediated
reverse wategasshift reaction pathway. Based on this understanding, thermodynamic analysis
andab initio moleculadynamics (AIMD) simulations are conducted to develop general principles
to optimize the moltesalt reaction mediumProcess analyses confirm that MDMDH could
potentially become significantly more efficient for €€apture and utilization than convent&n
CO,-ODH.
2.2.Introduction

With the eveiincreasing global energy consumption and rising demand for the fossil
energy, the annual anthropogenic &mission is projected to be 45 billion tons by 2050 under a
businessasusual scenarfo To avoid the dire caequences of global climate change, there is an
urgent need for efficient and economically viable technologies to mitigate eGissions.
Although widespread utilization of renewable energy can reduce the global carbon footprint, our
continued reliance ofossil fuels calls for effective CQOcapture, sequestration, and utilization

(CCSU) technologies in the fossil energy sector.
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As the first step in CCSU, GQ@apture is the most energy intensive and is responsible for
70%~80% of the total energy consumptiorcarbon capture and sequestratiarRochelle and
coworkers established that 220 kw\ energy is required to capture and compress 1 metric ton
of COxfrom coalfired power pant flue gas, with an estimated cost of $52/ton (2009 dollars) using
the wellestablished solvent based technology, such as amine scribBitigough many
alternative CQcapture approaches have been proposed and are under different stages of research
and development, significant energy consumption and cost would neverthele§sintae
energy and cost penalties associated withp C&pture pose significant challenges for .CO
utilization and sequestration since they both require a concentratedt@@m.Compared to
sequestration, Cfutilization has the potential to provide significant economic incentives by
converting CQ into valuable product$!? CQ, utilization technologies investigated to date
include CQ to fuel, CQ to chemicals, C®enhanced oil recovery, et€1> Among these, C®
mediated oxidative dehydrogenation (£QDH) of light alkanes, particularly ethaffel®24 has
opened up new and exciting opportunities for: (a) producing a-aaldel ethylene product,
which is in high demand and enefigyensive to producg (b) simultaneous utilization of the
abundantly available ethane resulted from the shale gas revétutoncoproduction of CO, a
valuable industrial gas.

Ethane is the largesvet (G+) component in shale gas and represents, on average, 24 vol.
% of the gas produced in BakkénThe surge in ethane supply and the energy intensity in
conventional ethane conversiprocesses call for efficient and low emission approaches to convert
ethane to ethyled® Ethylene yield in commercial steam cracking processes is equilibrium limited
due to the formation of Has a coproduct. As such, the singkess ethylene yield is generally

limited to ~55% in steam crackers. &ddress this challenge, oxidative ethane dehydrogenation
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using CQ as a soft oxidant (C&£0DH) were widely investigated. Two primary reaction pathways
for CO,-ODH that have been reported include: (1) Direct ethane cracking reaction followed by a
reverse weer-gasshift (RWGS) reaction to convert the pyoduct H into CO and HO', as

described in ReactioB.1l and2.2; (2) Catalytic oxidative dehydrogenation of ethane with,CO

typically on a metal oxide catalyst surface through a Mars Krevelen typenechanisnif. In

either reaction pathways, the overall reaction can be written as Re&c3iofigure 2.1

summarizes the equilibrium ethylene and CO yield in-ODH based on afEs/CO, = 1/1 molar

flow based feed condition. We note that byproductshsas G.:, coke, and steam reforming
products are not included in the equilibrium analysis since they are kinetically limited in the
context of ethane cracking conditionge further note that the deviation of the carbon balance of
our experiments are with #%. Furthermore, we determined viaz Hbalance that the dry

reforming activity

accepted approach to analyze ethane cracking re&étidns
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Figure 2.1 Equilibrium (CQ/C:He=1) andexperimentally obtained yields of selected ethane

CO-ODH catalysts: (a) £Hayields; (b) COyields.
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To date, most C&ODH studies focus oratalyst development with the goal of improving
ethylene selectivity and yield. Numerous high performance catalysts have been reported along
with important mechanistic insights, warranting further investigation of this important séibject
16.1821,23.2434  Although singlepass ethylene yields reported on a number ofODH catalysts
(Figure 2.1a) were comparable to those in commercial steam ethane cracking (~55%), CO yields

(9

still remained severely equilibrium limitedriure 2.1b). Using a catalyst

composed of highly dispersed zinc on-88%13 zeolite, CO vyield up to 60% along with 70%
ethylene yield was achi ev e dHsantl an@dqud part of@&si ng d
There are other earlier studies CeNne¥SiOed CO
catalys, but this relatively high CO yield resulted from severe coking and dry reforming activities,
which sacrificed the ethylene selectiityOther promising C®ODH catalysts include those
containing Cr and/or Ni. Their GOconversions are generally lower than 45%, but with
satisfactory ethylene selectivity (>80%) and reasonable coke resiStarn€é®. While CQ
conversion (or CO yield) has received little attention in most of the previopOOB studiesit

is an important parameter to consider since: (1) Gaseous products from ethane ODH need to
undergo compression and deep cooling prior to cryogenic distillation. A IewoQTD conversion

would significantly increase the cost and energy consumptioregetstages due to the presence

of Hz, negatively impacting the attractiveness of,@IDH?5, (2) the increase in the yield of CO,

a high value product, can increase the overall product valie promoting the effectiveness for

CQ; utilization. Given that both RWGS and GODH of ethane reactions are endothermic,CO

ODH is favored at higher temperatures from a thermodynamic standpoint. Nonetheless, the CO
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yield of the experimental studies refeml to date are generally limited to ~45%, even when carried
out at 800 C, as shown kigure 2.1 This is understandable given the intrinsic thermodynamic
limitations on CQ conversion, which in turn limits the maximum ethylene yields. Another
important challenge to conventional &ODH resides in the needs for purified £@hich is
energyintensive to capture and separate. To summarize, an ideagdD8 technology should be
able to: (a) combine CQrapture and utilization into an integrated process; (b) achieve high CO
and ethylene yields without being subjected to the equilibrium limitations witnessed in
conventional approaches.

Integration of carbon capture and utilizatibas been attempted in the context of dry
reforming of methane. Both Buelens et al. and Tian et al. used a hybrid system involving a calcium
oxide based sorbent and Ni based catalysts to captusgfa@ved by converting carbonate
formed into CO and/or $*42 The high operating temperature and relatively low methane feed
concentration alleviate equilibrium |imitatio
CO/H; yields. To our best knowledge, integration of £€apture and utilization for ethylene
production in an isothermal system have only been reported by Rezéiletthkir study, an H
Zeolite Socony Mobil 5 (FZSM-5) based deydrogenation catalyst layer is used in conjunction
with K20-CaO, NaO-CaO and CaO based ¢6orbent layer in a packed bed reactor. Captured
CQO is released from the sorbent by raising the reactor temperature in the ethane conversion step.
22% ethylene vyiel was reported, along with 14% @Qonversion due largely to the
aforementioned equilibrium limitations. In principle, a hybrid system involving asotent and
heterogeneous catalyst could potentially be used fer@QH of ethane. However, more severe
equilibrium limitations would be anticipated considering the high endothermicity for carbonate

decomposition during the GQtilization/ethane conversion sté®.
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Herein, we proposed and demonstrated a maéehonate mediated ODH (MH@DH)
approach to capture and utilize £€for the ceproduction of ethylene and CO with high yields.
Strategic design of the moltearbonate system circumvents the equilibrium limitations imposed
on conventional C®&ODH processes, achieving a supguilibrium CO yield of 89.2%, doubling
the equlibrium yield for conventional CQ@ODH. This novel process also attained 93% ethylene
selectivity with 98% total olefin selectivity, and 56% ¢bnversion. In the following sections, an
overview of the MMODH process and the rationale behind the equilibrcircumvention using
the moltersalt as both a reaction and €& pture medium are discussed first. Subsequently, the
feasibility of the process is experimentally validated. An investigation of the reaction pathway is
then presented as well as thermodyitaanalyses to examine the selection of the medth
reaction media. Finally, an energy analysis is presented to determine the process efficiency for
CQO utilization.
2.3.Results and Discussion
2.3.1.MM -ODH: Reaction Scheme and Proabf-Concept

As illustrated inFigure 2.1, CO yield with simultaneous presence of £aDd ethane is
equilibrium limited irrespective of the ODH catalyst type. Such an equilibrium limitation would
be even more severe if a solid £$rbent is used. For instance, integratialgium carbonate as
the source of C&in ODH would make th€0O,-ODH process 167.6 kJ/mol more endothermic at
800 and | dcanvetsionttdh4d% @9047% with GOo-feed) as calculated by HSC
Chemistry Outotec v10. This additional thermodynamicthtion would appear to be inevitable
for any CQ-ODH approach with integrated G@apture since a system that is spontaneous for
COe capture would have a natural tendency to inhibit @Iease, adding the difficulty for CO

conversion in CQODH from a tlermodynamic standpoint. To circumvent this challenge, we
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propose to use molten carbonates as a reaction medium to partitionothedthane in the liquid

phase and gas phase, respectively. Unlike solid €fbents which have a fixed activity
coefficiert of 1 for the gas phase G@DH reactions, the molten carbonate system enables
simultaneous equilibaiin both the gas and liquid phases, as illustratddgare 2.2a. As will be

further discussed through the detailed thermodynamic analyses in later sections, the eutectic
formation can increase the acti vietguidfi btrh e moo
yields. A schematic of the MNDDH approach based dime abovementioned strategy is shown in
Figure 2.2b. As illustrated, MMODH integrates C®capture and ethane G@DH into the

molten carbonate reaction medium. The MNDH system is operated in two cyclic steps forming

a reaction loop: In Step 1, moltemrbonates are converted into CO and hydroxides by H
generated from ethane dehydrogenation; In Step 2, the molten hydroxides subsequently capture

CO: from a flue gas stream while regenerating the carbonates.
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Figure 2.2 (a). A conceptual reactor schematith molten carbonate reaction media designed to
simultaneously capture GCGand convert ethane; (b) Simplified schematic of the aMH
process; (c) MMODH reaction results for LNK, (ENapCOs (LN), (Li-K)2COs (LK) and (Na

K):COs( NK) at different temperatures ; (d) Perfo

Figure 2.2z and d highlight our experimental results, under an integral basis,
demonstrating the feasibility and attractiveness of KaMH. These results were obtainedhw
(Li-NapCOs, (Li-K)2C0Os, (Na&K)2COs, and (LENa-K)2COs salt mixtures at their respective
eutectic compositions and testedan 1 inch OD alumina tube. The selection of the carbonate
mixtures are based on the melting point and its stability (i.e. lowerr€@ase). (N&K).COz is
not included at 710 d u e* In amditiort, tee high ngehingpoint t i n g
of Li2COz3( 7 2 4 ) makes it uns uigdtia.blrheexpérimentalesetypandi me n
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method of calculation are described in &mpendix A.4.1 & A.4.2, FigureA.S1 and TableA.S1
(supplemental information). As can be seerFigure 2.2, MM-ODH exhibited significantly
higher CO yields than those predict&edm conventional Ce@ ODH equilibrium. For all the
mol ten salts screened, the CO yields increas
demonstrated CO yields O073%. A maxi-NakKpCOCO yi el
(LNK) mixed molten saltsnearly doubling the equilibrium CO yield in conventional ZUDH.
In the extended ODH step,he CO yi el ds could reachFugure 92
AS2 n t he suppl e ntkerLNKanholten salts@lsoreehibited stable ethylene yield
averaging at 43.4% and CO yield averaging at 89.4% for over 60 clyesg 2.2d). In addition,
the contribution of reforming activity and c.
determired by hydrogen and CO balance described in Equation S1 in the supplemental
information. We note that our definition of CO yield can also be interpreted asdb@ersion,
since CO is the only product resulting from £fnversion and the contribution of G@m dry
reforming is negligible.

