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Abstract

Propene production has suffered drastically over the years since conventional steam
cracking and fluidized catalytic cracking units have been refined to maxethisee,

diesel and gasoline yieddThis has led to a significant gap between pnepsupply and
demandandthe chemical industry has looked to alternativgparpose propene

production technologiesike propane dehydrogenaticio bridge this gaDespte the
selectivity benefitsthe process is endothermic and requires high operational temperatures
where the catalyst is susceptible to fast deactivation. Alternatively, propane oxidative
dehydrogenation is an exothermic pro¢c@gsch occurs in an oxidae atmospheréhus

providing the potential to overcome these constraints.

Unfortunately the commercialisation dhe oxidative routés not currently feasibldue to
undesired combustion reactiomghich subsequently hamppropeneyields. There also

exists many drawbacks when considering the operational logistics due to the requirement
of CsHg and Q co-feeds, since @production is costly and energy intensive and there is
difficulty in controlling the mixtures to keep them under explosive limits. In order to
combat these challenges, interest has shiftaystems whiclhisealternative softer NO

and CQ oxidantsas aco-feed, as well aadopting a chemical looping approaCinemical
looping propane oxidative dehydrogenati@@L-PODH) tests arearried out in an &free
atmosphergby utilising the lattice oxygen within metal oxide catalysts as the oxygen

source, whera separate regeneration step is subsequeatfgrmed

Consequently his work has investigatethe efficacy ofa-Al>Os supported V@, MoOx

and VQ-MoOx catalystdor propene productiom a series ohovel CL-PODHredox

cycling testsBenchmark CEPODH tests were performedacombined microreactand
mass spectromatsystemandconsisted of ten propane dehydrogenatiatalyst

regeneration redox cycles, utilising & the oxidaniSuch tests provided valuable insight
into the relabnship between the activity of vanadia and molybdena species as a function
of varying vanadium loading and increased molybdenum incorpordtenuse of MO

and CQ within the catalyst regeneration step was also explored to estedlaist
regenerabity throughout the cyclewhen usingalternative, softer oxidants.



Fresh VQ/2-Al 203 and MoQ/2-Al 203 catalysts were synthesiseid the incipient wetness
impregnation techniqueith varying \anadium lodings of5.0, 7.5 and 10.0 vt and a
fixed molybdeum loading of 9.4 wt.%9/Ox-MoOy/2-Al 203 catalystavere synthesised via
the ceimpregnation technique, where th@nadium loading was fixed to 10.0 wt.% and
molybdenum loadingef 3.2, 4.7 and 9.4 wt.%wvhichgaveV:Mo molar ratis of 6:1, 4:1
and 2:1, respectively. Various characterisatemhniques were used to establish the
catalystroperties, including/P-AES, ICROES, BET, H-TPR, @ chemisorption,

Raman spectroscopy and XRD.

Throughout the VQo-Al O3 catalyst serieghe most promising results for propene
productionwereobtainedn testsusing10 wt.%V catalyst Propene selectivitiesf up to
40.8 % were achieved, 5.8 % propane conversiarpon completion of the 0PDH
step A long durationPDH stepwvasalsoperformed, revealing substantiaBO %lossin
catalyst activity after 3 h time on stream. P@siction Raman analysis reveasignificant

coke formation, thus highlighting the need for successive catalyst regenstafpien

Alternative NO and CQ oxidants were also employéu CL-PODH tests using the 10VAI
catalyst In comparison to usingzDan increase irpropene selectiwtwas observed
reachingd7.6 %at a similar propane conversion d.4 %. A significantdeclinein

catalyst activity is observed when using £&8 the oxidarnthoweveras popene
selectivitiesof only 36.5 % were achieved, &2 % propane conversion upon completion
of the 10" PDH stepPostreaction characterisation tests were conducted to phebe t
surface vanadia species present in the 10VAI catalyst removed at different stages
throughout the tenycles. Results froBET, Raman and XPS suggest the formation and
removal of carbonaceous deposits with successive dehydrogenation and regeneration step
thus reinforcing the regenerative ability of theadd NO oxidant forcoke removka The
inability of the CQ oxidant to rerove carbon laydown and regenerate actisgty
highlighted further in the poseaction Ramawith prominentfeaturesattributed to coke

formation.

A significant observation in GPODH redox cycling tests was the risgphopene
production during thé" PDH step which was performedfterholding the catalyst
overnight under argon following the.@generation step of cycle 5. The 10VAI catalyst
was similarly removed and characterised after this overnight argon purge. XPS results
revealan increase in sfaice \V** species at this stagehichagrees with findings from the

thermodynamics and pesgaction Raman that surface vanadia sites are oxidising and



removing residual lovlevel carbonaceous deposits, hence the surface vanadium is in a
more reduced statén increase in propene selectivity dughe presence dhis reduced
species establishes a potentialtuning scific V°*/V#* ratios, which may be crucial in

overcomingthe selectivity limitationso enhanceropene productian

Theuse 0f9.4 wt.% MoQ/2-Al>0szin the lenchmark CEPODH redox cycling test
producedsignificantly lowerpropene selectivitiei comparison to the 10VAI catalyst
Theincorporationof molybdenum as a promotor the 10VAlcatalys howeveryielded

an enhancemeim catalys@ctivity, where arincrease in propane conversiwasobserved
with increasingnolybdena loadingcross the/Ox-MoOx/2-Al 203 series.The presence of
V-O-Mo domains was implied in the preaction Raman of all three \i@100Ox/2-Al 203
catalysts, whiclshoweda promotionakffect on catalyst activityn comparison to 10VAl
and 9.4MoAl catalysts, a higher activity is observed in tests utilising the 10V9.4MoAl
sample Upon completion of the Y0PDH steppropene selectivities of 32.5 ¥ere
obtained at a propane conversion of 22. D¥spite the loweselectivitytowards propene

thisincrease in activityesults in an overall higher propene yield
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11l ntroducti on

1.1The Propene Gap

Propene is ubiquitous in the petrochemical industry, where its high versatility stems fr
the ability to functionalise both the allylic methyl group and the olefinic bond existing
within the monomer unit. The primary use of propene is its use as a feedstock in the
production of various intermediary and polymeric compounds, where the chain
polymerisation route to afford polypropene holds the largest market share, accounting for

~68 % of the total global ppene demand in 2018.

Owing to its extraordinary chemical properties, polypropendbasme an excellent
candidate for packaging, textile, cosmetic and medicinal gattier key derivatives
include propene oxide, acrylic acid, the esdoohols, cumene and acrylonitrile, which are
primarily used for automotive, coating and plasticizerdgofor applications within the
aviation, automotive and constructisectos. 1 These sectors have suffered in recent
years due to the tastrophic social and economic effects brought about by the @6évid
pandemicwhichresulted irsignificantlylower demand for various key propene
derivatives. Contrary to this, the demdodpolypropene for use within packaging,
hygiene and medical applications legonentially increasetiroughout the pandemic

counteracting, to some extent, thiial decline in propene demant!.

Global demand for chemical and polymer grade propene was approximatelyrnt@8is
2019, with significant growtlexpectedandpropene production foreda® reach 191.8

mtpa by 2030° This growth has caused mounting concern as to how the petrochemical
industry will meet demand and alleviate strain on propene resources via conventional
steam cracking and fluidized catalytiacking technologies. The steam cracking of
ethane, LPG and naphtha has been the prin@pétfor the productiorof light olefinic
compounds since its c o%Comwentomnally)thepracessisen i n
carried out in a tubular reactor, where the hydrocarbon feed is mixed with steam at
elevated temperatures and subsequently crackednatites entities® This process is

highly endothermic and requires operational temperatures ranging fre80050,

making it one of the most energy intensive processes existing within the petrochemical
industry.® 7 Propene forms merely as a-pyoduct in the steam cracking process, where its
production relies heavily on the type of hydrocarbon feedstock used e.g., an increase in

propengyield results when feedstocks trend heavier from ethane to LPG to naphtha.

1



Furthermore, the type of feedstock utilised in steam cracking operations is centred around
feedstock availability and profitability. Since ethene currently dominates the petrochemical
market and pure ethati@sed feeds are in abundance due to developinestiale gas

fracking technologies, modexay steam crackers have shifted to using etthaised

feeds, where propene yields are minimisetf-®

Accounting for around 30 % of global propene produgctiba chemical industry has

looked to the fluidized catalytic cracking (FCC) process as an alternative route to provide
additional propene suppl§Propene production via FCC operations utilisectizle
zeolitebased catalysts to convert heavy distillate feedstocks into valuable gasoline and
olefinic mixtures. The process is far more economically sustainable than steam cracking,
with typical operational temperatures below 550** *?Unfortunately, propene

production from FCC units has faced similar limitations over#es, ashe focus has

shifted on maximising diesel and gasoline yields to meet the réssmiand fronthe

transportation industry!
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Figure 1: Global propene production versus demandAdapted from [2]

The refinement of steam cracking and FCC processes has resulted in a gap between
propene supply and demaraohd there is mounting concern as to how the chemical
industryovercoms this shortfall As seen inFigure 1 industrial developers have made
significant advancements in developing alternativg@orpose propene production
methods in a bid to bridge the emerging gap between propene supply and dethand.
In 202Q IHS Markit projected that steam crackarsl FCOwould produce46 %and
around 30%of global propene supphgspectivelywith theremainderaccounted fovia

on-purpose propene methods such as meth@nolefins and propane dehydrogenatin.
2



1.20npur pose Propene Producti on

1.21 Met hanwllef i ns

The development of alternative production methods has attracted considerable interest
within the chemical industry in a bid to meet the growing demand for propene. Notably,
alternative routeswvhich steer bwards natural gas resources andid the use of oil

reserves, are deemed far more economical and environmentally sustainable. In particular,
methanol derived from the steam reforming of natural gas is far more accessible and
inexpensive in comparison to crude oil feedstocks, and isfdreran excellent candidate

for light olefin production?® Current methaneto-olefins (MTO) technologies start with a
methanol dehydration step to produce anldarated mixture of methanol, water and

dimethyl ether. This equilibrated mixture is further converted into lighter olefins, where
ethene dominates the product mixtudfe.

The MTO praess has existed for quite some time, however, it did not originally attract
much attention due to the cheap and easy accessibility of light olefins from crude oil
resources® Interest in using methanol as a feedstock wasgeni t ed in t he e
stemming from the 1973 oil crisis and the rising uncertainty of crude oil availability.

Earlier MTO studies report the quantitative transformation of methanol into light
hydrocarbons at temperatures ranging from-300 buging zeolitebased molecular
sievesinthel 98 006 s, t he di sbasedwsiicogjuminophodplate cataklyst | i t
(SAPG-34) and its efficiency for MTO was led by the Molecular Sieve Divisioredas

within Union Carbidel3

This divisionwas to mergéorces with UOP in 1988 and subsequently deedidpe first

MTO process in partnership with Norsk Hydt®.2*The process utilised a SAPE type
catalyst and a fluidised bed mtar, where the selectivity of methanol to ethene and

propene was around 80 98.The main component of SARBY that is integral for the
conversion of methanol to light olefins is itsustiural ~3.8& pore diameter. A pore

diameter of this size limits the diffusion of bulkier and heavier hydrocarbons, ultimately
leading to higher selectivities to the desired olefin prodi&urthermore, the use of a
fluidized bed reactor enables the continuous regeneration of spent catalyst by heating
catalyst portions in the presence of air to remove coke depositisseguently preserving
catalyst activity and product composition. This type of reactor also enables the adjustment

of operational conditions and the modificatiortlué propene to ethene weight ratam



adaptation vital to meeting tlehanging market demads whichgovern the desired product

composition 8

The process was first made available for license in 1995%hambtleemperational at
demonstration scakince in a unt based in the Norwegian Hydro Research Cehtre.
Significant advancements of the UOP/Norsk MTO process were accelerated through the
partnership of UOP and Total tRechemicals in 2000, where both companies strategized
to integrate the process with olefin cracking technology developed by Total
Petrochemicals® The integration of thelefin cracking unit enhances the selectivity of
methanol to ethene amiopene to around 90 % by additionally transforming then@s"
olefins produced within the MTO unit. This advancement has led to thauptafta fully
integrated MTO demonstration plant in Belgium, with a capdbityeentimes larger than

thatofHy dr o6s MTO uni & based in Norway.

Advancements to optimise propene in the MTO process have also been established in
Lur gi 0 s -torpmpehegpmaeds (MTP), which uses a catalyst based around the
selective aluminosilicate zét, H-ZSM-5, which has a pore diameter of around®s %

The strong acidic sites existing within the micropores of th&SW-5 framework allows

control over olefin selectivity, ensuring that propene is formed as the primary prdduct.
The first step in the MTP process is methanol dehydration to produce an equilibrated
mixture of methanol, dimethyl ether and steam. The mixture is transformed to propene
over the ZSM5 catdyst in a fixed bed reactor at temperatures ranging from50@0 |,

with LPG, gasoline and fuel gas forming asgrgducts !> 2° Despite the benefits that
Lurgi s MTP process offers when it comes
high formation of coke observed when using #ttctive ZSM5 catalyst remains a huge
drawback and presents many challenges. The deposition of carbonaceous material leads t
the blockage of microporous catalytic sites, subsequently restricting the movement of

reactants and productdtimately rendering the catalyst inactivé.



122Propane Dehydrogenati on

Amongst the ofpurpose propene production methods that currently exist, propane
dehydrogenation (PDH) is by faredimost promising, as it offers a highly selective route,
producing propene as the sole olefin prodtian additional benefit that PDH holds is the
accessibility to cheap and abundant propane feeds, which have resulted from the recent
advanements made within the hydraulic fracking seatodtherisein shale gas
production 2t 22

The chemical equation of PDH, which illustrates the-ste@ conversion of propane into
propene and hydrogeis presented ikquation 1 Notably,propane dehydrogenation is
highly endothermic, where elevated reaction temperatures aboY€ @06 typically

required to overcome thermodynamic limitations.

Equation 1. Chemical equation of PDH

CsHs <«——> CsHs + H (gH°2mk = +124.3 kJ mot)

Several PDH technologies have been patented and commercialised for propene productior
including Oleflex, CATOFIN, STAR and FBDn order to limit the extent of catalyst
deactivation andlbo maximise propene yields, reactor desicptalyst employedind

operating conditionsary between processesith the most widely used being Oleflex
(developed by UOP) and CATOFIN (developed by Lummus Technol&f).

The Oleflex process was made commercially available by UOP indrifte first plant

with a propene capacity of over 3Ripa commissioned in Thailand* >>The technology

is centred around a continuous operation, with a reactor configuration comprising several
fluidised moving bed reactors, in conjuioct with independent product recovery and
catalyst regeneration units. The process usesSmfA>O3 catalyst with typical pressures
ranging from ~13 bar and temperatures from 525 5 , resulting in
of up to 40 % and propene seleitivof up to 88 %22 At these temperatures, coke

formation isfavouredand catalyst activity is inevitably lost, therefore, the requirement for
a catalyst regeneration section is crucidle regeneration of the catalyakes place
simultaneously to the dehydrogenation process occurring in the reactor section. In the
catalyst regeneration unit, the coke is burned off and the catalyst is exposed to a mixture of
chlorine and air to facilitate the-tispersion of active platinum sites befdres recycled

back to the reactor unit&:23 26



Lummus Technologies CATOFINrocess/aries significantly tdhe Oleflextechnology
described above. Thocesstems from the work pioneered by Eugeneittty, which

was initially designed ancommercialised for butane dehydrogenattomwever propene
production via the CATOFIN process was first commissioned in 1986 in Tweiths

capacity of ~250 ktp&! 2’ Nowadays, CATOFIN is employed in over thirty PDH plants
worldwide with a propene capacity of overi2ga, yielding a propane conversion of up to
45 % and popeneselectivitiesof betweerB2-87 %.22 The process comprises a reactor
configuration of several parallel fixed bed reactors connected haliorand utilises an
alkali promoted Cr@Al-Os catalyst with typical pressures ranging from-0.8 bar and
temperaturesf betweerb65and6 5 0 22 The reactors operate in short cycles lasting
approximately 180 min, where the PDH reaction is subsequently followed by inert purge
and regeneration steps. In the regeneration stage, carbonaceous deposits are burned off a
the heat relesed is recycled anased as energy for the endothermic PDH step. The cycles
occur intermittently between the reactdrerefore upto 8 reactors are required to ensure

continuous propene productich?®

The STAR process, developed and commissioned in 1992 by Phillips Petroleum for
iIsobutene production, similarly implements a cyclic configuration. The capacity for
propene production was fulfilled following the acquirement of STAR technology by Uhde
in 1999 who commissioned three PDH plants totalling a propene capacity wkda3n
2021.2 The process comprises two adiabatic reactors, one for dehydrogenation and the
other for oxydehydrogenation, loaded withS#t based catalysts supported on calcium and
zinc aluminates. Typical temperatures ranging from&3D 0 peessdres ranging from
5-6 bar are utilised, yielding a propane conversion of up to 35 % and propene selectivity of
up to 90 %22 Propane dehydrogenation occurs in the first refortyjee dehydrogenation
reactor in the presence of steantcéonbust carbonaceous deposits. The effluent is then
directed into the secondary oxydehydrogenation reactor, where oxygen is injected to

ultimately shift the thermodynamic equilibrium towards even higher propene Yitdds.

The FBD proces mmmissioned by Yarsinte2namprogettimplements a continuous

operation and regeraion system similar t®leflex and utilises a chromia basallimina
catalystakinto CATOFIN.?! The technology centres around a series of dehydrogenation
and regenerating fluidised bed reactors, where the catalyst bed moves fluidly throughout
the configuration in a liquidike manner. After the catalyst particleg auccessfully re

oxi dised in the regeneration unit, they
bottom of the reactor, where the catalyst material is reduced to strip the surface of any

6



adsorbed oxygenated compournds?2Comparably, FBD technology yields less cokart
observed in the Oleflex process, however, the high level of catalyst mixing ultimately
results in the breakdown of catalyst particles, which is the main deactivation route. To
prevent loss in catalyst activity and sustain propene yields, fresh cataltgstal is added

to the regeneration sectioit.Operationatemperatures range from 5390 at press
between 0.8..5 bar, obtaining a propane conversion of up to 50 % and propene selectivity
of up to 80 9#2

Several other PDH technologjescisting at different development stagesye been
estadlished in the last ten years, including PDH (LiRI&SF), FBR (Sabic), FCDH

(Dow), FLOTU (Tsinghua) an-PRO™ (KBR). Despite these recent advances, the
thermodynamic constraint of the endothermic reaction means that harsh operational
temperatures amrequired. At these temperatures, undesirable side reactions are favoured,
which ultimately results in fast catalyst deactivation and limited propene yielils.
Moreover, the catalysts used typically revolve around pusqgitatinum and highly toxic
chromium metals, which inevitably drives up costs and steers away from the movement
towards environmentally sustainable processes. As a resapene productiofrom

alternative ompurpose technologies required to bridgene evergrowing gap between

propene supply and demand.



1.30xi dati ve Dehydrogenation: A

Propane dehydrogenation can also proceed through an oxidative pathway, which has many
advantages over the direct dehydrogenation route previosslyssied. For instance,

propane oxidative dehydrogenation (PODH) is an exothermic reaction and does not suffer
from the same thermodynamic limitations, permitting the use of lower reaction
temperatures (typically 458 5 0 ). Anot her Dbieracthlyst i1 s t h
regeneration step is eliminated since the presence of oxygen limits the extent of carbon
laydown.2%31

Thechemical equation of PODH is presentedguation 2 which illustrates the

conversion of propane and oxygen into propene and water.

Equation 2: Chemical equation of PODHO:2

Csfs + =B2 ———>» Csffes + B ¥ osx-117.6kIJmol?)

The generalised reaction pathway for PODH is showigare 2 32 Involved in the

pathway are two paralleixidation stepswhere propane converts to propene and carbon
oxides (CQ) andthedesired propene product can also undergo further combustion in a
sequential oveoxidation step®? Although the thermodynamics of PODH make it a
promising technique for additional propene production, undesired combustion reactions

remain ahuge drawback as they have a damaging effect on propene yiéhds.

Carbon oxide formation occurs primarily due to the greater reactivity of propene in
comparisorwith propane When considering the bond energies, the weaké$bGnd in
propaneat the primary methyl group, has a stronger bond energy than the atiflic C

bond in propene, allowing the ovekidation of propene aimilartemperatures required

to activate propané? Unfortunately, strategies to poison the catalytstssiesponsible for

the activation of propene-8 bonds have failed as they are the same sites as those required
to active propane <€l bonds 33 %¢Studies into similar oxidation reactions have reported a
significant loss in yield when the weakest bond energy in the product molecule is around
40 kJ mot less than the weakest bond energy in the reactant molgtdi@&ond energies

for the primary GH bond in propane and the allylickbond in propene are presented in
Table 134



Figure 2: Generalisedreaction pathway
for PODH
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Table 1: Bond energies for primary and allylic C-H
bonds in propane and propene

Bond Energy

Bond
(kJ mol™)
Primary C-H 420
Allylic C-H 361

Notably, the difference in bond energy is not the only factor which dictates the over

oxidation reaction to carbon oxidekhe ratio of rateonstants, ¥k, is directly affected

by various parameters, including the structure of the active catalyst species. Differences in
this ratio have also been observed when there is a change in local structure, indicating that
the acidbase characteristiend interaction between the metal oxide and support also have

an effect3 If PODH is to become a viable route for propene production in thefuese,

it will require propene yields of ~65 % be competitivavith current routes®® To achieve

this, the discovery of catalyst systems which can activate prop&hbddds whilst

inhibiting the overoxidation of propene is essential. Research into various metal oxide

catalysts has been explored, the majority of whickeHacused on catalyst systems

containing vanadium and molybdenum oxide speéfe¥.



1l4Active Catalysts for Propane

l41Vanadasaed Catalysts

Supported vanadium oxide catalysts have been studied extensively for PODH reactions,
with investigations centring around the optimal species and nature of the acti{/elsite.
order to elucidate the role of active vanadia sites for PODH, Bell amchdeers

conductedh series ofsotopic tracereactions ove¥»0s/ZrO.. 3> 42Competitive reactions

of CsHs andCHs'3CH2CHs implied that CO productiorocaursvia the secondary

combustion opropene intermediaseResults suggest th&O» is also producethis way,

in addition to thalirectoxidationof propaneFurthermorel®0,/C3Hs reactionmixtures
weredirected ovesupported V°0s speciesandthe early appearance of lattidéO atoms

in oxygencontaining producte/ere observedmplying thatlattice oxygensites within the
vanadia catalysarerequired forC-H bondactivation The authors concluddidom their
studiesthat thePODH mechanisiis consistent with a Margan Krevelen type reaction,
shown inFigure 3 *3 This mechanism is analogous to various other oxidation reactions,
where the alkane interacts with lattice oxygen sites, followed by the desorption of the
product, resulting isurface vacancies which are subsequentlyxidised by

dissociatively adsorbed oxygen. Investigations of PODH using supported vanadia catalysts
have also been conducted via DFT calculations. In this study, avdiarsrevelen redox
mechanism is also proped, where the rademiting step is the activation of chemisorbed
propane through the hydrogen abstraction of the methy@degroup.**

C;H, C3H/H,0/CO,
o OOQJD*O*O‘OO 0 @ O, molecule
00000 O0O0 O O lattice oxygen

QO Lattice oxygen vacancies

Catalyst Surface

Figure 3: Mars-van Krevelen mechanism for propane oxidation in PODH. Adaptedrom Ref[43].

10



The sequential steps of the Maran Krevelen pathway required to complete one PODH

cycle, proposed by Bell and-eeorkers, are showhelow:

1. Propane adsorbs associatively on the lattice oxygen sites present in the metal oxide:

2. Neighbouring lattice oxygen sites cleave the propaelond via hydrogen

abstraction which forms a propoxide bonded t®\domains:

C3HgO*  + O* ——> C(C3;H,0* + OH*

3. The absorbed propoxideepes undergoes hydride elimination to allow the desorption

of propene from surface vanadia vacancies:

CH,04 —> (CH, + OH*

4. The hydroxyl groups adsorbed on the surface vacancies combine to form water.

Consequently, vanadia centres are reduced:

OH* +  OH* H,0 + O* + =«

5. Dissociatively chemisorbe@. molecules reoxidise reduced vanadia centres:

02 + £ + * —_— O* + O*

Notably, * is a free surface vacancy that may arise from either 6nsit¥ or two \#*
sites, O* is lattice oxygen species present in either vanadyl (V=0) or in polyvanadate
bonds (MO-V) and GH-O* is an absorbed propoxide species bonded to a vanadium site

via an oxygen atom (ND-CzH7).

Contrary to this, recent investigations performedbiiloglet al. utilised isotopic tracer

and alternativ@perandoRaman studies to deduce the mechanism of propane oxidation on
V20s. Using mixed GHs-180; feeds, only the vanadyl bond (¥©) of the \6Os sample

was partially exchanged over an extensive reaction time of 2 h. A slight variation in the
Raman spectra was observed as a result, where propene aptb@axtion reached

steady state prior to the spectral changes. The absence of significant isgbbange and

11



variation in the Raman spectra of the vanadia species questions whethe@aMars
Krevelen is the predominant reaction pathway in lower temperature (3G80DH

studies®®

As well as having aonderstandin@f the reaction mechanism, it is also desirable to
understand the structueetivity relationship regarding the configtican of vanadium

oxide species present on the support surfddéeller and Weckhuysen proposed the four
possible molecular arrangements of supported vanadium oxides, which are presented in
Figure 4 #’ Figure 4a) shows isolated monovanadate speciestdinating to four oxygen
molecules, three of which are®-support bonds with the other being a terminal vanadyl
(V=0) bond.Figure 4b) shows a plgvanadate dimer, where two vanadia centres are
bridged via an oxygen atorRigure 4c) shows twedimensional polyvanadate oligomeric

chains, andrigure 4d) shows bulk YOs crystallites.

(@) (b) (© @

Figure 4. Possible arrangements ofupported VOx [47]

The arrangement of ViGpecies on the support surface relies heavily on the dispersion of
the metal, which is directly related to metal loading and surface density. kfiedia
reported that bulk ¥Os crystallites were the predominant species at surface densities
above 7.5 \hm2. Polyvanadatgdominatel at surface densities between -2.3 V nm?,

whilst the predominant species observed on the surface at densities below2?3wére
highly dispersd monovanadate¥. The formation of these spesiis presumedo occur

during calcination, where the intermediately formeds\é@ecies interacts chemically with
the support material, forming-@-support bonds. The strength of this bond relies heavily
on the support properties and surface coverage, vahere coverage comprises of thin
vanadate layers and strong vanasli@port interactions. As the surface coverage increases,
the vanadissupport interaction ultimately weakens, leading to the agglomeration of bulk

V205 crystallites, as observed Figure5. 2% 48
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Figure 5: VOx species reaching and exceeding the monolayesverage [4]

Ramanspectroscopy has previously been used to interpret surface vanadia species. Report
suggest that isolated, monovanadates4\&@e characterised by a sharp band at 1018 cm
and a broad band at ~910 ¢nassigned to the symmetric vibration of vanadyl (V=0)
species and MD-Al anchoring bong, respectively?® *°As surface density increased, the
band at 1018 crhshifts to 1035 cm, accompaniety the additiorof broad bands at

~750, 550, 450 and 350 ¢mSince an increase in surface density results in a higher degree
of polymerisation, the shift from ~1018 to 1035 tim attributed to the symmetric stretch

of terminal vanadyl (V=0) bonds present in polyvanadate species. Raman bands at ~750
and 550 crit were assigned to the symmetric and asymmetric vibrational modest whil
bands at ~450 and 350 dwere assigned to symmetric and asymmetric bending modes of
oxygen bridged polyvanadat@/-0-V). 4® > Furthermore, bulk ¥Os crystallites are
characterised by bands at ~994, 75, 409, 295, 285, and 143 ¢ni?