MM-ODH also demonstrated higher ethylene yields when compared to thermal cracking
of ethane. As shown FRigure 2.3a and2.3b, each molten salt eutectic system exhibited selectivity
to ethyl ene ab oad ethane9corersioraabove 70%, with a slightly higher
selectivity in G~Cs and methane than that of thermal cracking. The formatiorso$fi2ciess
negligible in all cases. As one would anticipate, the ethylene selectivity decreased with increasing
temperature while ethane conversion and olefin yields increased. Methama@dds. accounted

for O5% of the overall product selectivity.
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Figure 2.3 (a). MM-ODH results with LNK, NK, LN, LK reaction media. Thermal (blank)

cracking results are shown foemparison purpose. Reaction conditions: 10 vol.% ethane balance
Ar, 50 ml/min total gas flow rate. (b) Conversion profiles for MMDH in comparison with

equilibrium conversion of C&ODH of ethane.

The CQ capture and storage capability of the moltetssabs further examined through
thermogravimetric analysis with result showrrigure A.S3andFigure A.S4(See supplemental
information). To further confirm the ability of the molten daltcapturediluted CQ in a flue gas
stream3 vol.% CQ was flown through fully decomposed.CiOs, the alkali metal carbonate with
highest tendency to decompose into,@@l oxide. As shown ifigure A.S3 the sorbent is highly
reactive towards thidiluted CO, stream at C@concentrations well beneath the typical flue gases
concentration (~12 15 vol.%). The CQ capacity of the molten salt sorbent was stable under
repeatedtycles Figure A.S4). In comparison, CaC§{3orbentbased C@capture systestend to

experience significant sinteriigduced deactivation within 20 carbonaticacination cycle§®
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57 Although few recent studies have resulted in rather sintegsigtant calcium sorbents, precise
morphological controls are requir>’ These results demonstrate that the }H can be a
promising process for G@apture and utilizgon in the context of ethane ODH.
2.3.2.MM-ODH Reaction Pathway

The notably higher ethylene yields compared to thermal cracking may be explained by one
of the two possible mechanisms: (a) a kinetically driven yield increase, i.e. the catemnate
reaction medium acts as a fc genaidnyesdion; ot(maaccel
thermodynamically driven yield increase, i.e. the consumption of ttlerbligh CQ conversion,
which decreases the reverse reaction rate for®IMH. To probe the possible mechanism of the
reactions, temperatuqmogrammed reaittn was carried out to determine the kinetic contribution,
followed by insitu DRIFT and H/CO; cofeed experiment to establish the roles of carbonate and
hydroxide in the reaction system.

Temperaturgorogrammed reaction (TPR) was first carried out torddtee whether the
molten salt would contribute to the activation of ethane. A relatively high GHSV (1900ds
used to ensure that the system is operated under a kinetic regime with minimal thermodynamic
effects. It was determined that the orisetperature for ethane dehydrogenation was higher in the
presence of the molten salt than that with ethane thermal cracking &igoee(A.S5. The
ethylene yield in the molten carbonate system was notably lower than that of the ethane cracking
in this kinetic regime, thus ruling out the catalytic effect of the molten carbonates system towards
ethane conversion. The improved ethylene vyields relative to thermal cra€kiyuye( 2.2) are
therefore thermodynamically driven due toddnsumption by a reverseatergasshift (RWGS)

reaction.
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To further understand the role of the molten phase in RWGS reactions, the experimental
results of CQ'Hz cofeed in an empty tube versus fded to molten LNK were compared. The
presence of the molten salt increased CO \iglanore than sixfold, from 14% to 92%4gble
A.S2). The significant enhancement in the CO vyield was primarily resulted from the fixation of
CQO:in the molten phase. Meanwhile; ébnversion was increased from 21% to 29%. These results
clearly supported #t the molten salt acts as a reaction medium forddversion reaction in a
moltensalt mediated RWGS (MNRWGS) reaction and it was a primary contributor to higher CO
yi el ds. These result s-ecmuisloi bsrugugmeistCOQ hgaite | tdh ew
partitioning CQ in the liquid phase and-8s in the gas phase. By fixating G the molten salt,
the H conversion increased and the d@the product gawassignificantly lower.

The participation of the molten carbonate in the MWGSreaction was further verified
by in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) under isothermal
H2/CO, cycles with (LiNaK)2COs. Due to the limitation of the instrument, the study was
performed at 600 .I|dadsorbdnehe Sudasce ashigletemperatures, avel note
that at 6-RaK)COzisih & liguidlphase, and the purpose of DRIFTS was to detect
species in the liquid phase. As shokigure 2.4, injection of H (10%, balance Ar) resulted in a
peak aB588 cm', assigned to the-® stretching indicating that Okvas formed when C£ was
exposed to B via a moltersalt mediated RWGS reaction, as shown in Reaction 4 usi@gk.i

as an example:
imtid«Bqr B/ (P, E/ @/

We note that although for Reacti@a,Y' 1 it still proceeded to produce significant

amount of CO and LiOH since carbonate was in a large excess.

68



Figure 2.4further indicated that the-8l stretching peak disappeared under 20% &
the GO stretch peak characteristics of £Q@ppeared. Thisticated that COwas captured by
the molten salt and OHvas converted back to G& These findings were further verified in
Figure A.S6. It can be concluded that the mlef the carbonate include (1) uplifing RWGS
equilibrium limitation by partitionig the reaction between the gas and medthphaseand(2)
integrating CQ capture.

To summarize, the MMDDH reaction proceeds through a parallelghase cracking and
moltensalt mediated RWGS reaction pathway. That is, the presence of the moltenatesb
facilitated hydrogen conversion into CO and (molten) hydroxides, which increase the ethylene
yield. In-situ conversion of Hin turn enhances ethane cracking by alleviating equilibrium
limitations. The alkali metal hydroxides formed in the ODH siep highly effective for C®
capture to regenerate the carbonates, enabling a cyclic&p@ure and utilization scheme. The
thermodynamic feasibility and the criteria for molten salt selection will be further discussed in the

next section.

69



CO,> depleted 3588 cmO-H stretch 2351 cm 'C-O stretch

AnCO, AL N Y e
) : | 20% CO,
DRIFT Cell O i . 10% H,
OH- diminished under CO, at 600 °C % | : Pure Ar
.8 , | 10% H,
o : i ' Pure Ar
CO.> depleted OH- generated & - [ |
A H P I Q L 20% CO,
rH, Ar,CO, H, <C ! 109
—_— p——— | \ o H,
DRIFT Cell i : Pure Ar

OHF stably existed under H, at 600 °C 4000 3500 3000 2500 2000
Wavenumber (cm™)

DRIFTS at 600 °C with LNK

Regeneration step:100 sccm 20 vol. % CO, balance Ar
MM-RWGS step:100 sccm 10 vol. % H, balance Ar
Purge: 100 sccm Ar

CO, Utilization CO, Capture

Calle =GR, 20H +CO, —» CO2 +H,0

CO%+H, —» 20H +CO
Figure 24 In-si t u DRI FTS exper i-Q@@Hreastiona in thé iredence ofm MM

LioCOs, NawCOs and K.COs eutectic reaction medium.

2.3.3.Thermodynamic Analysis and Effect of Molten Salt Compositions

Given that ethane conversion in MODH is thermodynamidly driven, and that the high
CO conversion was resulted from partitioning the reactions in both the gas and liquid phase, it
would be informative to determine the effect of molten salt compositions on the reaction
thermodynamics. Due to the complexity ofie MM-ODH reaction system, a hybrid
thermodynamic analysis method combining HSC Chemistry Software and numerical
thermodynamic analysis was utilized. HSC Chemistry was used to establish the equilibrium among
H,, COs*, OH, H0, CO, COO* between 508 0 900 . The result was
thermal cracking equilibrium constant obtained via HSC to determine the equilibrium yield of
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ethylene. The ethane reforming reaction, which was observed to be negligible in experiments, was
not considered in the alysis.

The activities of all the eutectics tested in the experiments were calculated by adopting
Temkin equation to account for the deviation from the ideal solution assumption, as shown in
EquationA.S2-S5. The results from these analyses, summariz€dyure 2.5 demonstrate that
the experimental ethylene and CO yields were both below the thermodynamic limits in the two
phase system. This confirmed that while MDIDH process circumvents the conventional,€CO
ODH equilibrium by partitioning liquid gas phlagproduct and alternating reaction route, the

reactions themselves do not violate the thermodynamic limit in the MBQITH system.
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Figure 2.5 (a) Equilibrium CQ partial pressure, (b) Equilibrium CO vyield, (c) Equilibrium H

conversion, and (d) Equilibrium ethylene yiaddl Lio.COsz (Li), 62%Li.CO3-38%K>COs (LK),

55%Li2COs-45%NaC0s (LN), 43.5%LbC0s-31.5%NaC0:-25%K.COs (LNK) at the molar

ratio used in experiments. The symbols correspond to the experimental resGi@s Wwas not

investigated experimentally due to the high melting point.