It is widely accepted in literature that supported vamagistems containing highly

dispersed, isolated monovanates, are the most active for alkane ODH re&ttidkiany
believe this behaviour is ascribed to th&support bonds present within these structures
since they are eentralfactor intheacidbase properties and the reducibility of the
catalyst.® Studies performed by Sast al, °* however, explor@theuse ofV-Mg-O

catal ysts f or -MgUDHphaserckhibitee a higheeseléktivity towards
propene than Mfy20sa n dMgi¥20sp h a s e s .-MgWhCe was Uiilised in the

PODH reaction, a propene selectivity of 53.5 % was obtained at a propane conversion of
5.6 %. The authors concluded that this observation was due to the characteristic vanadyl
( V=0) b o n d-Mp¥:0swehichtwas crucialfor the hydrogen abstraction step.

Later studies performed by Corranal.* investigated vanadia systems impregnated on an
array of supports (S AI203, TiO2, and MgO) and found that the dispersion of vanadia
exhibited a strong dependence on the-aaiske properties and vanadium loading, which
had a direct impact on the abtst activity and selectivity towards propene. A reduction in

vanadia dispersion was observed when utilising acidic supports e.g.wWhich resulted
13



in increased YOs domains even at low vanadium loadings. The authors inferred that VOV
pairs present iv20s domains were active for propene formation. However, a loss in
selectivity was also observeas these domains facilitate the oesidation of propene. A
higher presence of VOV pairs results in a higher concentration of vanadii sp€xies,

which they report as exhibiting a stronger affinity for propene adsorption, ultimately
leading to the consecutive oxidation of the olefin to undesired carbon oxides. Contrary to
the reports of Saret al, the investigations performed by @Gmaand ceworkers conalded

that V-O-S bonds in tetrahedral vanadium complexes exhibit a higher selectivity to
propene than vanadyl bonds, whickosadise the desired propene prodieét.

Similarly, PODH studies utilising V@Al O3 catalysts were conducted by Zhatgl, °°

where vanadium loadings ranged betweem@® 15 wt.%. The characterisation results

reveal that both MO-Al and V=0 domains exist on the 3 and 6 wt.%)AD.O3 catalysts,
indicating the presence of equally dispersed vanadia species. These domains were also
observed in the remaining 9, 12 and 1324WO,/Al.Oz catalysts, in addition to XD-V

bonds, suggesting the presenceg®/ P ODH r eacti on tests per
utilising the 3 wt.% VQ/AI20s3 catalyst, resulted in a propane conversion of 75.9 % and a
propene selectivity of 12.5 %. When thewt.% VOJ/Al 203 catalyst was employed in

PODH reaction tests, a propane conversion of 67.3 % and a propene selectivity of 10.7 %
was obtained. This decay in both catalyst activity and selectivity towards propene
highlights the importance of maintaining high dispersiosupported vanadia catalysts for
PODH reactions:®

Lastly, a review conducted by Waadisal.>’ also concluded that vanadyl bonds were not

the critical lond for hydrocarbon oxidation reactions based on investigations which show a
lack of correlation between alkane turnover frequency (TOF), and the presence of V=0
bonds in butane ODH. A significant change in TOF is observed when altering the specific
oxide supporthowever, inferring that the critical oxygen bond required for alkane ODH
reactions is the bridging-@-support bond* It is evident that the nature of the active sit

in supported vanadia catalysts remains a complex matter. Several contributing factors exist
which impact the catalytic behaviour in alkane ODH reactions, including vanadium
coordination number, acidase properties, and the dispersion and reducibiliaciie

vanadia sites, which are dictated by both the vanadium loading and type of oxide support

used in the catalyst preparatigh.
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142Mol ybthasad Catal ysts

Supported molybdenum oxide catalysts, currently used in important hydrodenitrogenation
and hydrodesulphurisation catalytic processes, are also active for P®Bell and
co-workers carried out similar isotopic tracer experiments, as discussed previously, for
PODH reactions catalysed by M@@rO,. °° The kinetic data obtained was analogous to

the results observed in th@irevious work using ¥Os/ZrO> catalysts, therefore, the

Marsvan Krevelen type reaction pathway presented previously is also applicable. The first
step involveghe activation of the €1 bond within the adsorbed propane molecule by
hydrogen abstraction, to form a surface bound propoxide speciesh\RBitde eimination
occurs, and propene desorbs from the surface leaving behind surface bound hydroxyl
groups. These hydroxyl groups combine to form water, resulting in either ceMuwo

Mo®* surface vacancies, which are consequentlyxidised via the dissoafive

chemisorption of molecular oxygen. When comparing the activity o$-Aupported VQ

and MoQ, the authors report an increase in activity when catalysing the PODH reaction
with V20s/ZrO,, which reflects the lower activation energy eHbond activabn when

usingvanadia based catalysts compared to those molybdena $ased.

In order to probe the possible molybdenum oxide configurations that can form on the
support surface, Christodoulalgsal. utilised operandd&kaman spectroscopy on

MoOy/AlO; catalysts with various metal loadings during ethane CBhe four

different MoG arrangements presentedHigure 6were observed, all exhibiting a high
dependency on metal loadirfggure §a) shows an isolated molybdenum ion coordinating
to four oxygen molecules, two of whicheamo-O-Al bonds with the other two being

Mo=0 bondsFigure &b) shows an isolated octahedral complex, with one bond being
Mo=0 and the other four bonds being {@eAl. Figure gc) and (d) show the

polymerisation of molybdenum oxides where the metal centres are bridged via an oxygen

atom.5?

Similar to VQ, species, the configuration of M@®@®n the support surface relies heavily on
the dispersion of the metal, which is directly related to metal loading and surface density.
In MoOW/Al 205 catalysts]glesiaet al found thatothpolymeric and monomeric species
were generally present at lanolybdenum loadings, where an increase in the metal
loading led to a growth in polymeric MO-Mo oligomers. As the surface density exceeded
4.5 Mo nm?, MoQ;s crystallites were observed, which-emisted with polymeric

molybdenum domain$?
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Figure 6: Possible arrangements of alumina supported Mo (a) MoOa in a tetrahedral complex, (b)
MoOs in an octrahedral complex and (c) and (d) Polymeric Mo®@species[61]

At low molybdenum loadings, the observation of Raman bands at ~99&nth-850 crm

have been reported and assigned to the stretching vibration of terminal molybdenyl
(Mo=0) and MeO-Mo functionalities, respectivel§! It should be noted that terminal

Mo=0 modes within polymeric molybdate species also contribute to the band at ~996 cm
since tetrahedral/octahedralpnomeric/polymeric species tend to overlap. As
molybdenum loading increases, the bands at ~996 and ~85@rershifted to ~1005 and
~870 cmt, in addition to an increase in intensity of the @&®cm* band, characteristic

of oxygenbridged MeO-Mo species.®* Upon exceeding thenonolayer coverage, bulk

MoOQ:s crystallites ar@bservedcharacterised by bands at ~999, 820, 672, 383, 342, 290,
250 and 163m?. 5261

With regards to the structueetivity relationship of supported molybdenum oxide
catalysts, Bell and eworkers reported an increase in reaction rates with increasing
molybdenum surface density in PODH studies utilising M@€@D- catalysts. Optimal
ODH activitywas observed when taadimensional MoQoligomers were present, which
was attributed to the higher reducibility of Mp@omains existing in the M6 oxidation
state. As the surface density increased and the monolayenage exceeded however,
threedimensional molybdenum trioxide (M@lcrystallites were formed, leading to
inaccessible sitesnda subsequendecrease in PODH raté8:%2The authors concluded
that molybdenyl bonds (Mo=0) are crucial for activating the propahkiebGrd for
hydrogen abstraction, whilst MO-support bonds facilitate the ovexidation reaction,
combusting propene to undesired carbon oxides. The strength of the molybdenyl bond alsc
plays a role in the reactivity of the catalyst, which is directly relteéde molybdenum
surface density. As molybdenum domains increase significantly, the strength of the

molybdenylbondalsoincreasesresulting in a lower activity in PODH reactiofi.

Additionally, studies performed ygj et al.focused orMoOy/Al 203 catalysts with

varying molybdenum loadings, ranging between 2 and 15 wt%.
16



Characterisation results reveal that only small amounts of crystalline 8peies were
observed at 15 wt.% Mo loading, indicating the presence of highly dispersed molybdena
species in catalyst samples containing loweryimd¢énum loadings of 2, 4, 7 and 10 wt.%.
PODH reaction tests perf or me/AlOacatalyst) O ,
resulted in a propane conversion of 36 % and a propene selectivity of 17.5 %. When the
15 wt.% MoQ/Al 203 catalyst was utilised in®@DH reaction tests, a propane conversion

of 24 % and a propene selectivity of 30.8 % was obtained. The decay in the catalyst
activity for higher loading Mo catalysts, which exhibit a higher degree of polymerisation
and threaelimensional MoQ@crystallites, icombattedy anincrease in selectivity towards
propene. These results agree with the findings of@ell, thusdemonstrang the

importance of the molybdenyl bond on the catalyst acti@ty the other handhw
molybdenum loadings wh a higher presence of Mo-Al domainscontribute significantly

to the overoxidation reaction, thus lowering propene selectivity and ytéiét

143Rol e of modifiers and promoters

Whilst supported molybdena and vanadia are both active catalysts for PODH, propene
yields remain lower than those required for the process to become coaliyerable. An
inverse selectivifconversion relationship results due to the difference in bond energies of
propane and propene, where an increase in propane conversion decreases the selectivity t
propene. One method that has been considered to rélsislvesue, is to promote active
vanadia catalysts with secondary metal oxide modifiers e.g.xMo@x and WQ. 48 6567

The role of the modifier can either be interactive or-imteractive, where interactive

modifiers directly affect the performance as they chemicalgrdmate to surface

vanadium oxide specieblorrinteractive modifiers however, do not chemicallyardinate

to surface vanadium oxide species but can still affect the perfornférfée.

Research into the use pfomoted \{Os/Al 203 catalysts for PODH reactions has been
explored by Mitrzet al 8 In their studies, vanadizatalysts were promoted with
molybdenum, chromium and tungsten oxide ions via-en@yegnation technique. The
samples were characterized by Raman spectroscopy, which revealed that only uniform
surface metal oxide species were present on the catalystb$bece of M&/-O, CrV-O

and WV-0 species implies that the modifiers do not chemically alter the structure of
vanadium oxide domains and are therefore classed asiteoactive. The same study also
reports that PODH activity over2X®s/Al >0z catalysts wa significantly enhanced with the
addition of the secondary modifiers. The activity of both Ma@d WQ promoted
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V205/Al,03 catalysts was approximately double that of the-pammoted \4Os/Al 203

catalyst, whilst the Crigpromoted catalyst exhibited an activity over six times higher. The
authors proposed that this improvement was due to the presence of a lamgrgmential
factor relating to the equilibrium adsorption constant of propane. They concluded that the
relatively inactive MoQ and WQ promoters enable the weak adsorption of propane in a
precursor state, which is then supplied to the active vanadia sites for the activation of
propane. In the case of the Gn@odifier, which exhibits a higher activity than Y@he
improvement in PODH activity is attributed to ability of Y@mains to supply weakly
adsorbed propane to active Grétes.%®

PODH reactivity tests utilising molybdena promoted,XAD.O3 catalysts were also

performed by Dagt al  Their studies, however, report the formation e©vvio

domains, where the MaGpecies cardinates chemically to Vites. In this case, the

Mo promoter behaves as an interactive modifier, where it exists as an interlayer between
vanadia sites and the alumina support. The results obtained from their PODH tests reveal
that, at a given proparm®nversion, the molybdena promoted YA,03 catalyst exhibits a
higher selectivity towards propene, in comparison to the unpromoted catalyst. Kinetic
analysis was also conducted in this study, which shows a significantly lower ratio between
the rate cortant associated with the combustion of propane to propene. The authors
conclude that the observed enhancement in propene selectivity and lower propane to
propene combustion rate constant ratios is due to the formation and promotional effect of
V-0O-Mo bonds %°

18



150xi dants for Propane Oxidati v

Another approach that has been taken in order to enhance propene yields is the use of
alternative oxidants. Typically, PODH is carried out in the presence of ataaexygen

to retain the exothermicity of the reaction, however, its strong oxidising character
contributes to the deep oxidation of propene and the over oxidation of the alkane feed. To
overcome this barrier, the ;andMNGhasaftracied i n g
considerable interest in recent yeafs.

151 PODH® QG

Developing processes that utilise £&highly beneficial from an ecological perspective

as it would significantly reduce the large contribution to the greenhouse gas efféct that
currentlyholds " However,CO, molecules are thermodynamically stable and kinetically
inert, thereforei t 6 asusae fimi | do oxi dant diexhibith@sDH r e a
even higher edothermicity than thdirectPDH reaction @H°29sx = +164.0 kJ mot). 72

As a result, higkenergy reactants, effective catalyst systems andesesaction conditions

are required for PODH O, operations, resulting in a tradéf between the ecological

benefit of using of C@and the operation of the POBE, reaction at temperatures

exceeding 550 .30 73

PODH studies using £and CQ oxidantsover a series of VUSIO, catalystavere
conducted by Kangt al "* The PODH-CO; reaction performed over the moderately
loaded 7 wt % V@ SIO; catalyst demonstrated a propanenversion of 25 %. This was
lower in comparison to the PODH test utilising & the oxidant, which exhibited a
propane conversion of 27.3 %. An improvemerpriopene selectivity is observed
however, where initial propene selectivities of 45.1 % and 41.6 % were obtained in
PODH-CO; and PODHO: tests, respectively?

The mechanistic pathway for the PORIHD; reaction has not yet been thoroughly
elucidated, however, several studies conducted in recent years propose different reaction
pathways and side reactiguiepending on the conditions and type of catalyst U8dthe
reaction pathways that have been proposed include the conventional ODMaviars
Krevelenmechanismin addition toan alternativetwo-step reaction pathwaygvolving
aroundadirect PDH stepHEquation }, in conjunction with the reverse water gas tshif
(RWGS) reaction shown iBquation 373 Notably, both mechanisms are centred around

the same net agtion. In the twestep pathway, the production of hydrogen from the direct
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PDH reaction limits propane conversions, as the equilibrium shifts towards the reactants.
When coupling the PDH reaction with the RWGS reaction, the hydrogen produced can
react wih the CQ oxidant to produce CO and water, which ultimately shifts the PDH
reaction towards the product side, thus enhancing propene yields at lower reaction

temperatures.

Equation 3: Chemical equation of the RWGS reaction

CO: + H <«——> CO + HO (gH°298x = +41.0kJmol?)

Recent studies performed by Hessal focused on obtaining mechanistic information of
the PODHCO:, reaction over silica supported vanadia catalysts by utilishsgiu Raman
measurement$? A direct PDH step was performed on ¥8IO; catalysts without the CO
oxidant, whichresulted irnthe formation ofnsignificant amounts of CO. A notable amount
of CO was detected in the G@ssisted PODH reactidrowever, which indicated the
successful activation of the G@olecule. This observation was coupled with aifigant
decrease in hydrogen production, implying that the step dehydrogenation and RWGS
mechanism was in play during the reaction. The Raman spectra shows the predominance ¢
small vanadia oligomers during the reaction, where the vanadyl bondsexigaitially
reduced state. The study shows the ability toxidise the vanadyl bond with GQwhere

an increase in intensity for the vanadyl Raman shift is observed atiridiagion.

Therefore, the authors conclude that both the ODH, angtemdekidrogenation and

RWGS reaction pathway, are possible and may occur in paféllel.

1.5.2 P OD 20

The use of MO has been considered as an alternative oxidant for P@Bielh would also
be highly advantageous from an environmental standpoit.ifNa greenhouse gas with a
global warming potency over 300 times that of2Cerefore, the use of atspheric NO

as an oxidant in industrial processes is highly desirable. Similar to PODH reactions
utilising Oz as the oxidant, the use of®! is exothermic and does not suffer any

thermodynamic limitations5quation 4. ™

Equation 4: Chemical equation of PODHN20

CsHs + N2O ———» CsHe + HO + N (gqH 208« =-199.3 kJ mot)
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Studies which exploit the use ob® as a mild oxidant in PODH reactions are relatively
scarce and the reaction mechanism has not yet been thoroughly elucidated. It is
understood, however, that the desired route for propene production similarly occurs via a
Marsvan Krevelen pathwaif, which involves the chemisorptiai N-O (1) and the

removal of surface bound oxygen species by adsorbed propaasg2)wn below:
(1) N.O + * ——* N2 + O*
2 O* + GHg —> CsHe + HO + *

Earlier studies conducted by Kondratenko and Baerns emplayaddNO oxidants and

a series of VQAI.Os catalysts with varyinganadium loadingin PODH reactions’’ The
authors report a decrease in activity when utilising the mildér dkidant, whilst the
selectivity towards propene increased at similar propane conversions. Characterisation
results reveal a lower concentration Gf gpecies when performing POBRLO,

indicating that the catalyst material is in a more reduced state than when pssth®
oxidant. These findings correlate with the previous work performed by Baerns, which
revealed that the selectivity towards propene was dictated by the exteriaoésur
reduction, where an increase in reduction resulted in an increase in propene sel@ctivity.
This observation has been attributed to lower lattice oxygen concentrations when using
N20 versugD,, which occurs due to the slower decomposition £ l comparison to ©

As a result, active lattice oxygen species are more isolated on the catalyst surface, which

subsequently inhibits the ovekidation reaction to produce carbon oxides.

Further reearch into the role of peroxovanadate and vanadyl species in PODH reactions
when using MO as opposed toLDas been carried out using DFT methods. The authors
concluded that enhanced selectivity towards propene occurs bec&usaronly
successfully rexidise reduced ¥ sites, whilst molecular £holds the ability to

re-oxidise both reduced¥and V** sites. The rexidation of both sites forms a precursor
containing peroxovanadate species, which are more active for theagation of

propene, consequently decreasing propene yi€lds.
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16 Chemi cal LoopitPlOODHBODH ( CL

Various challengesxist when considering the implementation PODkat the industrial

scale These relate to thexothermicity of the reactiothe methods ofontrolling the
consecutive combustion reaction and the means-tdaxting molecular oxygenith

flammable propane gaS.As a result, recent oxidative dehydrogenation studies have
shifted towards using £free atmospheres and chemical looping PODH-FCDH)

systems, where the lattice oxygen sdésmetal oxide catalysts are used as the oxygen
source, ad a separate catalyst regeneration step is performed. For this to be achievable,
metal oxide catalysts that can provide lattice oxygen species at the temperatures necessan
for the PODH reaction arequired 3! 882 Chemicallooping oxidation technologies

typically canprise of duateactor systems, which exploit metallic oxygen carriers for the
transfer of lattice oxygen species for the partial or full oxidation of the reactant species (1),

before being regenerated back to their original state (2), as shown®etaw

(1) CHg + MOk — CzHe + MOw1 + HO

This model has been employed in PODH studies condugt&d Rostom and H. I. de Lasa
by utilising a CREC Riser Simulator and transition metal oxide catalysts in the hopes of
maximising propene selectiviti€d. The configuration of their dual bensicale reactor

was invented in 1992 by de Lasa and involves both a PODH downer andfiuidinéd

bed reactor?® & In their studies, ten consecutive propane injections were fed over
fluidizable VO/2Al.0z3 and VQ/ZrO2-0Al 203 catalysts, with varying vanadium loadings,
atb0 . Lattice oxygen sites acted as the o
between propane injections, however, an increase in cracking products and low propene
selectivities were observed after thé'Ijection due to a lack of surface oxygen species.
A catalyst reoxidation step was consequently employed at this point to regenerate the
catalyst and restore PODH activit) From this study, the authors proposed that varied
oxygen reactivities were in plajuring the consecutive prape injections. Specifically,

labile oxygen played a vital role in propane oxidation during the first injection, where
propene selectivity was extremely low ahé bulkof the propane combusted to carbon
oxides. During the second injection, inhibitionppbpene formation remained significant,
since a large fraction of propane converted to carbon oxides. Labile ocsggered to be
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consumedrom the third injection onwardsvherepropene selectivities gradually

increased, reachir@B % at 25 % propane comgen for the 7.5 wt.% @,/Zr0,-0Al 203
catalyst. This is a substantial enhancement in comparison to the propene selectivities
obtained during the first and second injection, which implies to some extent that a degree
of surface reduction is required to nraise propene selectivity°

Alternatively, CL-PODH studies using mixed M@-O oxides have been performed in a

fixed bed reactor, which utilise various propane dehydrogenatitalyst regeneration

cycles 8 This alternative chemical looping approach yielded propane conversions of 36 %
and propene selectivities of 89 %, which remained stable over h8éadive propane
dehydrogenatiomtatalyst regeneration cycles performed at 500 °C. The stability of the
catalyst throughout the cycles showcases the ability to successfully regenerate vanadia
based catalyst systems in ®IODH reactivity tests. These retsuhighlight the possibility

of eradicating cded molecular oxygen in PODH studies, which ultimately eliminates the
extensive safety precautions that are required to keep propane and oxygen feeds under

explosive limits, and prevent reaction raways 8¢
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2 Project Al ms

The mainobjectives throughoutthe scope ofhisresearh are as follows:

1. The preparation a¥-Al203 supported/Ox, MoOx and VQ-MoOx catalysts

1 VO« -Al203and MoQ/ -Al20s catalystawill be prepared vidhe incipient
wetnessmpregnation technigueith varying vanadium loadings 5.0, 7.5 and
10.0 wt% and a fixed molybdenum loading of 9.4 wt.%

1 VOx-MoOy/ -Al203 catalystswill be prepared via the emnpregnation
technique, where theanadium loading was fixed to 10.0 wt&bd
molybdenum loadings vied from 3.2, 4.7 and 9.4 wt.% as a function of varied

V:Mo molar ratio of 6:1, 4:1 and 2:tespectively.

2. To investigatehe chemical and structunatopertiesof the freshly prepared catalgst
various techniques were employed which inclMle AES, ICP-OES,BET, H-TPR,

O2 chemisorption, Raman spectroscopy and XRD

3. The development aEL-PODH redox cyclingests which will be performed over the
prepared catalysts probetheefficacy for propene productian addition tocatalyst
regenerabilityand stability whenusing Q as an oxidantAs a resulf the effect of
varying vanadium loadingndincorporation of the molydenum promotor at various

V:Mo ratioson CL-PODH reactions will be analysed.

4. The nost promising catalyst will bstudiedfurtherin CL-PODH redox cycling tests
usingsofterN2O and CQto establistthe catalystregenerability and stability

comparison to tests using @s the oxidant.

5. A series ofpropanepulsing tests will be employed pyovide further insight intthe

reaction chemistryakingat key points within the GIPODH redox cycling tests.

6. Postreaction characterisatiaf cataystsremovedat various stages of the €(RODH
redox cyclewill be conductedo investigate any chemical and structutsmges

brought abouby reaction tests.
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S Experi ment al

31Catalyst Synthesis
311 Materi al s

Detailed inTable2 andTable3 are the materials used for the synthesis of catalysts studied
throughout this work. Several alumisapported vanadium oxide, molybdenum oxide and
mixed vanadiurmolybdenum oxide catalysts were prepared and are denoted as VAI,

MoAl and VMoAI respectively.

Table 2: Precursors used in the synthesis of VAI, MoAl and VMOoAI catalysts

Material Phase Purity Manufacturer
NH4VO3 Solid 99.0% Alfa Aesar
(NH4)sM07024.4H0 Solid 99.0% Alfa Aesar
C2H204:2H0 Solid 99.5% FischerScientific

Table 3: Support used in the synthesis of VAI, MoAl and VMoAI catalysts

Surface Pore Avg. Pore
Material Size  Shape Area Volume Diameter  Manufacturer
(mm) (m>g") (cm*g?) (nm)

2-Al203 3.2  Sphere 270 0.77 8.1 SaintGobain
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312 Preparation of VAI Catalysts

VAI catalysts with varying vanadium loadings (5.0, 7.5 and 10.0 V wt.%) were prepared
via incipient wetness impregnation shown belowigure 7w h e r e-AltObsappat

was impregnated witkolutions of NHVOz3 in volumes correspondirtg the pore volume

of the support. Due to the poor solubility of NHDs, aqueous solutions were achieved by
adding the precursor to solutions of oxalic asigth that the stoichiometric molar ratio

was NHVOz:oxalic acid = 0.5. The solutions were stirred and heated to 343 K, which
resulted in a colour change from orange to brilliant blue, suggesting a change in vanadium
oxidation state. The reaction is shoimrEquation 5 where the oxalic acid acts as a

reducing agent to form the readily soluble ammonium oxalate vanadate complex with

vanadium in the +4 oxidation stafé.

Equation 5: Chemical equation for the reaction between oxalic acid and the NNOz precursor

2NHsVO3 + 4HC0s  =——=  (NH3)2[V202(C:04)3] + HO + CQ

Once CQevolution had ceased, pcea | c ul at e d-Alfssoppont tvese added t@
the solutions under continuous stirring. The resulting solids were dried overnight at 353 K
before calcining for 12 h at 823 K at a ramp rate of 10 K m@atalyst spheres wethen

crushed and sieved to a particle size of-238 pum.

H0 C2H204.2H20
NH4VOs (Incipient vol.) l

N/

Al203Pellets
l fresh xVAI catalyst

Drying, 12 h, 353K

Calcination, 12 h, 823K
x=5,7.5and 10 wt.%

Figure 7: Incipient wetness impregnation technique of fresh VAI catalysts
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313 Preparation of VMoAlI Catalysts

The ceimpregnation technique was used for pineparation of VMoAI catalysts, where

t h &\l.Qy support was impregnated simultaneously with solutions of botV®kland
(NH4)sM07024.4H,0 precursors. The vanadium metal loading in VMoAI catalysts was
fixed to 10.0 wt.%, and molybdenum metal loadingsecafrom 3.2, 4.7 and 9.4 wt.% as a
function of varied V:Mo molar ratios of 6:1, 4:1 and 2:1, respectively. Aqueous solutions
of both precursors were prepared as those described above in SecRowith the

addition of (NH)sM07024.4H,0 to the vanadium solution occurring onceX&®olution

had ceased. Due to the poor solubility of both precursors, additional volumes of deionised
waterwere required for complete dissolution, resulting in solutions that no longer
corresponded to the pore volume of the support. The solutions were added slowly to
precal cul at ed &A@ suppbrsunderfcontinboas stirring in a beaker. The
mixture was stirred at 343 K for 30 mins to slowly evaporate excess water off and reduce
the solution down until the incipient wetness point had been reached. The resulting solids

were dried, calcined and crushed as described above in S&dtign

314 Preparation of MoAl Catal ysts

A 9.4 wt.% MoAI catalyst was prepared via the incipient wetness impregnation technique,
where the aqueous solution of the molybdenum psecwas prepared by dissolving a
pre-calculated amount of (NJEM07024.4H0 in deionised water. The solution was stirred
and heated to 343 K to accelerat-Al06 he di :
support under continuous stirring in a bealére resulting solid was dried, calcined and

crushed as described above in Sec8dn2

A summary of VAI, MoAl and VMoAI catalysts is presentedliable 4 which details the
desired vanadium and molybdenum wt.% and the corresponding V:Mo molar ratios where
applicable. The actual quantities of NHDs, (NH1)sM07024.4H:0, oxalic acid, support

and deionised water that were utilised for each catalyst preparegisaramarised in

Table 5
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Table 4: Summary of prepared VAI, MoAl and VMoAI catalysts

Catalyst Desired Wt.% of Desired wt.% of Mola.r Ratio
Vanadium Molybdenum (V:Mo)
5VAI 5.0 - -
7.5VAI 7.5 - -
10VAI 10.0 - -
10V3.2MoAl 10.0 3.1 6:1
10V4.7MoAl 10.0 4.7 4:1
10V9.4MoAl 10.0 9.4 2:1
9.4MoAl - 9.4 -

Table 5: Summary of support, precursor, oxalic acid and deionised water quantities utilised in the
preparation of VAI, VMoAl and MoAl catalysts (on the 5 g scale)

Mass of Mass of Mass of Mass of  Volume

Catalyst Al203 NH4VOs3 (NH4)éM07024.4H20 Oxalic Acid  of H20
(9) (9) (@) (9 (mL)
5VAI 4.75 0.576 - 1.239 3.6
7.5VAI 4.63 0.861 - 1.856 3.5
10VAI 4.52 1.149 - 2.475 3.4
10V32MoAl 4.47 1.148 0.289 2.535 6.0
10Vv4.7MoAl 4.27 1.151 0.435 3.095 6.5
10V9.4MoAl 4.03 1.150 0.871 3.717 7.5

9.4MoAl 4.529 - 0.868 - 3.5




32Catalyst Characterisation

321 Br un akunemmeTdal | er Surface Area Det e

The BrunaueEmmettTellet (BET) method is frequently used to determine the specific
surface area, pore volume and average pore diameter ebtatkdmaterials by studying
the physisorption interaction between nitrogen adsorbate gas molecules aniithe sol

surface.