During the ODH step, the molten salt primarily functions as a reaction mediaciltafe

a modified RWGS with carbonate ions in the liquid phase. The extent of this modified RWGS

react.i
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ch is directl
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H2 conversion which in turn affects the ethylene ylgjcshifting the ethane pyrolysis equilibrium;

(ii) affect the CO yieldFigure 2.5 illustrates the equilibrium C{partial pressuresC . ) for

the carbonates of interest..CiOsz, which had the greatest tendency to decompose in@® &nd
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COy,, hadthe highest equilibrium partial pressure. Given thatd@ and K,COz were more stable

than LeCOs, mixing Li2COs with N&eCOs or Ko:COs decreased thC . NK being the eutectic

of N&CGs and KCG;s, as anticipated, has the lowC  8As can be expéed, a lonC .
would generally lead to high CO yielHigure 2.5a and b), since minimal C@would be produced

during the ODH step. Howeve C being too low would lead to low equilibrium conversion

f
of the modified RWGS reaction and hence loychBinversion Eigure 2.5c). A low Hz conversion

would in turn lead to low ethylene yiel&igure 2.5d). An intermediat C can thus enhance

R
both CO yield (a combination of low GQlippage and high carbonate conversion) and high
ethylene yield. FronFigure 2.5 it can be concluded that LK provides a satisfactory balance

among CO yield, bElconversion, and ethylene yield. LNK is not includedrigure 2.5since the

correlation for is activity coefficient is not available, but Janz et al. had shown thC  of

LNK was comparable to other binary eutectic, as showmable A.S3 in the supplemental
informatior?®. The Gibbs free energies calculated from ab initio molecular dynamics (AIMD)
simulations further corroborated with this analysis, as can be séagure 2.6 (seeAppendix
A.S4 in the Supplementary information for more details). The estimated re@dios free energy

(Y' ) of LK is 0.74 eV (71.40 kJ/mol) higher than that of@Os in terms of the modified RWGS,
which would lead to a lower equilibrium conversion of modified RWGS for LK than that of
Li»COs. However, in terms of carbonation reactiomcsitheY' of LK is 0.78 eV (75.26 kJ/mol)

lower than L#CO;, the C of LK would be significantly lower than that of GO, indicating

h
a significantly higher CO yield. Since ty" of LNK on modified RWGS and carbonation reaction
are inbetween LiCOz and LK, and that thY" of carbonation reaction igegative, an intermediate

equilibrium conversion of modified RWGS and a C Is expected for LNK. As shown in

h

Figure 2.2 and Figure 2.3 LNK indeed exhibits its potential for desirablCO yield, H
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conversion, and ethylene yield. Furthermore, our experiments indicated that LNK has the potential
for a high H conversion as shown ifable A.S4in supplemental information, supporting that this

ternary eutectic could be an optimal choiceMM-ODH from a thermodynamic standpoint.
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Figure 2.6. The ab initio molecular dynamic result for Gibbs free energy of modified RWGS and

carbonation reaction of €0z (L), (Li-K)2COs (LK) and (Li-Na-K)2COs (LNK).

2.4. Energy Consumption for CQ; Utilization

With the feasibility of MMODH validated by both hermodynamic analysis and
experimental data, it would be desirable to compare its energy requirement when compared to the
conventional C@ODH. ASPEN Plus simulation was used to model the energy requirements for
both MM-ODH and conventional CEODH. Both nodels were detailed iRigure A.S8S1Q
Table A.S6-:S12andNote S3 For CQ-ODH, OMS2 catalyst was selected for modeling purpose,
because it demonstrated by far the highest ethylene and CO yields based on literature report and
was operated at ligher temperature than MA@DH?°. Figure 2.7a demonstrated key energy
requirements for the process. Unlike £0DH, the regenerator that used to capture @&s a
net exothermic reaction that offset 52.5% heat required from the @DH reactor. The C¢&ean

stream was then used for heat integration and stream generation. Consequently, the upstream
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energy requirement was significantly reduced. The main energy savingsdavihetream was
from 91.5% lower energy requirement for amine scrubbing. Other energy saving such as lower
compression and refrigeration duty was due to higherdc@@version and lower moles flow on a
dry basis. Energy savings were also observed from mettigtillation due to 50% drop in GH
selectivity and CO purification due to highes ébnversion and minimum coking activity in the
MM-ODH case. Overall, MMODH can lead to 31.9% energy reduction when compared to CO
ODH with OMS2 in order to capture drconvert 1 tonne of COWe also note that both processes
co-produce GH4 and B along with CO. In order to more accurately quantify the energy consumed
for CO, capture and conversion (to CO), the energy associated with ethylene profhiction

are suliacted from the overall process energy consumption, as illustrat€&igime 2.7b.
Corresponding assumptions and calculations are given in the supplemental infofmatis

can be seen, the energy consumption fog €ture and utilization was 8.8 GJ/ton G&r MM -

ODH and 15.9 GJ/ton CCor CO-ODH with OMS2. This correspaits to a 44.6% energy

reduction from the proposed MKDH approach.
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2.5. Conclusion

The current study reports alkali metal carbonates as effective reaction mediaf0DED
of ethane with integrated GQapture. This moltesalt mediated ODH (MMDDH) process
demonstrated a CO yield up to 89.2%, nearly doulitiegequilibrium CO yield in conventional
CO,-ODH processes. In addition, an equilibriemhanced ethylene yield with 93% ethylene
selectivity and >98% ol efin ®gluedcti bvi uypyow&O ¢
achieved by partitioning the @-ODH reactions into both the gas and molsaft phases, as
confirmed by a detailethermodynamic analysis. The analysis was also shown to be effective to
project the relative performance of the various molten salt reaction media. Characterizatiens of th
MM -ODH reactions indicated that ethane conversion in the presence of molten carbonate reaction
media proceeds through a parallel-ghsse cracking and moltealt mediated RWGS reaction.
The presence of the molten carbonates facilitates hydrogen convéro CO and molten
hydroxides via a moltesalt mediated reverse waigasshift reaction (MMRWGS). Insitu
conversion of Hin turn enhanced ethane cracking by alleviating equilibrium limitations. The
alkali metal hydroxides formed in the ODH step are highly effective farda@ture to regenerate
the carbonates, enabling stable performance for cyclico@@ure followed withCO; utilization
via ethane ODH. ASPEN Plus simulation indicates that the®DH approach can result in up
to 44.6% energy savings for integrated@@pture and utilization.
2.6. Experimental Procedures
2.6.1. Carbonate eutectics synthesis

The carbonate eutectics were synthesized according to the litéfatlite carbonate

eutectics was synthesized withoCiO; (99.9%, Aldrich), NaCQOs (99.9%, Aldrich), KoCOs
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(99.9%, Aldrich) at the given compositions. The compositions were further elucidagepandix
A.S1.1 in supplemental information.
2.6.2. Fixed-bed experiment (Demonstrated in FigureA.S1a)

The MM-ODH process was carried out in an aloatube (99.9%, McDanel) with an inner
diameter of 1 inch under a fixed bed mode. In each experim&6tgsampleof the weltmixed
eutecticswas loaded into the tube and was externally heated with a furnace witipeK
thermocouple to measure the temgpere of the furnace. A gas mixing panel with multiple Alicat
mass flow controllers (MFCs) was used to deliver gaseous mixture. The furnace was heated up to
desired temperature (71&70 €) at a rate of 20 €/min. After the mixture was above its majtin
point, a ¥ inch 1.D. alumina tube was inserted into the moltenasadtthen 50 sccm 10 vol.%

CO; (balance Ay was injected through the tube. The product gas from the outlet was directed to
the mass spectrometer downstream (MKS Cirrus 2 by Micromeritics). Inside the % inch I.D. tube,
an additional Ktype thermocouple was installed to measure the central termgesthhe molten

salt. The measured temperature was recorded as the actual reaction temperature. After the
measured temperature reached the desired value, 50 sccm 10 vel(B@l@6ce Ar) was injected

from the inner tube for 30 minutes for carbonate séitum. After that, the excessive gaseous CO

was purged with 50 sccm Ar until G8ignal (m/z=44) in the mass spectrometer reached a steady
value. It was noted that due to constant decomposition of carbonate, this stesigrn@aln the

mass spectrometeshould be above 0. The chemical looping concept of the-®IDH was
demonstrated in a cyclic mode with an ODH step and a followingo@giure step. For the ODH

step, a 50 sccm 10 vol.% ethane (balance Ar) was injected for 4 minutes, followed by a 50 sccm
Ar gas purging for 10 mins. A gas bag was used to collect the gas during the entirety of the ethane

injection and an additional 4 mins of the gas purging (a total of 8 minutes). Laa@tdre step,
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a 50 sccm 10 vol.% Cbalance Ar) was injected for 20ims to ensure carbonate saturation. The
composition of the gas mixture collected by the gas bag would be determined by gas
chromatography (Agilent GC 7890 A). The detailed calculation method was detalipdendix
A.S1.2 in supplemental information. Othexperiments were detailed froAppendixA.S1.3 to
A.S1.5 in supplemental information

2.6.3. Thermogravimetric Analysis for CO2 conversion

A TA Instruments SDT Q600 was used to analyze theso@ption capability of the molten
carbonates. Detailed experental methodredescribed irAppendcesA.S1.6 andA.S1.7
2.6.4.DRIFT experiment

Nicolet iS50 FTIR was used to analyze the active speciamltencarbonate. Detailed
experimental method was described\ppendixS1.8 in supplemental information.

2.6.5. Equilibrium analysis, Aspen Plu$ Simulation, and AIMD simulations

Outotec HS€ 10 was used to calculate the equilibrium component of the reactipasdH
Li>CQOs (1:50 molar ratio) were used as the initial mixture to calculate the equilibrium products
composition Figure A.S7). Further details were presenteddppendix A.S2.

Aspen PIu8 simulation Figure A.S93 was used to estimate the energy requirement for
MM-ODH. Basic simulation assumptions were listedl'able A.S4. In the MMODH scheme
(Figure A.S89, the ethane was fed into the Midactor and the flue gas was fed into the
regenerator. The depleted2CiO; would be fed into the regenerator to capture; @@d the
saturated LICOs will be transported into the MMDDH reactor. The resufiy CO and ethylene
will be separated respectively wdald-box distillation

In the CQ-ODH schemeKigure A.S8b), the ethane and paptured CQwas fed into

the reactor containg OMS-2. The resuihg, valueadded, CO and ethylene will be separated
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respectively viaryogenicdistillation. The energy for each unit was tabulated inTilele A.S5
and the reaction result was tabulated able A.S6.

Ab initio, constantemperature, molecular dynamics (AIMD) simulations were carried out
using the Vienna Ab initio Simulation Package (VASP). Computation details are provided in
Appendix A.S4.
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CHAPTER 3 Redox Oxide@Molten Salt as aeneralized Catalyst Design Strategy for

Oxidative Dehydrogenation ofEthane via SelectiveHydrogen Combustion

EditedPrint of a paper published in Applied Catalysis A: General
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3.1.Abstract

The current study demonstrates a redox oxide @ molten salsloeltearchitecture as a
generalized redox catalyst design strategy for chemical loapmgdative dehydrogenatioof
ethane. 17 combinations of redox active oxides and molten salts were prepared, evaluated, and
characterized. »ay diffraction indicates that the redox oxides and molten salts are fully
compatible, forming separate and stable phasesy>)photoelectrospectroscopy demonstrates
that the molten salts aggregate at the redox oxide surface, formingshetrstructure to block
the nonselective sites responsible for Cformation. Up to ~74% singlpass olefin yields were
achieved using the proposed reaatalyst design strategy. Statistical analyses of the performance
data indicate the potential to achieve up to 86.7% sipags yield by simply optimizing the
operating conditions using the redox catalysts reported in this study. Meanwhile, the
generalzability of the catalyst design strategy offers exciting opportunities to further optimize the
composition and performance of the redox catalysts for ethane ODH under a chemical looping
scheme with significantly reduced energy consumption ange@ssions
3.2.Introduction

Ethylene is an important commodity chemical to produce various important chemical
intermediates and produft$. The surge of the shale gas production in the United States, which
contains a substantial amount of ethane (~24 vol. % ethane in Bakken), has significantly increased
ethane supply and thus opened up new opportunitietifane to ethylene product[@n5]. State
of-the-art for ethylene production is based on steam cracking of ethane and other hydrocarbon
feedstockks,7]. However, due to the high reaction endothermicity (e.g. Rea8tign limited
singl e pass conversion (~60% at 850 ), S i

downsteam separations, the energy demand for this process is very high (~16 GbBitdor C
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ethane cracking®,8]. The similarity in the boiling points of unconverted ethane and the ethylene
product also makes separation challenging. This, coupled with the various byproducts resulting
from gas phasecracking reactions, leads to complex and enémggnsive downstream
compression and separation operations, accounting for 40~50% of the total energy consumption
of the plant. In addition, the cracker furnaces emit substantial amounts cAr@ONQ[6,8].
Therefore, novel approaches for the autotted or exothermic conversion of ethane to ethylene
are highly desirable to eliminate the equilibrium limitation, simplify downstream separations, and
reduce the energy consumption and pollutant emissions.

Oxidative dehydrogenation (ODH) represents suche&athermic, norequilibrium
limited approach (ReactioB.2) [7,9i 11]. Extensive studies have been performed on catalyst
design and optimization with the goal of improving the ethane conversion and ethylene
productivity. Major families of heterogeneous cattdyiavestigated include supported NiO (=35
38% ethylene yieldl2i 15], V and V/Mo catalysts (232% vyield]16i 18], La/Sr/Nd and CI
doped La/Sr/Fe oxides (~55% vyield$,20], Sn doped Pt (~55% vyield or high@di 24],
Mo/VI/Te/Nb/O (M1 catalyst, up to 78% yie[@)25,26] Mg/Dy/Li/CI/O (~55% yields)27,28],
carbon nanotube and modified boron nitride (up to 50% YR930] From a process design
standpoint, eth@e/Q co-feed requires an energytensive air separation unit for oxygen
production and raises safety conc§bs26,31] In terms of catalyst design, selectivity towards
unwanted C@and oxygenates (which are difficult to separate) undetdd environment remains

a key challend&,9,32] In addition, the longerm stability of these catalysts has not been

demonstrate{R6]
NHHHIBYT #( P #( ) ptEF I
nN'HHHIBYT /7 #( P #( (/ 9 prEf Tl

88



Chemical loopingODH (CL-ODH) provides an alternative route to ethane ODH that
overcomesthese challengg®2i 46]. In CL-ODH, an oxidebased redox catalyatts as an oxygen
carrier to convert ethane with oxygen from its crystal laffReactions3.3), as shown in the ODH
reactor inFigure 3.1a. The redox catalyst is then reoxidized in air to regenerate its lattice oxygen
(Reactions3.4), as shown in the regeneratorHigure 3.1a. As illustrated inReactions 33 and
34, the exothermimature of the overall reaction (ODH reaction) can facilitate autothermal
operations. The reaction cycle enabled by the redox catalyst also prevents the direct mixing of O
and ethane and eliminates the need for air separation.
n'HHHIBYA ( - A/OTIREA( (/1 -AI Oi1 HFAT oeAAp AT AAT O

ARHHH1BE A ¢- A/ OTTFEA- AIOT T EA Y( prtuY( Ef i

Commonly encountered oxygen carriers in chemical looping combustion ks &ed
CuO ter to be nonselective for ethane ODH and thus lead todf@®@ation. Several reports have
demonstrated that GODH of ethane with FeO/MoO, V\Qand alkali doped LSF can achieve up
to ~50% GHa4 yield with 90% selectivit{B3i 35,38,39,44,47,48]Luongo et al. has recty
reported using nitrates as the precursor to uniformly coats the surface with carbonates as the
selective hydrogen combustion catalyst, which, combined with MoVNbTeO based catalyst,
achieved ~42% He conversion and 91% of:84 selectivity at 500 §39]. Previously, Yusuf et
al. and Neal et al. proposed usingW#4 as a catalyst surface modifier, validating-ODH with
MgeMnOs@NaWOs (MGM@NaWO,) as a potentially attractive approach by achieving <8%
CO; selectivity and ~86.6%thane conversiof36,37,49] This work suggested that the &0,
promoter may coat the MGM core as a molten shell under the chemical looping reaction
conditions, as shown iRigure 3.1b. Themolten salt shell decreased the presence df Mrthe

nearsurface region (verified by XPS), inhibited the dissociative adsorption of oxygen, and
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decreased the rate of oxygen exchange, leading to significantly lowese®otivity and higher
C2Ha selecivity than those of unpromoted MGB6,49] Despite suppresyy CO, formation, the

shell still supportdfacile oxidation of hydrogen from ethane dehydrogenation. As such, ~90% of
the H conversion was achieved using MGM@W&Ds. The high H conversion is beneficial to
facilitate the autothermal operation, as ilragtd by Haribal et glresulting in up to 82% reduction

in CO; emission when compared to staffiethe-art cracking processg@g. In summary, the molten
NaWOs-promoted MGMbased CEODH can (i) circumvent GHes cracking equilibrium
limitation and maintain high ethylene and.Gelectivityand(ii) facilitate autothermal operation

via facile B combustiof49].

a 7 b.
C,H, ' O,lean |
H,0 | air/gas | Molten Salt Shell
MeO,
ODH MeOas  [O] Carrier Redox
reactor [Olcarrier  regenerator Catalyst
MeO, , Core
CHs | (" air/ )
\_Feedstock | | O,-richgas |

Figure 3.1 (a) Overall scheme of GODH and (b) schematic illustration of the cateelt
structured, molteisaltpromoted redox catalyst (film thickness is ~8~13 nm and the particle

di ameter is 425~850 & m)

The current study demonstrates a generalized redox catalyst design strategy, i.e. a redox

oxide @ molten salt corghell architecture, for GIODH applications. @ecifically, 17
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combinations of molten salt promoters (M¥-, and Wcontaining alkali molten salt and their
mixtures) and oxides (CuM@. (CMO) and MgMnOg (MGM)) were experimentally tested and
characterized, confirming the generality of the esinell gructure and its effectiveness for ethane
CL-ODH. Up to ~74% singkpass olefin yields and 85%ldonversions at 80 mol. %8s feed.
The extensive experimental results and the compogigosformance relationships will enable
further optimization of theadox catalyst for increased ethylene aaddl=fin selectivity and yield
under the autothermal GODH scheme with negran order of magnitude lower G@missions.
3.3.Experimental Methods
3.3.1.Redox catalyst synthesis

Table 3.1summarizes the comptisins of the redox catalysts investigated in this study.
CMO core oxide particles were synthesized via egebmethod, and the promoted redox
catalysts were subsequently obtained through incipient wetness impregnation. Both unpromoted
and promoted CMO saples were prepared using Mn(8)&H 20 (Alfa Aesar, 98%) and
Cu(NGs)z8H 20 (SigmaAldrich). The desired ratio of metal nitrates was dissolved in deionized
water with citric acid in a 2.5:1 molar ratio of citric acid (HOCCI,H). , SigmaAldrich,
99.5%) to metal ions (Gtiand Mrf*). Once dissolved, the solution was heated to 40 € and
stirred at 500 rpm for 30 minutes. To promote gel formation from the slurry, a 1.5:1 molar ratio
of ethylene glycol (Sigm&ldrich, 99.8%) to citricacid was added to the mixture. The
temperature was then set to 80 € until gel formation (~1.5 hours), and the resulting gel was
dried overnight in a 120 € oven.

Calcination of the CMO redox core oxide samples was conducted in two steps. In the first
step the sample was heated in a muffle furnace to 450 € at a ramp rate of 5 €/min, where it was

held at temperature for 3 hours. The resulting powder was then placed into a tube furnace (GSL

91



15 0X, MTI Corporation) for the second step, where the samplé&easd to 1000 € at 4 €/min
for CMO and held for 8 hours under continuous air flow. The catalyst was then cooled with air.

The MGM core oxide was synthesized by combining Mn{N(BigmaAldrich, 98%) and
MgO (Materion Advanced oS mdmlidf watesto cre@t®@®15wt%) pr e
manganese catalyst. The mixture was then stirred and dried overnight at 80 €. The calcination of
the MGM patralleled that of CMO, with the MGM sample heating first to 450 € for 3 hours and
then to 900 € for 8 hows in a muffle furnace before apoling to room temperature.

Table 3.1also lists the promoters and their respective loadings. To promote the CMO
sample with NaW O, after calcination at 1000 €, a calculated amount opW&s2H >0 (Sigma
Al dr i c h, s d3$oRew)n deioaized (DI) water to achieve a desired ratio ofidlas to
catalyst. The resulting solution was then homogenously dripped via pipette onto the CMO sample
in a crucible. The crucible was then dried in an oven at 120 € overnight bedtmie@ation at 900
€ to achieve the promoted CMO@M&/O4 sample.

A similar approach was used to promote MGM withWO. (Aldrich Chemistry),
NaeWO«2H >0 (SigmaAldrich), KoWOs (Acros Organics), NéoOs (Aldrich Chemistry),
NaVOs4 (Aldrich Chemistry), NHVOs (SigmaAldrich), NaNG (Fisher Scientific), and
(NHa4)eM07024 (SigmaAldrich) precursors. Calculated quantities of promoters were dissolved in
DI water according to their desired loadings and dried overnight at 80 €. After subsequent heating
to 200 € to decompose the nitrates, the resulting mixture was calcined, ground, and sieved to 425

850 pm for reaction testing.
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Table 3.1 Promoter type and loading with respect to the oxide type.

Oxide Type | Promoter Type Promoter Loading (wt. %)
Mn:Cu=4:1
(CMO) NaWO4 (Na-W)
Mn:Cu=2:1
NaWOs (NaW
(CMO) WO (NarW) 10 wt. % NaWO,
Mn:Cu=1:1 (1.7 wt. % Na basis)
(CMO) NaWO4 (Na-W)
Mn:Cu=1:2
(CMO) NaWO4 (Na-W)
LioWOq4 ol i
(Li-W) 20 wt. % LpWOg4
NaWO4 10 wt. % NaWOq
(NaW) (6.8 wt. % Whasis)36]
KoWOq4 12 wt. %KoWO4
(K-W) (6.8 wt. % W basis)
(Li-NapWOa4 10 wt. % LbWO4+ 10 wt. %
(Li-NaW) NaoWO4
MgsMnOg 7.6 wt.% NaMoO4
(MGM) Na:MoO (Na-Mo) (1.7 wt. % Na basis)
20 wt. % NavQ@
NaVOs (NaV 1-1) (3.8 wt. % Na basis)
NaVOs4 (NaV 3-1) 20 wt. % NaVOq4
NagVOs-NaWO4 7 wt.% V>0s+10 wt. % NaWOq
(75mol. % NaWO4 NaV-W) | (3.8 wt. % Na basis)
NagVOs-NaM0oO4-NapWO4 3.6 wt.% \bOs+2.6 wt.%
(75 mol. % NawOs, NaV- MoO3+10 wt. % NaWOg4
Mo-W) (3.8 wt. % Na basis)

3.3.2.Ethane ODH experiment

ODH of ethane was per f or rubareactor was loddéd4vith O. D.
0.5 g of catalyst particles. A 16 mesh white alumina grit was loaded on each side to minimize void
volume and fix the catalyst. In the thermal cracking experiment, thebéis filled with the

alumina grit to maintain a consistent gas hourly space velocity.
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Two-step redox cycle experiments were done to determine the catalysts activities. The
redox cycle is separated into two steps (1) during the reduction step, an rA&sat flow
controllers (MFCs) was used inject 5 mL of 80 vol. % of ethane (balance Ar) is injected into the
U-tube. This is followed by 5 minutes of pure Ar gas pufgiowed by(2) During the oxidation
step, 20 vol. % of @(balance Ay into the Utube for 3 minutes to completely regenerate the redox
catalyst and remove coke. Following the reduction and oxidation steps, pure Ar gas purged the
system for 5 minutes and 4 minutes, respectively. This is followed by four minutes of pa® Ar g
purge until the reduction step described in (1). The catalysts have been tested under six different
combinations of temperature (800, 825, 850 €) and gas hourly space velocity (GHSV=3000 and
4500 hr).