The BET adsorption isotherm equation is shown belo&guation 6

Equation 6: The BET Equation,

I3

p
wo

Cq cn

The parameters are detailed below:

1 Pis the equilibrium pressure of the adsorbate gas,

1 Pois the saturated vapor pressure of the adsorbate gas,

1 Vis the volume of adsorbate gas at equilibrium pressure P,

1 Vmis the volume of adsorbate gas required for a complete monolayer coverage,

M Cisthe BET constant.

Plotting against— yields a straight line where the gradient of the slope equals

— and the intercept equals—. Therebygradient and intercept values can be used to

determine the monolayer gas quantity,ahd the BETonstant, C. These parameters can
be used to calculate the total surface area and the specific surfacesat@alsing

Equations 7 and.8
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Equation 7: Total Surface Area Equation

. w0 o
Y :
(0V)
Equation 8: Specific Surface Area Equation
. Y
Y ;
a

The parameters are detailed below:

1 Vmis the volume of adsorbagas required for a complete monolayer coverage,

T Nis Avogadrods constant,

1 Acsis the crossectional area of the adsorbate gas molecule,

1 VWois the molar volume of adsorbate gas

1 mis the mass of the sample.

A number of assumptions are used wHenving the BET Equation: (1) gaseous

molecules behave ideally, (2) multiple adsorbate molecules can be adsorbed on each site,
(3) all surface sites are equivalent, (4) each adsorbed molecule provides an available site
for an adsorbate molecule in thedaybove it, (5) there is no adsorbatisorbate

interaction, and (6) adsorbate molecules in the second and subsequent layers are assumec

to be in a liquidike state.

BET measurements were performed on fresh and spent VAI, MoAl and VMOoAI catalysts
using aQuadrasorb Evo Gas Sorption Surface Area and Pore Size Analyser at 77 K where
nitrogen was the adsorbent gas and helium was the calibrant gas. Prior to analysis,
approximately 0.1 g of each sample was dried and degassed for 16 h at 383 K under a

constanflow of nitrogen.
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322Laser Raman Spectroscopy

Laser Raman Spectroscopy (LRS) is a technique, which focuses on the interaction betweet
a monochromatic laser source and the vibrations within a molecule. Raman scattering (or
inelastic scattering) occurs whdre laser photons interact inelastically with the target
sample by exciting an incident photon fr
stateo. This excitation is merely transi
level in theform of an inelastically scattered photon which possesses a different frequency
with respect to the incident photdFhe extent to which the frequencies of the photons are
shifted is indicative of the vibrational modes of the moleckigure §. When the

frequency of the scattered photon is greater than that of the incident photetp&at

scattering occurs and when the frequency of the scattered photon is less than that of the
incident photon, Stokes scattering occurs. Rayleigh scattering (or slztiering) can

also occur, where the scattered photon returns to the original ground vibrational level with

a frequency corresponding to the incident photon.

Virtual States

A
>
%ﬂ hv, — ad A NN o hvg shvg, by~ e \ 7%\
=
=
Vibrational States
: Ground State

Rayleigh Stokes Anti-Stokes

Scattering Scattering Scattering

(elastic) \ )

Raman Scattering
(inelastic)

Figure 8: Energy transition diagram for Rayleigh and Ramanscattering

There must be a change in polarizability in order for a vibrational mode within a molecule
to be Raman active. In Raman spectroscopy, this change in polarizability occurs when the
external field of the laser beam distorts the electron cloudwuding the molecule. This
polarizability induces a dipole moment where oscillating dipoles produce the

electromagnetic radiation required for photon scattering. Raman spectroscopy has providec
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valuable insight into supported metal oxide catalysts, imetuchformation regarding
monolayer coverage and the structure of the active complex for reactions catalysed by

metal oxide specie&®

LaserRaman Spectroscopy was utilised to probe the vanadium and molybdenum oxide
species within the various fresh and spent VAI, MoAl and VMoAI catalysts. Spectra were
collected in the spectral range D800 cm*at ambient temperatures by using a Horiba
LabRAM HR Spectrometer equipped with a 532 nm green visible laser. The parameters
used varied depending on whether the sample was a fresh or spent catalyataifiteters

are detailed imable 6

Table 6: Parameters used in LRSmeasurements

Laser Filter Hole Size Grating Exposure Accumulation

Sample (nm) (%) (um) (I/mm)  Time (s) Number

Fresh
VAI, MoAl, 532 100 200 600 10 5
VMoAI

Spent
VAI, MoAl, 532 25 200 600 10 10
VMoAI
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323 X-Ray Diffraction

X-Ray Diffraction (XRD)offers the ability to probe the internal structure of catalyst
material by irradiating a powdered sample withiR&ys that have wavelengths in the
Angstrom range. The generation ofR&ays occurs by heating a tungsten filament to
produce electrons. A voltagethen applied to accelerate these electrons and give them
sufficient energy to remove the core, inner shell electrons of the target material upon
bombardment. Filtering by monochrometers is required to produce monochronrmatis X
which are then collimad and directed towards the sample. When conditions satisfy

B r a g g OEgluatiomQ)corfstructive interference results from the interaction between
the sample and the incident rays resulting in diffracted rays. These are detected and
counted by scanninipe sample through a range of angles where all diffraction directions
within the lattice are attained. The diffraction peaks can then be convertegpacidgs,
allowing us to identify the compound since each compound has a sspatithgs unique

to tha compound.
Equation 9: Braggs Equation
€ _ ¢Qi Q¢ —

The parameters are detailed below:

1 nis aninteger,

1 _is the wavelength of the generatedays,

1 dis the interplanar distance between atomic layers

1 —is the scattering angle which corresponds to the angle of incidence.
X-Ray diffraction patterns of both fresh and spent VAI, MoAl and VMoAI catalysts were
obtai ned by us-iRaydiffracometed Which is eqiippexl with a Cw K

radiation source, (wavelength = 0.15406 nm, 40 kV, 40 mA). Each pattern was produced

using a scan rate of 80 seconds perstepin-:&¢3) 2d scal e with a s

33



324 Thermogravimetric Anal ysi s

Thermograunetric analysis (TGA) provides the ability to measure the physical change in
sample mass as a function of temperature and time. The instrumentation typically
comprises of a precision balance housed within a furnace, whereby a sample pan is placed
inside a exposed to various temperature conditions and gaseous atmospheres. Two
commonly used types of analysis, which branch from TGA, are temperature programmed
reduction (TPR) and temperature programmed oxidation (TPO) where the catalyst is

exposed to reducingnd oxidising atmospheres, respectively.

Throughout this work specifically, TPR has played an integral role in the characterisation
of our metal oxide catalysts, providing information regarding the nature of the reducible
sites within the catalyst samm@ead at which temperature the reduction occurs. TPO

analysis has also been particularly useful in investigating the extent of catalyst
deactivation, where the carbon deposited on spent catalysts combusts due to the oxidising
atmosphere and increasing temgtare. The change in sample mass results directly from

the loss of carbon deposited on the sample, thus allowing us to quantitively determine the

extent of carbon deposition.

TGA analysis was carried out on fresh and spent VAI, MoAl and VMOoAI catalystg us

the TA Instruments TGA/DSC SDT Q600 thermal analyser which is coupled to an online
ESS Evolution mass spectrometer. Approximately 15 mg of sample was heated to 1073 K
at a ramp rate of 10 K mirunder a continuous 100 mL mirflow of either 5% H in

nitrogen or 2% ®@in argon for TPR or TPO analysis, respectively. Evolved gas analysis
was monitored by the mass spectrometer which recorded the following mass fragments:
44 (CQ), 32 (Q), 28 (CO and Cg), 18 (HO), 2 (Hb).
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325Mi crowave Pl asmaidnoBipecEmoscopy

Atomic Emission Spectroscopy (AES) is commonly used to quantify the elements present
in a sample by measuring the wavelength and the intensity of the emitted photons produce:
by excited atoms as they fall from higher energy levels dovower energy states.

Microwave Plasmaitomic Emission Spectroscopy (MRES) uses microwave induced

plasma as the excitation source in this described atomic emission phenomena. The plasma
is obtained using a high frequency generator to produce microwalieh are directed

towards a torch situated in the centre of a cavity. The electromagnetic microwaves are ther
coupled with a stream of carrier gas, before igniting to form a high energy plasma. Liquid
samples are injected into a nebuliser to createesrsal spray, which is then introduced to

the core of the plasma. The high energy microwave plasma is adequate for sample
atomisation and excitation, which produces high intensity emission lines characteristic of
specific elements, that can be measuredcangpared with standard solutions to allow for

the quantitative analysis of samples.

The vanadium wt.% loading present in fresh VAI and VMoAI catalysts were determined
by MP-AES at the Catalysis Hub Research Complex in Harwell, performed by June
Callison.Solid catalyst samples were digested using the Anton Paar multiway 3000 and
analysed using an Agilent 4100 Microwave Plaghi@mic Emission Spectrometer.
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326l nductively Coupled Pl asma Optic

ICP-OES is an important analytical tooliparily used to detect and quantify elements

present in a sample. Similar to the MIES technique, ICRDES fundamentally relies on
plasma as the ionisation source, where the excited atoms emit light at specific wavelengths
upon transitioning to a lower wiational level. Analyte determination begins by pumping

the aqueous sample into a nebulizer to produce an aerosol. The aerosol is then directed to
the core of a high energy argon plasma, reaching up to 10,000 K, where complete sample
atomisation occurs witminimal chemical interference. Like MAES, the emission

spectrum is then measured and compared with standard solutions to quantitively determine

the elements concentration.

The molybdenum wt.% loading present in fresh MoAl and VMoAI catalysts were

detamined by ICPOES, performed by Christopher Kelly. Solid catalyst samples were
prepared via a standard acid digestion, where the sample was digested in ~5 mL quantities
of aqua regia at 393 K f@pproximately\30 min. The resulting solutions were cooled,
filtered,and diluted accordingly for their analysis using Agglent 5900 ICPOES

instrument.
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327 X-Ray Photoel ectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is based upon the photoelectric effect shown in
Figure 9 In XPS, the XRayexcitation source has sufficient energy to excite and eject core
photoelectrons with a quantitative kinetic energy)(Elating to the energy of incident

radi at). Thia relgtibnship is shown EBquation 10where Ek is the binding energy
oftheplot oel ectron and 0 is the work functio

ionisation threshold.

Equation 10: Kinetic Energy Equation for Ejected Photoelectrons

O » O
Ejected Photoelectron
V. level ¢
acuum level
A / E
o k
E(ermi level v A
Eg
2p L 2 L & 4 0
2s @ L
X-Ray (photon)
hv,
1s O o v

Figure 9: The photoelectric effect in XPS

Once ejected, a detector collects the emitted photoelectrons. Since each set of binding
energies for a given photoelectron are element specific, the measurement of oxidation
state, electronic ediguration, and elemental composition is possible by analysing the
resulting kinetic energies of the emitted photoelectrons. XPS must also be performed undel
ultra-high vacuum (UHV) conditions since the detector is situated approximately one

metre away m the target material. XPS is classified as a surface sensitive technique and
cannot be used to probe the bulk structure of materials since the photoelectrons emitted
below the surface have a greater path length and cannot be ejected from the sample

towards the vacuum level.
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X-ray photoelectron spectroscopy (XPS) was performed on various 10VAI catalyst
samples in order to probe the oxidation state and elemental composition of the vanadia
species at various stages within our propane redox cycles. The sampéeanalysed on a
Thermo Fisher Scientific alphd spectrometer. The spectrometer houses a Aveesed
monochromatic AlXr ay source (72miWr airs i snmo tt ch emdidie,(
provides an analysis defining ellipticalrdy spot of ca. 400 x 600 microns. Data was
recorded at pass energies of 150feMsurvey scans and 40 eV for high resolution scan

with 1 eV and 0.1 eV step sizes respectively. Charge neutralisation of the sample was
achieved using a combination of both low energy electrons and argon ions.

XPS data collection was performed at theSRE National Facility for XPS

(6Har wel |l XPS6), operated by Cardiff Uni v
Data analysis was performed by David Morgan using CasaXPS v2.3.24 after calibrating
the data to the lowest C(1s) component taken to haveia saR84.8 e\?? Quantification
wasmade using a Shirley type background and Scofield cross sections, with an electron

energy dependence f.6.
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33Experi ment al Procedures for

331 CATLAB Mi croreactor

Oxygen chemisorption measurements and catalyst reactivity tests were peifotheed
combined CATLAB microreactor and mass spectrometer system developed by Hiden
Analytical (Figure 10. °° The Hiden CATLAB unit is a modular, bentbp system which

is made p of three major components:

1. Gas feeding system comprising of four

switches, allowing for continuous f|

deliver flow rates from 200 mL min' where the minimum gauge psese is

3 bar. Port connections to the MFCO6s

throughout this study were connected via Swagelok tubing.