The products distribution profile was determined by gas chromatography (GC). The
CQO,/CO and H are analyzed by two thermal conductivity detes{dte/TCD for CQ/CO and
Ar/TCD for Hz). The hydrocarbons are analyzedaffame ionization detector. Previossudy
has verified that there is no significant coking in the system, so the selectivity and the conversion
of hydrocarbon is calculated by the carbon mass balance determined by the GC using the same
calculation method described in the previous literatilme,equations for calculating selectivity
and conversion are shown in Equations 1 and 2, respe¢8@glyThe hydrogen to water

conversion is calculated based on the hydrogen balance expected from the GC results.

3 p 1 11 Bquation 1

8 p = p 1 1t Bquation 2

3.3.3.Catalyst characterization
To determine the bulk crystalline phases, therapared catalysts were analyzed by
powder Xray diffraction (XRD), Rigaku SmartLab-Kay di ffract ometer with
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nm) radiation operatig at 40 kV and 44 mA. Al Il t he catal
with a step size of 0.1°holding for 3.5 s at each step was used to generate XRD patterns.

To determine the neaurface elemental composition of thepmspared samples,-day
photcelectron spectroscopy (XPS) was used. The Kratos Analytical Axis Ultra (monochromated
Al KU) was operated at 10mA and 15kV. The re
software, and were calibrated with adventitious peak of carbon 1s at 284.8 eV. iffedeelst
standard error for elemental compositions is ~+1%.
3.4.Results and discussion
3.4.1.Characterization of the crystalline phases of the redox catalysts

CMO and MGM were selected as the core oxides to demonstrate the generalizability of the
coreshell redox catalyst design, because CuO and My@Sed oxides are common options for
CL-combustion (CLC) of carbonaceous fuels such as methane, biomass, ceghgagb0i 56].

To investigate the effect of different molten salt promoters, we used MGM as the oxide core
material32,36,49] V and Mo based alkali molten saltere chosen, in addition to tungstate salts,
given their similaritie§57] The structural amh catalytic effect of different molten salt promoters
are elaborated in the following sections.

Figures 3.2 and 3.3 summarize the XRD patterns of the promoted CMO and MGM,
respectively. As can be seen fréfigure 3.2, the characteristic peaks of Cup@ are observed
from all the CMO based samples. Compared to the unpromoted samples, promoted samples all
show the characteristic peaks of M&D4. These results, along with our previous study with
MGM@NaWOs, further demonstrate that promotion witho,M&s would remain as a separate
phase on different redox oxides without significant ternary phase forrj#joifhe observed

minor phases formed on the catalyst correlate to the Mn: Cu ratio. As the Mn: Cu ratio decreases,
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the minor phase shifts from M@z and/or MrOs to CuO, a behavior consistent witle phase
diagram of the MfCu-O systenfb8]. The effect of these minority phases will be discussed in the

following sections.

a. Mn:Cu=4:] b. Mn:Cu=1:1
Cuy, Mn, O b CuMn,0,
Mn,0,
Mn;O,
Promoted Mn:Cu=4|1 Promoted Mn:Cu=1}]1
Cuy Mn; O, Mn0, CuMn,0,
| Mn,0, Na,WO, B bcuo
Na,Wo,
‘ ‘h ‘h q 1 ’\ ‘ . b h b I H
WWLWWW LM W W »w«tw»/ oo\t J W ) WA it LM,J‘ LM’WAWDW\MJ b»»mq«) LRB b ]
Mn:Cu=2:] Mn:Cu=1:3
CuMn,O/| b CuMn,0O/|
Mn,O, N bcuo
b Py
Promoted Mn:Cu=2]1 Promoted Mn:Cu=1}2
CuMn,0O, b CuMn,0O,|
; Mn,O, b b cuo
H Na,WO, | Na,Wo,
] Lo M ‘
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Figure 3.2 XRD patterns for the promoted and unpromoted CMO samples.

To validate our strategy with other molten salt promoters,M@-, V-based alkali metal
salts and their eutectics on MGM were synthesized and characterized with XRD, as shown in
Figure 3.3 All of the XRD patterns exhibit the characteristic peaks of MGMM,iNaW, K-W
and LkNaW (eutectic) promoted MGM all indicate the presence of the tungstate phase on the
MGM with only minor impurity phasesHgure 3.3). The XRD pattern of Ndo promoted
MGM in Figure 3.3 also shows N#MoOs as a separate phase from MGHWMgure 3.3

summarizes the XRD patterns of MGM promoted with VWY and \AMo-W mixtures. As
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expected, 41 and 31 MGM@NaV both indicate the presence of N&®4 phase. Similarly, dth
MGM@NaV-W compositions (75 wt. % N@ and 88 wt. % NaV) show the formation of
NaWOs. A minor Na\bOs phase is observed for MGM@N&W (75 wt. % NaWw), but no
vanadate phase was identified for MGM@WaVN (88 wt. % Naw), likely due to the limited
amouwnt of V added. The XRD pattern of the ternary mixture promoter, MGM&MNao-W,
reveals the presence of the:M&D#/NaMoOs on MGM but not of the vanadate promoter due to

its limited loading. The XRD results also confirm that limited reactions take placedmethe
redox oxide and promoter phases, which is an important finding given that the formation of

additional phases can disrupt the desired-sbedl structure.
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Figure 3.3 XRD patterns for the promoted MGM samples.
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3.4.2.Characterization of the surface properties

XPS results irFigures 3.4a, 3.4b andTable B.S2clearly demonstrate the localization of
the promoter phase near the surface of the redox catalysts. As can be sdegurers.4, with
the exception of MGM@LWO4 due to the poor sensitivity of Li in XP5)], all promoted
catalysts show a high surface concentration (150%0% surface enrichment) of the promoters
compared to the average concentration based on the actual loading shewieif.1 Elemental
composition of the Xay fluorescence of the selected MGM samplesshown inTable B.S3,
which also indicates that the bulk composition of the molten salt is lower than that of the surface
concentration, which further confirms that the salt are enriched at the surface.. This observation
indicates that the molten saltgpnoters are indeed enriched on the surface of the oxide particles
and confirms the corshell structures for all the moltesaltpromoted oxides.

Theoretical Theoretical
a. concentration . concentration

Na-W
K-W

Li-Na-W Na+Wonly
Na-V (1-1)
Na-V (3-1)

Na-Mo

1:1
Na-V-W Mn:Cu
1:2

Na-Mo-V-W

o 1 2 3 4 5 6 0O 1 2 3 4 5 6 7 8
Normalized promoter surface concentra
(Oxygen and Carbon Free Basis) 2

Figure 3.4 Nearsurface atomic composition (oxygeand carboffree basis): a) Alkali metals +
W/V/Mo in promoted MGM; b) Na+W in N&VOs promoted CMOs. Theoretical concentration
corresponds to the average concentration of the promoter based on the actual loading. The

estimated standard error for elemental compositions is ~#%.
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3.4.3.Catalyst Designi Redox Oxide Selection

The feasibiliy of redox oxide @ molten salt strategy was first demonstrated with a series
of CuMnyO; (CMO) redox oxides promoted with N&Os. Figures 3.5a-5d and Table B.S4
illustrate the key performance parameters ofNyO.@NaWO4 (y:x=4:1,2:1,1:1 and 2:1) at
8008 50 and GH' Vhe reliabilify 0f@he Hata was examined and the maximum
standard deviation of the selectivFigue3.8nhd con:
unlike unpromoted CMO, every MN&Os-promoted CMO (1.7 wt. % Na basis) éed
significant increases inBssel ecti vity (~5% Y ~90%) and yi
moderately lower €Hs conversionsFigure 3.5d also indicates that theoHtonversions of the
promoted CMO series can surpass ~85% at 850
operations for CLODH.

The effect of reaction temperature was also investig&igdre 3.5a-5c implies that as
temperature increases from 8@0t 8 5 0 , t hoeselectivity ideoneases €lightly from
~90% to ~80%. However, the temperature increase boostc@nversion by up to 17%, which
in turn improved & olefin yield (up to 58.9%) as shown kigure 3.50. These results further
confirm that molten salt promoted redox oxides can enhantek &hd C- yields. CH and G-
selectivity also rose slightly, possibly due to the heightened radical formation and thermal cracking
activities that [7t66 &k Mopebvarcas obsehvedgure.6c@nd3.5d,

the temperature increase led to highecehversions but also higher Cslectivity.
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4500 hrt; ¢) Product selectivity profiles; d)z4onverson of promoted CMOs.

The effect of varying the Cu: Mn ratio was also examifregures 3.5¢c and 5dindicate
that as the Cu composition increases in the promoted CI¥KD, S8lectivity decreases as Bind
C2Hs conversions improve. The G®Gelectivity shownn Figure 3.6a also corroborates the trend,
since the Cu composition increases with the increase qfs€l@ctivity. This trend could be

explained by the aforementioned change in the XRD patterns due to Mn:Cu ratio changes in
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Figure 3.2 XRD indicated the presence of CuO as Cu content increases. CuO has a strong
tendency to decompose and release gaseousoxgen (465 Pa at 850 ), wh
in deep oxidation (i.e., GOselectivity), higher H conversion, and, in turn, highéZ:Hs
conversiofe3i 65]. We also note that thexCyield first reaches a maximum &B1:Cu ratio shifts

from 4:1 to 1:1 at 800 and 825 (2:1 in 8
continues to increase, as shownFigure 3.%. These @: yield maxima resulted from the
competition between £Els conversion increase and+Selectvity decrease, as discussed earlier.

This volcaneshaped behavior also suggests the possibility of further tailoring the Mn:Cu ratio of

the redox catalyst to optimize>Cyield. For the CMGbased redox catalysts, the equilibrium

oxygen partial pressure ¢f) of the oxides correlates positively with ethane conversion and
negatively with olefin selectivityrigure 3.6 also implies that the composition of the redox oxide
influences the kK combustion and COselectivity. To sum up, these observations argueaha
satisfactory redox oxide should (i) maximize selective ddmbustion to facilitate ethane
conversion and autothermal operation and (i) minimize, G&ectivity to reduce unwanted
byproducts and emissions. In addition, selected oxide compositionsl ghanulsynergistically

with the operating conditions of the reactor (e.g., temperature and space velocity).
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Figure 3.6 a) The trend of CQselectivity on NaWO4 promoted CMO series; b.2Honversion

and CQ; b) The relationship between G€electivityandbdc onver si on at 850

3.4.4 Redox Catalyst Desigri Selection of Promoters

Testing different molten salt promoters on MGM further substantiates the redox oxide @
molten salt strategyrigures 3.7a7d and Table B.S5 highlight the key performance metrics for
different molten promoters on MGM catalysts at 86 0 with gas hourly
4500 h' and 1500 H. The reliability of the data was examined and the maximum standard
deviation of the selectivity and convensio wa s O1 . 5 %FigurAssS.7asrid 8.7, melaiive
to that of the thermal cracking blank, all the catalysts (excelt\iV and LW promoted MGM
at 800 - exldibit 4 Sightly lower & selectivity. However, the comparative increase
in the ethane conversion (up to 11.4% absolute basis) leads to a higlygl€in most of the
cases. On the other hand, when compared to unpromoted MGM (<23%el€Ectivity), the
promoted catalysts show up to a 72% increaselty €electivity. This significant improvement

in performance leads to a maximum single pasyG el d of 60. 4% at 850
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Figure 3.7Mol t en salt promoted

selectivity profiles at 4500 Hwith error bars; b) @Hs conversion and g4 selectivity profiles at
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of promoted MGMs at 4500 fir

The effects of space leity and temperature were also investigated. As can be seen in

M G M#Hs cantrersidrDand £H48 2 5

Figures 3.7a and 3.7b, a lower space velocity leads to lowesHz selectivity but higher €Ha

yield. This result is expected since lower space velocities generally lead to greater extents of
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conversion and increase sequential oxidation of thepfbducts. The effect of temperature is
similar to what is observed in the CMO series: as the tempenases, GHs selectivity decreases
slightly, but the @H4 yield improves significantly due to increasegathd GHes conversions.

The effect of different promoters Fgue t hei-
3.7a and3.7cindicate that théungstate promoters MGM@IW and MGM@NaWw both achieve
high GHs selectivity and yield. Their mixture, MGM@1NaW, attained comparable;B4 and
Co+ yields as well. This is anticipated, since both MGM@&@\Wiand MGM@NaW have
comparableCs.+ selectivities (90.2% and 94.7%) aneHg conversions (64.7% vs 63.7%Jpon
adding Mo to V¥ and Wcontaining promoters, a synergistic effect is observed. As can be seen
from Figure 3.7a and 3.7¢, a slight decrease (- yield (~3.5% on an abs. scale) whaiding V
to NaW promoter to form N&/-W promoter. However, further addition of Méo to the binary
promoter (NaV-W) system increasé&- yield (~1.4% on an abs. scale). This phenomenon could
be attributed to the higB»+ yield from the NaMo promoter abne, which positively affects the
Cz+ yield in the promoter mixture. It is also noted that thEl{electivity is higher for the N¥-

W-Mo promoter when compared to Naand NaMo promoters.

This synergistic effect was also observed in the context xotdiversion and CO
selectivity. As can be inferred froFigure 3.7d, among the tungstate promotdfs\WO, (K-W)
exhibits the highest4t onver si on at 8 5WandLiW. Faw thd bohnanenblteb y N a
mixture system, adding N to Li-W (i.e. Li-Na-W) results in a ~24% increase in ¢bnversion.
Interestingly, the addition of N&/ to Li-W also decrases the Cselectivity, as shown iRigure
3.8 an effect also observed in Md/-, and Wcontaining samples. A ~16% increase (absolute
basis) of H conversion is observed after supplementing theANaromoter with V to form Na

V-W promoter (~70% to 86%) his improvement could stem from the addition of\Wg-1), a
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promoter that previously demonstrated a higltéhversion of ~88%. Further addition of {N&

to the binary promoter (N&-W) system also increases Ebnversion, as the Nglo promoter
aloneexhibits up to 89.3% conversion. In terms of GGelectivity,Figure 3.8shows that the

COx selectivity of the MGM@N&/-Mo eutectic is lower than those of both MGM@Maand
MGM@NaMo. Adding NaW to MGM@NaV-Mo slightly increases the GQelectivity, biithe

COx selectivity remains significantly lower than those ofWand NaMo alone. From both of

the tungstate cases and the V/W/Mo mixture cases, it can be concluded combinations of different
molten salts can result in both a lower,&38lectivity and &igher B conversion. These attributes

can benefit the overall GODH scheme.
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The CQ selectivity and the Hconversion of MGM@LAW differs significantly from other
W-promoted MGM. The C@selectivity of MGM@LIW was 5%, which is ~150% (relative basis)
higher than those of other YWomoted MGM (~2%). The Hconversion of MGM@LiW was
41.6%, which is 30~50% (absolute basis) lower tthenaverage Fconversion of Wpromoted
catalystsFigure 3.9 further indicates that the amounts of lattice oxygen donated froviQ4-
containing samples (i.e. W, Li-NaW) are up to 69% lower than ndm containing catalysts,
using EquatiorB.S1 andB.S2. These results reveal that2WO4 does not effectively promote

selective H conversion or ethylene production.

= 3.0

Na-V-Mo-W

Li-Na-W
Na-V (1-1)
NERVACEN
Na-Mo
(NEERVAY

O
o
Li-W

Figure 3.9 Lattice oxygen donation (mL £ catalyst) of the promoted MGM samples at 4500

hrl, 850

3.5 Potential RedoxCatalyst Optimizations
The data presented above also demonstrate thastlsel€ctivity is inversely proportional

to the CQ selectivity. Figure 3.1(a summarizes the selectivity data of both promoted and
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unpromoted MGMs and CMOs at >80% ¢bnversion. Fom this figure, we see that increase in

H> conversion corresponds to decreasing $klectivity and increasing GGselectivity. Both
Figures 3.10a and B.S4aimply that competition exists between Bombustion and ethylene
combustion. In other words, redagithe concentration of Hbromotes norselective combustion

of the olefin products by the redox catalyst. Additionally, showirigure B.S1a when H
conversion falls below 80%, both @é@nd G- selectivity stay relatively stable at <10% and >90%,
respetively. Figure B.S1balso shows that the Gldelectivity stays below 4.6% regardless of the
H. conversion. Further comparisons between 4500and 1500 ht using tungstateontaining
promoted MGM are provided iRigure 3.1M. Although the R valuesof the fitted curves in
Figure 3.1 were less than ideal, the slopes of the curves are significantly different statistically
(at 4500 ht slope =-0.09, at 180 hr' slope =-0.23, se@able B.S5for the statistical test result).
This discrepancy suggests that as conversion increases, a higher space velocity should result in
higher G+ selectivity and, consequently, a highes: @ield. Figure 3.10c summarizes he
performance of tungstatontaining promoted MGMs and CMOSs, respectively. Again, a
significant difference between the slopes is observed (MGM sloped9, CMO slope =0.31;
seeTable S6for the statistical test result). This implies that tungspadenoted MGMs result in
higher G+ selectivities than tungstafgomoted CMOs, due to higher ¢®electivities of the
former. This corroborates well with the discussions in the previous secliabkes B.S6 and
B.S7provide the key statistics for the linddiof the G- selectivity and . yield for each catalyst.
Table B.S6 andB.S7also indicate that, excluding MGM@MNA(3-1), all of the MGM catalysts
have less negative slopes than that of CMO, which confirms that the MGM redox catalysts perform
better han that of CMO in terms of the-Cselectivity and & yield. Both tables indicate that

MGM@Li-NaW have the potential to reach optimal-@ield when the conversion increases.

107



Figure 3.1 shows the general trend fos.Gield, with the G+ yield performance data of MGMs

fitted together using both a linear and sigmoidal model and the performance data of CMOs fitted
with a sigmoidal model. Detailed parameters and key statistics are providiadlenB.S8. All

models fit well (R> 0.9). We predict that ftimer optimization would result in the expected yield
shown in the shaded regionkifyjure 3.1. This prediction indicated that it is possible to further
optimize the @:yield to 78.2" 86.7%. These analyses indicate that further increase in-gagse

olefin yield would be possible by simply optimizing the operating conditions with the redox
catalysts reported in this study. Given the flexibility and generalizability of thesbeieredox
catalyst system, further tailoring the redox oxide @ moltencsaftpositions to minimize GO

without increasing Chiselectivity is also likely.
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Figure 3.1Q a) G- selectivity and C@selectivity vs H conversion at GHSV=4500 frb) G-

selectivity of tungstatpromoted MGMs at GHSV=4500"hr1500 htta n d

800,

825,

c) G+ selectivity of tungstatpromoted MGMs and CMOs at GHSV=4500'hd) Linear fit

(black) and sigmoidal fit (blue) of all promoted MGMs, and sigmoidal fit (red) of all CMO

performance data at different temperature and speloeities (1500 and 4500 B The blue

region highlights the anticipated yield with the better performing redox catalysts (i.e. 88%
conversion, 73.9% vyield to 100% conversion, 86.7% vyield). The red region highlights the

anticipated yield with the leséfective redox catalysts (i.e. 88% conversion, 57.6% yield to 100%

conversion, 78.2% yield)
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3.6.Conclusion
The present study demonstrates a redox oxide @ molten salshmrearchitecture as a

generalized redox catalyst design strategy for chemicgirigd oxidative dehydrogenation of
ethane. XPS data collected on all 17 redox catalyst samples with different oxide and molten salt
combinations confirmed that the molten salt promoters aggregate at the outer surface of the oxide,
forming a coreshell stucture. XRD results further confirmed that the promoter salts and core
oxides are fully compatible by forming separate phases without significant chemical interactions.
Catalyst performance tests with CMO@Na2WO4 indicated that a higher Cu content leads to
higher C2H6conversion but also increases CO2 selectivity. This highlights the imporénce
optimizingthe redox properties of the core oxides to maximize the C2+ yield. For the-b&G&ti
redox catalysts, we reported a synergistic effect for molten salt mixtures: combination of different
molten salts can further enhance the C2+ yield, increase the H2sionyand decrease the CO2
selectivity. Up to 74% single pass yield of C2+ olefins was demonstrated, along with low COXx
selectivity. Statistical fitting of the performance data for the various redox catalyst compositions
indicatesthat 78.21 86.7% singlepass olefin yield can potentially be achieved by optimizing the
operating conditions (e.g. higher operating temperature coupled with higher space velocity). The
generalizability of theoreshell redox catalyst design strategy also offers exciting oppbtetsi
to further optimize the composition and performance of the redox catalysts in the context of CL
ODH.
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CHAPTER 4 Chemical Looping Oxidative Dehydrogenation of mDIPB with Rare-earth-

enhancedCatalysts
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4.1. Abstract

Alkenylbenzenes are important chemical intermediateghe synthesisof various
materials. However, conventional methods for styrene production have limitations in terms of
energy consumption and environmental impact. To overcome these challenges,nti@lche
looping oxidative dehydrogenation (€DDH) process has been proposed as a promising
alternative. This study investigates the use @fsCan..MNnO:@KFeQ as a redox catalysor the
CL-ODH of alkylbenzene to alkenylbenzehsingdiisopropylbenzenasa reactanta high yield
of diisopropenylbenzenand isopropenylcumene85%in sun) could be achieved. esitu and
in-situ XRD were used to analyze the phas@sitionbehavior of the catalyst, while XPS was
employed to analyze the nesurface elementaand chemical changes. SEM was conducted to
observe the morphological changes. Furthermore, delplot and DFT were used to reveal the reaction
pathway, and the Arrhenius plot and XPS C1s were used to further elucidate how steam affects
the reaction pathwayinally, the environmental impact from process energy was assessed using
Aspen Plus.
4.2.Introduction