2. Microreactor unit comprising of a powerful, low thermal mass furnace with the

capability to reach 1273 K atheating ramp rate range up to 20 K rhikloused

within the furnace is the quartz microreactor tube which has an inner diameter of

7 mm, a length of 185 mm and a 1 mm bored hole at the base to allow the

movement of gas from the inlet to the outleteTuartz sample tube was packed

with quartz wool at the base of the tube prior to loading the catalyst sample, where

a n -bie d-adypekhermocouple was inserted through the tube and onto the

catalyst bed, allowing for the direct measurement of the saepigerature = 1 .

3. Hidends QGA mass spectrometer system

sampling capillary which draws in pesaction gas from the reactor outlet at fast
response times below 500 ms. The sampling capillary directs thegaasion ga
towards the Hiden HAL 201 RC MS for analysis by a dual Faraday/Scanning
Electron Multiplier (SEM) detector with a mass range of 200 amu.
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Figure10. Schematic diagram of Hidenbés CATLAB cof9i ned mi

40



3.320xyg&hne mi sor pti on

Chemisorption is a widely used technique in the field of catalysis and provides the means
of quantitatively determining the number of active sites available on the catalyst surface.
Whilst the technique is relatively simple, difficulties @arse when analysing metal oxide
catalysts, as bulk reduction may occur if the reduction step is not properly controlled. The
oxygen adsorption step must also be carried out at sufficient temperatures to ensure that tr
metal oxide surface has been emyire-oxidised back to its original state. Oxygen
chemisorption measurements were carried out on fresh VAI, MoAl and VMoAI catalysts
by wutilising the dynamic pulsing mode 1in
enables a fixed quantity of gas, in these oxygen, to pulse through the microreactor
system at a chosen dosing and loading interval of 45 s. Oxygen was directed through the
pulse line towards the gas switching valve which incorporates a 100 uL sample loop. The
activation of the pulse mode allswthe sample loop to be filled before it is pushed out of

the loop towards the reactor tube by a flow of inert carrier gas.

Prior to the oxygen adsorption step, approximately 30 mg of catalyst powder was loaded
into the quartz sample tube and reduceddorainuous flow of hydrogen (5 mL mihand
argon (45 mL mirt) for 2 h at 643 K before subsequently flushing for 1 h with a pure

argon flow. Oxygen uptake measurements were performed at 643 K and monitored using
Hi dends QGA MS, f o lrdgroentiwithgh&SEN deteatof at 70 8\2and o n
400 uA. Once the uptake plateaued and three successive peaks with a similar area were

detected, the measurement was deemed complete, and the pulses were stopped.
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3.33Chemi cal Looping PODH Reaction T

Chemical boping propane oxidative dehydrogenation {€QDH) redox cycles,
ed ng t|
CATLAB system. The microreactor was charged with 0.4 mL of VAI, MoAl or VMoAI

and several propane demgdenatiorregeneration redox cycles were carried out at 773 K

summarised ifrigure 11 wer e car r i out utilisi

at atmospheric pressure, switching between propane and oxygen flows during the tests.

Propane
Dehydrogenation
Inert CL-PODH Inert
Purge redox cycle Purge
Regeneration
Propane R i
Inert Purge Dehydrogenation Inert Purge egeneration
10 mins 30 mins 10 mins 10 mins
713K 7713 K 713K 713K

20 mLmin! total flow
GHSV =3000 h!

Argon

20 mLmin! total flow
GHSV = 3000 h!
C;Hg : Argon

1 : 4

20 mLmin™ total flow
GHSV =3000h!

Argon

20 mLmin™! total flow
GHSV =3000 h!
20% O,/Ar
or N,O or CO,

Figure 11: CL-PODH redox cycles
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A typical redox cycle is shown iRigurell and is described as follows: a catalyst sample
was loaded into the microreactor and heated to 773 K under a constant argon flow of 20
mL min. Once at 773 KYAI, MoAl and VMoAI catalysts were reduced for 8n using
mixed propane (4 mL mif) and argon (16 mL mit) feeds, at a GHSV of 3000*h

Catalyst reoxidation was carried out for 10 min usiagiixed oxygen (4 mL mi¥) in

argon (16 mL mirt) feedwhere an inert purge of argon (20 mL mjiiwas emplogd for

10 mins betweethereduction and reoxidation stép prevent the mixingf propane and
oxygenfeeds A total of ten redox cycles were carried out over adayp period for each
catalyst, where the catalyst was held under argon (20 mi)rairernicht after the fifth
cycle before resuming the sixth cycle the following day. The effect of using alternative
softeroxidants,N2O and CQ, was alscstudied inthe catalyst rexidation step.

Propane pulsing tests were performed to investigate key reaetivigs within the

performed CLPODH redox cycles. These were achieved by utilising the dynamic pulsing
mode, as described above in SecBd®2 wherepropane pulses were directeder the
catalyst bed adpecifictimes in a continuous flow experiment before resuming a

continuous flow of propane or regeneration stejpere required.
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34Data Analysi s

341Mass Spectrometry

Massspectrometry (MS) has played avptal role in the field of catalysis with capabilities

spanning from various characterisation to kinetic analysis in reaction studies. Principally,

MS centres around the ability to ionise species into a range of ion fragments which are ther

separated depeding on their mas®-charge ratio (m/z).

The technique provides the ability to continually monitor evolved species itimeabver

a high dynamic range, making it an excellent analytical tool, both quantitatively and

qualitatively, for a wide varietgf temperature dependent, oxidation and reduction

reactions.

A mass spectrometer typically encompasses three main components:

1.

lon Source: this is where the sample is ionised to produce and accelerate ion fragments
towards the mass analyser. Various ioiisamethods exist but it is the electron

ionisation technique which is used throughout this study. Electron ionisation occurs via
the collision of gaseous analyte molecules with high energy electrons (typically 70 eV),
which are produced from a heate@iilent. These high energy electrons are sufficient

in overcoming the ionisation potentials of most compounds, allowing fragmentation to

molecular ions at relatively high ion currents.

Mass analyser: this is where the ion fragments are separated basad movzthatio.

When the ions are accelerated towards the mass analyser, a magnetic field is applied
which produces a force and ultimately changes the ions trajectory. The extent of
deflection is dependent on an hedbybs m/ z

Newtons second lavEQuation 1).

Equation 11: Newton's Second Law

0O aw

Whereby, F is the applied force, m is the ions mass, and aasderation ofions
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A wide array of mass analysers are available for MS and the appropriate one depends
on several parameters, including the mass of the sample molecule and the required m/
range that is desired. Hidends QGA mas s
analysershown below irFigure 12 A quadrupole mass analyser is made up of four
parallel and cylindrical rods, where only selected resonant ions with specific m/z
values are directed towards the detector by applying a specific voltage setting across
each rod pairUnselected, neresonant ions have unstable trajectories at these

voltages and will be neutralised by the rods and removed via the vacuum system.

Ions directed
towards the detector

v

Quadrupoles Resonant ions

Non-resonant
ions

Ions accelerated from
the ion source

Source slit

Figure 12 Schematic diagram of a quadrupole mass analyser

3. Detector: this is where resonant ion fragments with different m/z ratios are detected
and counted, resulting in a measurabl e
comprises aual Faraday cup and Scanning Electron Multiplier (SEM) detector
system, whih are both commonly used in MS and operate as folllowes Faraday cup
detector, resonant ion fragments strike the inner walls of the conductive cup to produce
secondary electrons. These secondary electrons are captured by the cup and the
electron currenthat is produced is then amplified and measured. In a SEM detector,
ion fragments collide with a surface that is specifically engineered with emissive
material in order to yield a cascade of secondary electrons from only one incident ion.
Higher voltageg~ 1 kV) are required to promote the measurable ion current, allowing
for lower detection limits than those achieved with the Faraday cup detector.
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342Mass Spectrometry Cali brations

The product compositions from all @ODH redox cycles and propane pulsiests were
analyseduisingHi dends QGA MS.

In order to quantitively determine the compounds present duriRB@RH redox cycles,
MS calibrationsvere performed by feeding various flows of propane, propene and carbon
dioxide, each made up to 20 mL miwith argon, in an empty reactor. The set flow rates

were converted to number of moles using the ideal gasHguation 12.

Equation 12 Ideal Gas Law
0w &Y"Y
The parameters are detailed below:
1 Pisthe pressure,
1 Vis thevolumetric flow rate,
1 nisthe number of moles
1 Ris the gas constant

1 Tis the temperature

Resulting ion currents of specifically selected fragments from each gas were averaged and
plotted against the number of moles, giving a calibration factor usketéamine the

number of propane, propene, and carbon dioxide moles during the reaction.
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Calibration graphs for propane, propene and carbon dioxide flows are detailed in

Figures 1315, respectively.
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Mass Spec Response
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Figure 15: MS Calibration Graph for Carbon Dioxide
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The mass spectrdhta from CLPODH redox cycles are complex since the compounds of
interest have fragmentation patterns of ions with common m/z ratios. As such, it is
important to choose specific m/z ratios to identify each product and then subtract any

contribution that ther products may have towards the signal of the common m/z ratio.

Table7 details the fragmentation pattern of each compound and the m/z ratio chosen to
identify them. These m/z ratios were chosen since they have the largest relative intensities
for thatcompound in their typical mass spectra obtained from the NIST chemical

webbook 1

Table 7: Mass fragments and the chosen identifier for each compound

lon Fragments, Chosen

Compound m/z Identifier

45, 44,43, 42, 41, 40, 39, 38, 3
Propane 36,29, 28, 27, 26, 25, 24, 21, 2C
19, 16, 15, 14, 13, 12

29

44, 43, 4241, 40, 39, 38, 37, 36,
Propene 28, 27, 26, 25, 24, 21, 20, 19, 1i 41
15,14,13,12,2,1

Carbon

A 46, 4544, 29, 28, 22, 16, 12 44
Dioxide

These identifiers allow us to quantify the amount of propane, propene and carbon dioxide
present throughout our GRODH redox cycles. For example, the mass fragment chosen as
the identifier for propene 1%/z 41, however, this signal will also have a contribution from
propane. Since the chosen identifier for propane, m/z 29, is exclusive, the ratio of signal
intensities between m/z 29 and 41 can be calculated for each propane sample taken from
the calibratns. In our propane calibrations, the signal of the m/z 41 fragment is
approximately 13.4%6 of the signal belonging to m/z 29. This allows us to estimate the
amount of propenproduced during the reaction by calculating 1%.4f the signal of the

m/z 29 fragment and subtracting this value from the overall signal produced by the m/z 41

fragment.
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In order to quantitively determine the compounds present during propane pulsing tests, MS
calibrations were performed by pulsingdiconsecutive propane, propene and carbon

dioxide pulses through an empty reactor and recording the MS signal from the chosen
identifier ion fragments, m/z 28, 29, 41 and 44. The maximum peak height of chosen m/z

fragments which resulted from each pulsrevdetermined and subsequently averaged.

The pulsing loop volume was converted to number of moles using the ideal gas law shown
previously inEquation 12 The average peak heights for each chosen m/z fragment were
then related to the calculated numbemafies present in the sample loop to obtain a one
point conversion factor. This conversion factor was then used to determine the number of
reactant or product moles from the maximum peak height of m/z fragments, with
contributions from other compounds sdlated, as described above, for analysis of

products during our GIPODH redox cycles.

Calibration graphs for propane, propene and carbon dioxide pulses are detailed in

Figures 16, 17, and 1Bspectively.
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Figure 16: MS Calibration Graph for Propane Pulses
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Figure 17: MS Calibration Graph for Propene Pulses
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Figure 18 MS Calibration Graph for CO 2 Pulses
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343Pr oduct Qanlacluylsaitsi ons

The performance of catalysts during-€IODH tests were investigated based upon the
conversion of propane, the selectivity to propene angdD@ the resulting yield of
propene and C&products. Propane conversion and propeneke@ctivity anl yield

were calculated as follows,

Equation 13: Calculation of propane conversion

T mx ey (0.Q 670
DunenmsQqulue%,,o pmimb

Equation 14: Calculation of propene and CQ selectivity

W, £

=} "Y'Qd'Q&b"Qe—Qe—(B—‘ ey — b
o 0 00 P

Equation 15: Calculation of propene yield

. g
POl ¢0QNQGR— prnp

Equation 16: Calculation of CO2yield

¢
Déﬂd)'Q'Qd—Q—é’ pmiTmb

Where,n is the number of moles of the product arid the number of carbon atoms

present in the product.
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4 Vanadi um Ox1 de

41 Pr-ReactChanacterisati on

This section details the characterisation results of fresh VAI catalysts, carried out prior to
CL-PODH redox cycling and pulsing tests. The techniques employed includ&B8P
BET, H-TPR, Q chemisorption, Raman spectroscopy and XRD.

411 MP-AES

MP-AES was performed to determine the vanadium content in fresh VAI catalyst samples.
The results detailing the vanadium loadings that were achieved via the incipient wetness

impregnation technique aremamarised infable 8

Table 8: MP-AES results for fresh VAI catalysts

Sample Weight (mg) V ppm V wt.%
103.4 49.6 4.8
Fresh 5VAI
100.0 50.6 51
100.9 73.0 7.2
Fresh 7.5VAI
97.9 71.3 7.3
96.0 93.7 9.8
Fresh 10VAI
103.4 49.6 9.6

An average V wt.% of 4.9, 7.3 and 9.7 was achieved for 5, 7.5 and 10VAI catalysts,
respectively, indicating that the incipient wetness impregnations had been performed

successfully for the fresh VAI catalyst series.
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412BET Sur f DeeeAmeaati on

BET adsorptiordesorption isotherms for tleAl 20z supportand fresh/Al catalysts are
shown inFigure 19 According to IUPAC classifications, the isotherms obey the Type IV

model which features a characteristic-Rype hysteresis loo?
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Figure 19: N2 adsorption-desorption isotherms for fresh VAI catalysts

Table9 details the surface area, pore volume and averagedpora met e-AlGa f t he
support andreshVAI catalysts. The surface area®Al.Ozwas 258 Mg, which

decreased with increasing vanadium loading and calcination at 823 K for 12 h. When
going from 5 to 7.5 V wt.%, the average pore diameter was unaffected with only a modest
reduction in surface area and pore volume. Upon loading&igO3 support vith 10 wt.%
vanadium however, the change in the surface area, pore volume and average pore diamete

was more significant.