Alkenylbenzene is a family of key chemical intermediates for producing important
polymers, synthetic lubricants, phenolic compounds, protective coatindspersonal care
ingredients™ 2 3A notable example is styrene, which is produced at 4.5 MMtonne per annum in
the US along* As one of the most widely consumed chemical building blocks, alkenylbenzenes
account for more than 27 MMtonnes for £€missions, or nearly 3% of the emission from the
chemical industrie$ # ®Efficiency improvement in the production of alkenylbenzenes is critical

to meet the net zero tardet.
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Currently, the stateof-the-art production of alkenylbenzene relies on catalytic
dehydrogenation (DH) (usually with K promoted:8¢) of its alkylbenzene counterpdit From
a catalyst design standpoint, the iron oxidesed catalyst could be reduced under alkylbenzene,
leading to coke accumulation on the catalyst surfat&From the process standpoint, the
endothermic and endergonic nature of the DH reaetiouid limit conversion at equilibrium ”

911 12To mitigate these challengeslarge amount of high temperatsteam is added as a diluent
along with alkylbenzene in order to: Rjovideheat forsustaimng the operating temperature; 2)
Inhibit iron oxide reduction; 3) Gasify coke deposit on the catalyst sudiadel) Decrease the
feed partial pressure to increase equilibrium converdiake styrene production as an example,
a typical skam to oilmolarratio above 6:1 is required to mitigatatalystreduction and coking.
The styrene process could nevertheless only achieve a-peggestyrene yield of up to ~64%
with about 15 GJ/tonne styrene energy consumptibf ’

To reduce the energy requirement, oxidative dehydrogenation (ODH) has been
investigated asn alternative. In an ODH scheme, an oxidant idecowith alkylbenzene to
oxidize the H produced from catalytic DH reaction-gitu. The cosumption of H makes the
overall alkenylbenzene production exergonically favorable, allovhigdp conversionswhile
lowering the energy requirement. Besides industrially proven processes such as UOP SMART
process? which usesPt catalyst for selective Hoxidationin the presence of air as an oxidant,
academicesearch in this topic has yieldearious ODHcatalysts These includsupported VG,

VOy supported bytitania®, K promoted Ce&®, BN, BN supported oxides oBN suppoted
carbort® 12 16 CoFeOQs-MCM-41 composite’d, nanodiamond§. However, cofeeding Owith
hydrocarbons still raises safety concerns. Furthermore, the copresencwithh @ydrocarbons

could lead to high C©selectivity and unwanted oxygenates, which complicate the downstream
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separations as compared to the conventional approach. Thedeacka ultimately limit the
potential for energy savings and process intensification.

We previously reported a chemical looping oxidative dehydrogenatiorO[@H) process
for ethylbenzeneonversion In this chemical looping schemg&hown inFigure 4.1a, a redox
active metal oxide in the oxidative dehydrogenation reactor (top) catalytically converts
ethylbenzene to styrene and oxides pftoviding heat andnprove conversionAs sucha higher
styrene yield with less energy expenditure could be therebiieeed. The metal oxides would
then be reoxidized separately in regeneration reactor (bottom). We have previously demonstrated
that the styrene (ST) singp@ass yield could reach >90% over 166 hours (100 cycles) stability from
CL-ODH of ethylbenzene (EByith coreshell catalyst design ¢€Ca/MnO@KFesOg with up to
80% of the energy savitigHowever, at the initial injection stage, the G@lectivity could reach
nearly 30% Reducing initial CQ formation would be beneficial since a lower simpler
downstream separation could be achieved.

Besides selectivity improvements, this catalyst design could be potentially used for
different alkylbenzenes. For example, compared to styrene;isogapenylcmene(IPEC)and
metadiisopropenylbenzen€DIPEB) and other more complex molecules could be used to
demonstrate the feasibility of this catalyst design. These complex alkylbenzenes ODH schemes
such as DIPB to DIPEB, presents a greater challenge becguske (fieed molecule DIPB is a
more valuable compound than ethylbenzene, so the unwanted byproducts need to be minimized;
(i) The presence of two alkyl (i.e., isopropyl) groups on the benzene ring from DIPB introduces
isopropenylcueme (IPEC) as the intediate product Figure 4.1b), further complicating the

reaction scheme; It is therefore significant to further tailor the abovementior@DELsystem.
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The present study use-diisopropylbenzene (DIPB) to IPEC and DIPEB as a model reaction to

explore the ptential to expand on the current @DH framework.

Steam
a. Flexible Materials
Alkylbenzene ODH Reactor Alkenylbenzene Polymer Resins
Vehicle Parts
Heat Depleted
Metal Oxides Metal Oxides
Air Regenerator Depleted Air

.

m-diisopropylbenzene  m-isopropenylcumene  m-diisopropenylbenzene
(DIPB) (IPEC) (DIPEB)

Figure 4.1 a. Chemical looping scheme for alkylbenzene ODH with metal oxides; b. Reaction

scheme of rdiisopropylbenzene to fisopropylcumene to rdiisopropenylbenzene

Here, we report a redox oxidati dehydrogenation (®DH) process to produce DIPEB
from m-diisopropylbenzene (s®DIPB) based on a L&€aMn-O@K-Fe-O catalyst. The catalyst
can convert rDIPB to mDIPEB with K-FeO phase while selectively oxidizing the
dehydrogenated bgroduct B with La-Ca-Mn-O in-situ.
4.3.Experimental Procedure
4.3.1.Catalyst Synthesis

The LagCa MNOs@KFeQ redox catalyst was prepared in two steps. The

Lao.sCa.2MnOs substrate was synthesized by a modified Pech@thod. Stoichiometric amounts
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of Mn(NOs)2BH20 (98.0%, Thermo Fisher), La(N@BH20 (99.99%, Sigmaldrich), and
Ca(NG).BH20 (99.0%, Sigmaldrich) were dissolved in deionized water with stirring at 30 C.
Citric acid (99.5%, Sigmaldrich) was weighd to 2.5 times the sum of the previous metal cations
weight, then added into the solution. Following this, ethylene glycol (99.8%, Sitpniah) was
weighed to double the weight of the citric acid added and entered into the solution. The obtained
solutionwas kept at 80 € with continuous stirring until the formation of a gel. The newly formed
gel was then transferred to an oven for drying at 130 € for 24 h. The precursor was then calcined
in a furnace at 850 € for 12 h (5 €/min ramping rate) under d¢onbus airflow. The sample
obtained after calcination was crushed into-626e m p a r LaisCao kMG @KFeQ was
synthesized viavet impregnation by using baCa 2MnOz as the substrate. Thed#a MnO3
substrate synthesized was weighed and atitdadeflon beaker. Stoichiometric amounts of KNO
(NOAH Technologies) and Fe(NI®H -0 (99.95%, Sigm&ldrich) to make equivalent weight

of KFeQ (i.e. KFeQ:Lap.sCa.2MnOs) were weighed and added to a separate glass beaker in
addition to deionized watdp dissolve these. The -&rmed solution was then added into the
abovementioned beaker containing kaay.-MnOs and stirred at 80 € until dried. The obtained
dried mixture was calcined in a furnace at 750 € for 12 h in a box furnace, and then eélletiz
and crushed into 42600¢ nparticles to be used as finaldg€a MnNOs@KFeQ redox catalyst.
Standalone KFe@was synthesized by adding equimolar amounts of K@ Fe(N@®H 0

into a teflonbeaker, and deionized water was then added into the beaker. The solution was stirred
at 80 € until dried. The resulting dried sample was calcined in a furnace under continuous airflow
at 750 € for 6 h to obtain standlone KFeQ. Ko.20dVIno.92d02 cataly$ was synthesized following

the same procedure as the synthesis e§Ca 2MnOs, stoichiometric amounts of KNGJNOAH

Technologies) and Mn(N€pRBH-O (98.0%, Thermo Fisher) were dissolved in deionized water
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with stirring at 30 €. Citric acid (99.5%, Siga-Aldrich) was weighed to 2.5 times the sum of the
previous metal cations weight, then added into the solution. Following this, ethylene glycol
(99.8%, Sigma&Aldrich) was weighed to double the weight of the citric acid added and finally
entered into theddution. The obtained solution was kept at 80 € with continuous stirring until
the formation of a gel. The newly formed gel was then transferred to an oven for drying at 130 €
for 24 h. The precursor was then calcined in a furnace at 950 € for 12@/f&rf ramping rate)
under continuous airflow. The sample obtained after calcination was crushed iF60GI25m
particlesto be used as finaldeodVino.92d0> catalyst.
4.3.2.Redox experiment setup and operation

The cyclic experiments utilize a reactiatig shown ifFigure C.S1in Appendix C. Both
DIPB and deionized water were filled respectively in one 2.5ml stainless steel s\Bothavere
thenrespectively inserted intosgringe pump (Harvard Apparatus Standard Infusion Only Pump
11 Elite) The flowrate of DIPB was set to be 0:0239 ml/hr and the flowrate of the deionized
water was set to be-®.24 ml/hr based on the steam to feed ratio with balantecemtrol DIPB
at 1 mol.%The DIPB and water were vaporized at 200 € in a heating tape preheated cross
junction. Lastly, a quartz itube was loaded with 500 mg catalyst with size ranged fror6905
e m. The r emai ni-tobg is dilledawite alumimumtokide gritt To quéayt the
alkylbenzenes and other benzene derivatives, a glass impinger loaded with 0.7 ml of dodecane was
connected to the outlet stream of the reactor and cooled with an ice bath. This was then analyzed
by Agilent GC 7890A with a DES column. The remainingas was then fed to a downstream
quadruple mass spectroscopy (QMS, MKS Cirrus Il) for analysis.