54



This observation can be explained when considering the surface density of vanadium on
the alumina support. The surface density iswdated from the vanadium content and the
BET surface area of each corresponding catalyguidtion 1§ and is expressed as the
number of vanadium atoms per fiai the catalyst sample. Surface densities are
particularly useful in providing information regting the extent of dispersion of the metal

atoms by the support and the structure ok gfecies that is present on the surface.

Table 9: Surface area, pore volume and average pore diameter of tlreAl203 support and fresh VAI
catalysts

Sample SE,ET_1 V%ore_l Avg. pore diameter  Surface D_(zansity
(m°g")  (cm*g?) (A) (Vnm=)
2-Al203 258 0.93 54 -
Fresh 5VAI 175 0.64 48 3.3
Fresh 7.5VAI 171 0.62 48 5.0
Fresh 10VAI 145 0.55 43 7.9

Equation 17: Vanadium Surface Density Calculation

QoE
HOE GQWNO G UODOI Qo LT
U Y p T

Whereby,
T Nai s Avogadr oad®Pmahmstant (6.0
f My is the molar weight of vanadium (50.94 g Mol

T Seer (M?g?) is the specific surface area of the catalysts
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413 H>TPR

H>-TPR measurements were performed in otdgrobe thenature of reducible sites as the
vanadium loading increased in fresh VAI catalysts. The resultsrgRHR profiles and

corresponding peak maxima are presentdeélgnre 20andTable 10 revealing two
distinct reduction events above 500 K.

0.06

815K

0.054

0.044 Fresh 10VAI

y 836 K
0.034

Fresh 7.5VAI

Derivative Weight (%/K)

0.02+

0.014 626 K 827K

Fresh 5VAI

0.00 4T
500 550 600 650 700 750 800 850 900 950 1000 1050

Temperature (K)

Figure 20: H2-TPR profile of fresh VAI catalysts

56



Table 10: H2-TPR data summarising Tmax Of reduction peaks in fresh VAI catalysts

T max (K)
Sample
A B
Fresh 5VAI 626 827
Fresh 7.5VAI 618 836
Fresh 10VAI 614 815

Lower temperature reduction peaksad= 614, 618 and 626 K, are ascribed to the
reduction of amorphous monomead polymeric VQ surface species. The extent of
vanadia polymerisation grows with increasing vanadium loading. This is depicted in the
H>-TPR spectra as reduction peaks shift to lower temperatures on going frériothe
10VAI catalyst.®®

A second reduction event is observed aixF 815, 836 and 827 K in theexH PR spectra

of fresh 5, 7.5 and 10VAI catalysts. Reduction events at these temperatures have
previously beemstablished in literature as the reduction of crystallisl@s\6urface

species? Notably, the intensityof this peak increases with respect to first reduction event
as the vanadium loading increasEise total weight loss associated witb(Hevolution at

the higher temperature reduction event was determined for each VAl catalyst and is
tabulated inrable 11 The results show that approximately one oxygen atom was lost per

one vanadium atom, which implies the reduction gDjto V>0Oa.

Table 11: Weight loss associated with EO evolution at the higher temperature reduction event in VAI
catalysts

Sl Weight Loss® O moles V mole? oN
(mg) (umol) (umol) Ratio

Fresh 5VAI 0.13 8.1 8.1 1.00
Fresh 7.5VAI 0.17 10.8 10.6 1.02
Fresh 10VAI 0.28 17.5 17.8 0.98

20xygen weight loss from #D evolution,?V moles present in the sample usedeach TPR measurement
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4140xygen Chemi sorption

Oxygen chemisorption measurements were performed as describection3.3.2to
investigate the aate sites available in reduced VAI catalysigyure 21presents the
cumulative oxygen uptake plotted as a function of pulse number. It should be noted that the

OoXygen up tApRsupport at thehsamexonditions was negligible.
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Figure 21: Cumulative oxygen uptake of fresh VAI catalysts

The resulting oxygen uptake capacity allows us to obtain the oxygen atom site density and
metal dispersion of reduced VAatalysts. Oxygen atom site densities were calculated as
the ratio of oxygen atoms to the specific BET surface area of the corresponding catalyst,
and the dispersion was determined by taking the ratio of adsorbed oxygen to total

vanadium atoms, assumif@yddVatoms= 1.

Oxygen uptake, atom site density and the vanadium dispersion of fresh VAI catalysts are
summarised iMable12 andFigure 22displays the trend in oxygen uptake and metal
dispersion as the vanadium loading increases. Despite an increaggaem uptake as the
vanadium loading increases from 5 to 10 wt.%, the metal dispersion is observed to
decrease on going from the fresh 5 to 7.5VAI before subsequently increasing for the fresh
10VAI catalyst.Oxygen chemisorption measurements where regddaprobe the

accuracy of the results and the same findings were obtained.
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Table 12: Oxygen uptake, atom site density and dispersion of fresh VAI catalysts resulting from
oxygen chemisorption measurements

Oxygen atom

SeeET Oxygen uptake ; : Dispersion
Sample 2 1 2 site density
(m<g™) (umol g*) (108 m?) oV
Fresh 5VAI 175 315 2.2 66.8
Fresh 7.5VAI 171 378 2.7 53.5
Fresh 10VAI 145 552 4.6 58.4
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Figure 22 Oxygen uptake and dispersion of fresh VAplotted as a function of V wt. %



4.15Raman Spectroscopy

Raman spectr a -A:0stsupport and fre$hd/Al catalysts are presented in
Figure 23
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Figure 23; Raman s {AleQsand faesho/Al catalysts

Prer eact i on Ra ma nAl:0ssupeod doss ndt éxhiliit arty Raenarofeatures
in the 1001700 cmt' region. Therefore, all Raman bands present in the spectra of fresh
VAl catalysts are assigned to vanadium oxide vibratidnnotable difference is observed
between the spectra of fresh VAI catalysts, which suggests that the structure of vanadia

species is strongly influenced by the vanadium loading.

Raman spectra obtained for both fresh 5 and 7.5VAl catalysts display abal1025 cm
which corresponds to the symmetric vibration of terminal maxmvanadyl (V=0) bond
in monovanadate V{species. In the spectra obtained for the fresh 10VAI catalyst, this
band shifts to ~1017 chwhich corresponds to the same symmaeiitication of the V=0
bond, this time for polyvanadate speci@ss such, thé shift from 1025 to 1017 cin

suggests an increase in polymerisation as the loading increases to 10 V wt.%.
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Raman features at ~994, 682, 408, 284, 258, 192 and 14arenalso observed in the

spectrunof fresh10VAI which arecharacteristic of crystalline XDs species3! %

Lastly, there are features which indicate the presence of polyvanadate species in the Rame
spectra of all fresh VAI catalysts with broad bands in the region of-4200~400600

and ~600956 cm®. These have pwously been assigned in literature as the bending

modes, symmetric and asymmetric stretching vibrations found in polymed/V

linkages, respectively? 4% 5197, 98

61



416 XRD

XRD patterns obtained for the alumina support and fresh VAI catalyst samples are shown
inFigure24 The diffraction patterns are noi s\
and 66.7A excl us-AlyOssugpart. Thehlack of sharpr apdhirdense 2
crystalline diffraction peaks indicates thiaé vanadia species present in fresh VAI samples

are highly dispersed on the support and do not exhibit anyréorge ordering.

1000
900
800
10VAl
700
S %WM ﬂ
S 600
2 it
‘G 500
< }M 7.5VAI
€ 400 v
300
. 5VAI
200
100 Al0s
0] i

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Position (24d)

Figure 24: XRD p a t t e r-Al2©3 andffresh VAI catalysts
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42Ther modynamic Anal ysis

Thermodynamic analysis was conducted to investigate the feasibility of chemical reactions
which may occur within CEPODH cycling tests performed over vanadium oxide catalysts.
The second law of thermodynamics principally determines the spontaneity ofiarrea

and whether it will proceed preferentially in the forward or reverse direction. The law is
mathematically expressed fguations 18 and 1&8nd is based around the entropy of a

system.

Equation 18 The Second Law of Thermodyamics

()
_<
JIE,

Equation 19: The Second Law of Thermodynamics

@Y Y @Y

Whereqs is the change in entropyf) is the heat transferred within the system and T is

the temperature.

At constant temperature and press@@ation 1&an be rearranged to define a new
thermodynamic quantity known as the Gibbs free energy, mathematically expressed in

Equation20.

Equation 20: Gibbs Free Energy

w0 0O Y'Y

Whereq®s is the change in Gibbs free energi is the change in enthalpy, T is the

temperature angs is the change in entropy.
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The change in Gibbs free energy of a chemical reaction can be quantified by subtracting
the Gibbs free energy of the reactants from the products, where the sign otilimegres

value relates to reaction spontaneity as follows:

1 Whengis > 0, the process is not spontaneous in the forward direction and will

proceed reversibly to form more reactants.

1 Whengs = 0, the system is in equilibrium where the concentration of reactant

and products are constant.

1 Whengs < 0, the process is spontaneous in the forward direction and will favour

the formation of products.

The basic thermodynamic data of reactants and produgds, V20s, V203, CO, CQ,

graphitic carbon, propane, propeathane, ethene, methane(H H,, O, and NO were

obtained %2 and used to calculate the change in Gibbs free energy of chemical reactions
which proceed in PDH and catalyst regeneration steps including any possible side reaction
that may occur. The resulting Gibbs free gies of each reaction were plotted as a

function of temperature, where a negative value indicates that the reaction is spontaneous

and therefore thermodynamically feasible.
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421Propane Dehydrogenation Step

The chemical equations of reactions which may prbckeging the PDH step are listed in
Table 13 Reactions (%) are the stoichiometric equations of propane oxidising to propene,
CO, CQ and RO by utilising the lattice oxygen sites within the vanadium oxide catalyst.
Reactions (710) are the equations tife desired propene productadsorbing onto lattice

oxygen sites and combusting to CO, &@d HO.

Table 13: Chemical equations for reactions occurring during the PDH step of CEPODH redox cycles
utilising VAI catalysts

Reaction Chemical Equation Resc(:)tion
CaHe(g) + V20s( s ) 204(s)¥ GHs(9) + HO (9) (1)
CsHs(g) + 10M0s( s ) Y04 (8)0- BCQ(g) + 4H0 (g) (2)
CsHs(g) + 7VuOs(s) Kk 7V204(s) + 3CO (g) + 46D (g) (3)
CaHs(Q) + V204( s ) 206(S)¥ GHs(9) + HO (9) (4)
PDH
over V205 CsHs(g) + 10M:0a( s ) ¥Os(3)3-8CQ(g) + 4H0 (g) (5)
and V204 sites
CsHs(g) + 7V20s( s ) X03(s]3CO (g) + 4kD (9) (6)
CsHs(g) + 9VL0s(S) kK 9V204(s) + 3CQ(g) + 3HO (g) (7)
CsHs (g) + 6Ve0s(S) K 6V204(S) + 3CO (g) + 3kD (g) (8)
CsHs(g) + 9VL04(S) K 9V203(s) + 3CQ(g) + 3HO (g) (9)
CsHe(g) + 6VL0s(S) Kk 6V203(S) + 3CO (g) + 3ED (9) (10)
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Gibbs free energy plots of reactions1(@) are displayed iRigures 25 and 26

Overall, the oxidation of both propane (Fig. 7) and propene (Fig. 8) utilisitgand

resulting \bOs4 sites display negative values at 773 K and are therefore spontaneous and
thermodynamically feasible at our reaction conditidfimately, however, the production

of CO and CQ@during the oxidation of propane display lower Gibbs free energies than the

production of the desired product propene and water and are consequently more

favourable.
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Figure 25: Gibbs free energies of reactions (B) plotted asa function of temperature
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Figure 26: Gibbs free energies of reactions ¢1.0) plotted as a function of temperature
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422Regeneration Step

The reactions which may occur during the catalyst regeneration step usiNgoGand
CQO;oxidants are tabulated able 14 Reactions (11) and (12) are the stoichiometric
equations relating to the reoxidation of resultingd¥and \L0Os sites utilising Q as the

oxidant. Reactions (136) are those regenerated withkNand CQoxidants.

Table 14: Chemical equations for reactions occurring during the regeneration step of GIPODH redox
cycles utilising VAI catalysts

Reaction Chemical Equation Resc(:)tion

Catalyst Regeneration 2V204(s) + ¢ (9) K 2V205(s) (11)
(Oxidant 1 O2)

2V203(s) + @ (g) K 2V204(S) (12)

Catalyst Regeneration V204 (s) + NO (g)K V20s(s) + Ne(9) (13)
(Oxidant 1 N20)

V20s3(s) + NO (g)K  V20a4(s) + Ne(9) (14)

Catalyst Regeneration | V20a(s) + CQ(g)K V20s(s) + CO (g) (15)
(Oxidant i CO2)

V203(s) + CQ(g) K V20a(s) + CO (9) (16)
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The Gibbs free energy plot of reactions-6) is displayed ifrigure 27 Overall, the
reoxidation of resulting ¥04and \bOs sites with Q and NO oxidants display negative
Gibbs free energy values at 773 K. On the other hand, the reoxidation withsp@ys
large positive values, indicating that the reactions are not thermodynamieailyléeand
will occur in the reverse direction. The rspontaneity of C@re-oxidising the resulting
V203 and \LOs sites is attributed to the inherent inertness of the i@@ecule which

comprises a large Gibbs energy of formation3®5 kJ mot..