For the isothermal cyclic experiment, the syringe pump with deionized water can be turned

on and the cyclic reaction can be started. Once the flow is stdbifieecyclic reaction was carried
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out first with a 16minute oxygennjection This is followed by 10 minutesf Ar purge.After the
purge step, DIPB is injected fta0 minutes, followed by another 10 minutes Ar purtgecomplete
the redox cycle. This clic experimenis continued and repeated.
4.3.3.Temperature-Programmed Reduction of the Redox Catalysts

Temperaturgorogrammed reduction of both KFg@La eCaMnOz and(Ca/Mnj-
xO@KFeQ were performed using thermogravimetric analyzer (TA Instruments SDT Q600).
Roughly 50mg of redox catalysts were loaded into the crucible cell of the TM@&AGA cell was
thenheated to 750 AC wi t h(lncefAp tomeimave carbahates a0 v o0
hydroxideisothermally for 20 minutes. The TGA cell is then cooled to 100 € under 20 vol. % O
(balance Ar). The gas is then switched to 10 vol. 2amtl heated at a rate of 10 €/min until 750
C.
4.3.4.Delplot Analysis

The Delplot method was used to determihe selectivity of the products at neaaro
conversions. Approximately 20 mg of theols@a -MnO:@KFeQ was used in a quartz-tube.
The experiments were conducted under dry condition (S/F=0) from 500 € to 575 € at 24000 to
48000 hrt gas hourly space velocity with 0.5 kPa DIPB (balance Ar). Respectively at each
conditi on, t h e widsbonduatek with @ dupeefilled migh ralumina grits. The
results from the fAbl anko were usedtpresentedubt r ac
result. The results are substracted on a molar basis before converted into conversion and
selectivities. Leassquare methods were used for linear regressiad the results from the

regression were used for linear interpolation of the predsglectivity near zero conversion.
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4.3.5.ex-situ and in-situ X-ray Diffraction (XRD)
ex-situ XRD experiments were done witn Empyrean Xray diffractometer with an
Sspinning stage. The XRD patterns were obtain
operating at 45 KkV an d60dithamwtervalioftOl®13a 2d r ange
in-situ XRD experiments were done widm Empyrean Xray diffractometer with an
AntonParr XRK9 00 st age. The XRD patterns were obtai
radi ati on operating at 45 kV an@with@nimetvalofFor XR
0.013°was used. The fresh catalyst was loaded into the chamber and heated to 575 € at a rate of
10 €/min under 20 vol. % Q(balance N). Isothermally at 57&, N > was used to purge chamber
at 50 ml/min for 5 minutes. 1 vol. %Kbalance N) at 50 ml/min was introduced for 10 minutes
followed by 5 min of 50 ml/min Blpurging. The catalyst is then regenerated under 20 vol. % O
(balanced M. This cycle is rpeated again with Hntroduced for 20 minutes.
4.36. X-ray photoelectron Spectroscopy (XPS)
XPS was used to analyze the nearface compositions and oxidation stage of fresh, 10
min reduced, 30nin deeply reduced sample. The reduced sample were @degas75 € under
S/F=1:1 or dry condition (S/F=0). The reduced samples were collected under Ar atmosphere and
sealed under Ar to avoid moisture and reoxidation. The sample powder was pressed onto a copper
tape and outgassed at“IDorr for 10 hours bef@ there were introduced into the ultrahigicuum
chamber for scanning. The Kratos Analytical /
10 mA and 15 kV to determine the oxidation s
composition (step size 0elV). The results from XPS were analyzed by Casa¥#®vare and

were calibrated with adventitious peak of C 1
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4.37. Scanning Electron Microscopy (SEM)

The fresh and the cycled sample were used to obtain SEM image. The samples obtained
from the ThermoFisher Quanta 3D FEG. A pressure 8ftdf was used.
4.38. Computational Details

Firstprinciples simulations were conducted using the Vienna ab imtiolation package
(VASP)'® at the density functional theory (DFT). The-aléctron projector augmented wave
modef® was employed, along with the Perddurkel Ernzerhof functiondt. A kinetic energy
cutoff of 450 eV was chosen for the plamave expansion of the electronic wave function.
Convergence criteria for forces ,aespkctivelg.&argy we
geometric optimization, a Gaussian smearing of 0.1 eV was applied. For sampling the first
Brillouin zone, a 4 x4 x2 Gamma&entered kpoint grid was selected for the KFg(nit cell,
while only the Gamma mesh was used for the surfiatersodels. It should be noted that due to
the complexity of the KFeO2 surface structure, accurately exploring each magnetic ordering was
challenging. To make the calculations tractable, a ferromagnetic state was assumed for all the
structures, given thahe tiny energy differences due to different magnetic ordering are negligible
compared with ionic migratioff. The GGA + U approacAwas employed to account for the strong
onsite Coulomb interaction on theodbital electrons at the Fe sites. A value of Ueff = 4 eV was
adted for Hund's exchange interaction, which has been shown to yield reasonable predictions
for both geometric and electronic structures in previous stétiidse computed lattice constants
of KFeO2 (a=5.68 A, b = 11.38 A, ¢ = 16.07 A) match well with the experimental values (a =
561 A b=11.21 A c=15.26 A), demonstrating the accuracy of these computational &ttings.
The climbing image nudged elastic band -(EB) method was applied for transition sate

optimization?®
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4.4 Result and Discussion
4.4.1.Catalyst Performance

In-situ XRD in our previous studyndicatedthat thefully re-oxidized redox catalyst
(Ca/Mn)O@KFeOs, containeda Ko.20dVINo.02d02 phase, whichwould rapidly disappear as the
ethylbenzene was introducedrhis phasewould haveresulted from thesolid-state reaction
between KFe@and CaGMnO solid solution ands likely to be responsible for the high €O
selectivity during the initial stage of the €DDH reaction. To address this issue, w@othesize
that this undesirable phase, and hence fo@nation, would be minimized: 1) a more stable
selective hydrogen combustion core is used (i.e. perovskite) and 2) the Mn(lV) content is
decreasedin the core. Bothobjectives can be realized lmging LasCa 2MnOs since the Mn
oxidation state in this perovskite structure is in between +3~+4 due the charge balance, and the
perovskite structure would be more staltderance factor ~0.98nd therefore less prone to side
reactions to form K29eVNo.92d02.

Figures 4.2a and bsummarized the lbaCa MnOz;@KFeQ catalyst performance with
different steam to oil (S/F) ratio as compared to the reference (Cal®@KFeQ (S/F=1:1) at
5000 hr* from 575 € to 625 €. As can be seen froffigure 4.2a, at all temperatusgthe DIPB
conversion of LasCa . MnOs@KFeQ has asubstantialincrease as compared to that of the
reference catalyst. A conversion up to ~92% can be observed at 625 € at 1:InSd#dition,
there are significant improvements in terms of selectivity towards IPEC and DIPEB as compared
to the original composite; At all temperatures, the €€ectivity was <2%, this indicates a ~70%
decrease in the GQelectivity as compared tbe reference material; The coke selectivity was

also suppressed for up to 70% on a relative basis (at 650 €). This indicated that the
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Lap.eCa.-MnOs as the SHC material could minimize the unselective combustion region previously

observed in the referencase. Shown ifrigure 4.2b, in all cases, the +tonversion is >70%.

a. | Conversionl DIPEB [ll IPEC[ CO, [1] Coke b.
100%- 100%
2 80%- 80%
g
@ §
0 60% ‘» 60%
] o
c
@ 2z
: 8
G 40%] ~ 40%
] I
>
c
S
20%4 20%
0% 0%
SIF:Ref. 0 1:12:1  Ref. 0 1:12:1  Ref. 0 1:12:1 S/F:Ref. 0 1:12:1  Ref. 0 1:12:1 Ref. 0 1:12:1
575C 600 € 625 € 575 ¢ 600 € 625 C

Figure 4.2 a. Conversion and selectivity profile for (Ca/MxP @KFeQOs (ref., S/F=1:1) and
Lap.eCa..MnOz:@KFeQ at 5000 htt, 575, 600 625 € and steato-oil ratio of 1:1 an®:1; b. b
conversion and for (Ca/Mp)O@KFeQ (ref., S/F=1:1) and LgsCa .-MnOz:@KFeQ at 5000 hr

1 575, 600 625 T and steato-oil ratio of 1:1 and 2:1. All data are shown on a lighter

alkylbenzene free basis (<4% overall).

The effect of temperature could also be inferred frBigure 4.2a. While higher
temperatures lead to higher conversion, the absolute conversion values did not change significantly
since the conversions are already quite high at the lowest temperatute tgsteé 7 5 C). For
the conversions increased by 3.8% at S/F = 1 and 8.8% at S/F = 2 when the reaction temperature
increased from 575 to 625 @n addition, there is a 4% increase in coke selectivity as temperature
increasedrigure 4.2a alsoindicaed that the DIPEB selectivity remains to be similar with an IPEC
selectivity up to 8%. Thisuggestshat at higher temperature, IPEC is more likely to be converted

to DIPEB and that the increase in coke selectivity could be resulted from adsorbed [FPEBr
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on the KFeQ surface. A detailed discussion and calculation of the adsorption energy will be
presented in the later section.

The effect of steam could also bderred from the performance ressltAs shown in
Figure C.S1, under dry conditions (i.&5/F=0), the coke selectivity is 12% at 575 €. This is ~6%
higher than that with S/F=1:1 or 2:1. This indicated that the presence of steam would suppress the
unwanted coke selectivitgince CO formation is minimal, the mechanism for coke inhibition is
unlikely to be due to steam gasification of coke. Rather, steam is likely to assist in maintaining the
oxidation state of iron, which suppresses the coke formabonthe other hand, compared to
S/F=2:1, S/F=1:1 demonstrated only a slightly highetivity in terms of conversions. The
selectivity profile for both S/F seems to be similar. This inferred that at S/F above 1:1, additional
steam might not have additional benefit. The effect of steam will be discussed in detail in the later
section.

The dove results have also shown the potential benefit of utilizingdOH scheme for
the alkenylbenzene productions. Showirrigure C.S2 as an example for the conventional DH
reaction, we have also tested a Kk&@sed material at the same condition, wislcbwed 45%

DIPB conversion, 72.1% IPEC selectivity and 22.1% DIPEB selectivity. In addition, under DH
condition, the DIPB conversion would be limited to ~76@m HSC as opposed to the ~90%
conversion shown above.

4.4.2.Catalyst Characterizations

4.4.21. Catalyst Bulk Phase Identification

The XRD diffractogram at 1 kPa with different reduction time was shoviigare 4.3
under S/F=0. As can be seerfFigure 4.3, in the Fresh sample, only d#&a.MnOszis observed.

However, KFeQ@ phase is observedtaf redox cycles. In addition, a slight formation o003
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was observed. Reduced0 min sample represents the sample contacted with 1 kPa DIPB for 10
minutes without reoxidation. As can be seen, there is onnaallformation of the FgD4. Under
reduchg environment, the main peak ofols€a..MnOs@KFeQ at 1a 3 shifted slightly to a

lower angle due to expansion. This expansion is resulted from the ionic radius increase in Mn due
to reduction of DIPB and H A small amount Ry is also observed here since a higher partial
pressure of DIPB is used, indicating that the catalyst is slightly reduced. After 30 minutes,
prolonged reduction, small amount ofik€x was shown. It can also be seen that the relative peak
height of KFeQ is higher for the prolong reduction, this could be resulted from three factors: 1)
the increased crystallinity of the KFe(phase; 2) the reduced relative peak intensity of
Lao.sCa.2MnOs due to reduction. The detailed information of the XRD phase ideaattdit is
summarized inTable C.S1 in Appendix Cin the supplemental information. In sum, it can be
inferred from the essitu XRD that under the reducing environment, the majority of the KFeO
phases could be preserved by reducingsCay.MnOa.

a. b.

Figure 4.3. a. exsitu X-ray diffraction diffractogram (XRD) for Fresh, Cycled, 10 minutes
reduction and 30 minutes reductionok@a -MnO:@KFeQ samples at 575 €, 1 kPa DIPB,
S/F=0; b. insitu XRD diffractogram of L&sCa MnOz@KFeQ at 575 € under 1% H

environment/Air to simulate GIODH reactions.
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