150 i g V204 () + ??;(g)__ ‘—ir—’ Vzos (S)+ CO (g)
V,05(s) + CO, (g) —» V-,O4 (s) + co (g) ;

Gibbs Free Energy, AG (kJmol)

-350 - g 2\/ o
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Temperature (K)

Figure 27: Gibbs free energies of reactions (316) plotted as a function of temperature
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423Di rect PDH & Side Reacti ons

In addition to the reactions already discussed, a number of side reactions may proceed
during the PDH step of GRODH redox cycles. The stoichiometric equations of these
reactions are tabulated Trable15 and include the direct dehydrogenation of prop@re,
cracking reactions (183), dry/steam reforming reactions {28) and the reverse water
gasshift (RWGS) reaction (29).

Table 15: Chemical equations for side reactions which may occur during the PDH step of CRODH
redox cycles

Reaction Chemical Equation Resc(:)tion
CsHs(g) 2 CsHe (9) + H2(9) 17)
CsHs( g )  ¥(g) € &Ha4(g) (18)
CaHa(g) + H(9) 2 C2He(9) (19)

CHs( g) Y C a(g3) + 2¢ (20
CHs(g) Y 3CEXs) + 4 (2
CaHs( g ) 2CYs) + 3H(g) (22)

Direct PDH &
Side Reactions CHa( g ) C (8) + 2H(q) (23)

CHi(@+HO (g) Y Cxu) (9) (24)
CHa(g) +2HO ( g) 2(9) + GO (25)
CoHe(@)+2HO (g) Y 2e@ (g) (26
CHa(g) + CG:(g) 2 2CO (g) + 2H(g) (27)

CHs(@)+2CQ(g) Y 4CQ(9)N( g) (28)

CG(g) + H(9)z CO(g) + HO (9) (29)
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The Gibbs free energy plot of reactions-@3) is presented iRigure 28
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Figure 28 Gibbs free energies ofeactions (1%23) plotted as a function of temperature

The direct dehydrogenation of propane (PDH) displays a positive value at 773 K in the
Gibbs free energy plot and is therefdiesscribed asot spontaneous. However, the Gibbs
free energy value of the PDH reacti@mains small enouglk50 kJ mott) that
equilibriumand kinetic factors may coneto effect wherebypropene formation occurs

despitethereactionbeingthermodyamicallynonspontaneous.

Reaction (18) details the cracking reaction of propam®tomethane and ethepeoducts

and reaction (19) is the subsequent hydragion of the ethene product. At 773 K, both
reactions possess negative Gibbs free energy values and are therefore thermodynamically
feasible. Lastly, reactions (ZB) involve the formation of coke from propane, ethane and
methane. At 773 K, coke formah from both propane and ethane reactants are
thermodynamically feasible and drigthly favourable reactions since they exhibit the

lowest Gibbs free energies out of the possiblepeting sideeactions listed
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The Gibbs free energy plot of reactions-@) is presented iRigure 29

300
250 -
200 -
150 -

100 -

o

CH, (g) + CO; (g) «— 2C0 (g) + 2H, (g)

Gibbs Free Energy, AG (kJmol!)

CH, (g) + 2H;0 (g) —> CO, (g) +4H,(2)

—

o

=)
1
o

S0 1 & CH, (2)+H,0 () —» CO (2) + 3H, (2) i

150 | = GHg(g)+2C0,(g) — > 4CO (g) +3H, (g)

250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050

Temperature (K)

Figure 29: Gibbs free energies of reactions (229) plotted as a function of temperature

Reactions (246) relate to the steam reforming of methane (SRM) and ethane (SRE),
which exhibit positiveGibbs free energies at 773 K and are thereforespaomtaneous
reactions. Reactions (27) and (28) relate to the dry reforming of methane (DRM) and
ethane (DRE) and whilst DRM displays a positive Gibbs free energy at 773 K, DRE
exhibits a negative value argithermodynamically feasible at these temperature
conditions. Lastly, reaction (29) represents the RWGS reaction where carbon dioxide
reacts with hydrogen to form carbon monoxide and wktgure 29shows that the RWGS
reaction displays a positive Gibfsee energy value at 773 K. This value decreases
progressively towards zero as the temperature increases, suggesting that RWGS will

become thermodynamically feasible at temperatures exceeding 1000 K.
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424Removal of Carbon Laydown

Since cokdormation during CEPODH redox cycles is thermodynamically feasible, it was
also of interest to investigate the feasibility of its removal via the lattice oxygen sites of
V20s, and V.04 species and £ N20 and CQ oxidants. The chemical equations of such
reactions are presentedTiable16 where reactions (382) relate to the combustion of
carbon using the catalyst lattice oxygen sites and reactiorg&b{3@late to the combustion
with Oz, N2O and CQ oxidants ued in the catalyst regeneration step.

Table 16: Chemical equations for reactions relating to the removal of carbon laydown

Reaction Chemical Equation Resc;tion
C (s) + 05 (s)z V204 (s) + CO (g) (30)
C (s) + V05 (s)z V203(s) + CQ(9) (32)
Removal of C (s) + V04 (s)z V20s(s) + CO (9) (32)
carbon laydown
C(s) +Q(g)z CO(9) (33)
C(s)+NO(9)z CO (9) + N(9) (34)
C(s) +CQ(g)z 2CO (9) (35)
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The Gibbs free energy plot cfactions (3€85) is displayed ifrigure30. At 773 K, the
combustion of carbonaceous deposits witldy/ V204 and \LO3 species display negative
Gibbs free energy values. The removal of coke witlai@ NO oxidants also display
negative values whilst the reaction using2@3plays a positive Gibbs free energy,

indicating that the removal with G& not thermodynamicalljeasible.
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Figure 30: Gibbs free energies of reactions (335) plotted as a function of temperature
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43Reactivity Test s

This section details the results obtained fromRZDDH redox cycling tests using the fresh
5, 7.5 and 10VAtatalysts and £ N>.O and CQ oxidants as described 8ection3.3.3

431CLPODH Redox Cycles with O

Results from CEPODH redox cycling tests performed over the fresh 5, 7.5 and 10VAl
catalysts using £as the oxidant in the regeneration step are presenteRea@ion

profiles detailingoropane conversions and propene selectivities and yields are shown in
Figures 3133, which compare the catalyst activity and selectivity to the olefin product as a
function of vanadium loading. The selectivity and resultinddyie the undesired GO

product has also been investigated and are preserfgguies 34 and 35

It should be noted that the data presented is the instantaneous performance obtained at the

end of the 30 min PDH step of each corresponding redox cycle.
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Figure 31: InstantaneousCsHs conversions using 5, 7.5 and 10VAI catalyst§2 oxidant, 773 K, 1 atm
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Figure 32 InstantaneousCsHs selectivities using 5, 7.5 and 10VAI catalyst§2 oxidant, 773 K, 1 atm
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Figure 33 Instantaneous GHs yields obtained using 5, 7.5 and 10VAI catalyst§)2 oxidant, 773 K, 1
atm
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It is evident fromFigures 3133 that CL-PODH redox cycling tests performed over the

10VAI catalyst generate the most promising results in this series.

Propane conversions in tests using the 5 and 7.5VAI catalyst reached ~13.2 and 13.6 % at
the end of the*LPDH step, which decreasedsificantly to ~11.0 % during the PDH step

of cycles 2 to 5. Both catalysts demonstrated a slight enhancement in activity during the
PDH step of cycle 6, which is performed after holding the catalyst overnight under argon,
before decreasing again during@tADH step of cycles 7 to 10. When utilising the 10VAI
catalyst, propane conversion reached ~19.5 % at the end &f BigHLstepNotable

catalyst deactivation is observed during the PDH step of subsequent cycles, with

conversions reaching ~15.8 % in the PDH step of cycle 10.

Furthermore, propene selectivity reaches ~47.4 % by the end ¢t Bi2H step when

using the 10VAI catalyst. A ssbquent decay is observed during the PDH step of cycle 2,
resulting in a decrease in propene yield from ~9.2 to ~7.3 %. Propene selectivities and
yields remain comparable in cycles 2 to 5 with an enhancement again observed in the PDF-
step of cycle 6. Botpropene selectivity and yield decrease during the PDH step of cycle 7
before remaining relatively stable during subsequent cycles. A similar trend is observed in
the tests using the 5 and 7.5VAI catalyst, indicating that vanadium oxide catalysts are
relatively stable for propene production with no significant deactivation aBGDH

redox cycles proceed.
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Figures 34 and 3present C@selectivities and resulting yields obtained at the end of each
30 min PDH step. Notably, the instantaneous productidineofindesired Cg&product at
the end of each PDH step is significantly lower in comparison to propene formation.

6.0
: ESVAl B7.5VAIl B10VAI
5.0 -
3 ]
=~ 4.0
£
= ]
S 30
2 i
[} i
wn _
o 2.0 1
C ]
@)
1.0 ]
0.0 -
1 2 3 4 5 6 7 8 9 10
Cycle No.

Figure 34: Instantaneous CQ selectivities obtained using 5, 7.5 and 10VAI catalysts, 773 K, 1 atm
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Figure 35: InstantaneousCOz yields obtained using 5, 7.5 and 10VAI catalysts, 773 K, 1 atm
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It is apparent that initial C&yields are highest in the test performed over the 10VAI
catalyst. During this reaction, G@®ields progessively decrease throughout cycles 2 to 5.
An enhancement is observed again in the PDH step of cycle 6 before they diminish as the

cycles proceed.

The 5VAI catalyst exhibits a higher selectivity to £3® comparison to the 7.5VAI

catalyst, which resultsiihigher CQyields despite the increased activity of the 7.5VAI
catalyst. Furthermore, the trend in £$&lectivity and yield obtained by the 5 and 7.5VAI
catalysts are similar to those achieved when using the 10VAI catalyst. Both the selectivity
and resliing yield decrease as the cycles proceed, with the exception to the data obtained

during the PDH step of cycle 6 where an improvement is observed.

Reaction profiles detailing the data obtained from the entire 30 min PDH step over the
10VAI catalyst are presented kigures 3638. Since the PDH step of cycles 2 to 5 are
relatively comparable, the#atapresented is exclusively from the PDH step of eyl
versus cycle ZFigures36 and 37are propane conversion, propene anad §€ectivity

plots andrigure38 presents the resulting propene anc@i@ld.
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Figure 36: Reaction profile of CsHs conversion and GHs selectivity during the PDH step of cycle 1
versus cycle 2: 10VAI, Qoxidant, 773 K, 1 atm
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Notably, a decrease in propene yield is observed in the PDH step of cgalesilt othe
decay in propene selectivity from 47.4 to 41.7 % at similar propane conversions.
Furthermore, it is apparent from the reactwafiles that different reactivity regions exist
throughout the PDH step. Figure 38 propene and C{yields are maximised within the
first ~1.5 min of switching on the propane feed in both cycles 1 and 2. Propene yields
begin to decrease as the propaosversion drops offignificantlyuntil ~6.0 min into the
PDH step. As the reaction procedxsyond this pointpropane conversions reach steady
state wherepropene yieldsiseand anincrease irselectivityis observedCO, yields also
decrease, howevdhe selectivity to C@remains low andin contrast with propené)e

resulting yield is not replenished

Propane conversions, propenef38lectivities and the resulting propene/G/i2lds
achieved at these different regions in-BODH redox cycles 1 @ are summarised in
Tablel7 andTable18.

Table 17: Summary of CsHs conversions, GHs and COz selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 1: 10VAI, @oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO; CO;
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 60.1 19.9 12.0 5.8 3.5

6 21.7 34.1 7.4 2.2 0.5

30 195 47.4 9.8 2.7 0.5

Table 18: Summary of CsHs conversions and GHesand COzselectivities and yields obtained at the
different reaction regions during the PDH step ofcycle 2: 10VAI, & oxidant, 773 K, 1 atm

Time into CsHs CsHe CsHe CO, CO,
PDH Step Conversion  Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
15 68.7 16.5 11.4 7.1 4.9

6 16.4 36.2 5.9 2.0 0.3

30 17.6 41.7 7.3 1.3 0.2
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An improvement in productivity is observed once again in the PDH step of cycle 6 after
holding the catalysts overnight under a continuous flow of argogain a better insight,
reaction profiles detailing the data obtained fritve entire 30 min PDH step oycle 5
versus cycle 6 have been compakedures39 and 4Ghow propane conversion, propene

and CQ selectivity plots andrigure 41shows resulting propene and £¥ields.
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Figure 39: Reaction profile of CsHs conversion and GHe selectivity during the PDH step of cycle 5
versus cycle 6: 10VAI, Qoxidant, 773 K, 1 atm
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Figure 40: Reaction profile of CsHg conversion and CQ selectivity during the PDH step of cycle 5
versus cycle 6: 10VAI, Qoxidant, 773 K, 1 atm
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Figure 41: Reaction profile of CsHs and COzyields during the PDH step of cycle 5 versus
cycle 6: 10VAI, G oxidant, 773 K, 1 atm
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A similar trend is observed in the PiBstep of cycles 5 and 6 regarding the different
reactivity regions throughout. Notably, the maximum propene andy@{@s achieved
within the first ~1.5 min are highest in the PDH step of cycle 6. Propane conversions
stabilise as theeaction proceeds drpropene yields begin to increase resulting from an
enhanced propene selectivi§omparison of both cycleshowsthe selectivity to both
propene and CQs further enhanced in the PDH step of cycl&/@mately, higher

propene and Cg&yields are achieved, increasing from ~7.0 and 0.1 % to ~8.3 and 0.5 %,
respectively.

Propane conversions, propenef3lectivities and the resulting propene/G/i2lds
achieved at these different reactivity regions infXDDH redox cycles 5 and 6 are
sunmarised inTable19 andTable20.

Table 19: Summary of CsHs conversions and GHs and COz selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 5: 10VAI, @oxidant, 773 K, 1 atm

Time into CsHsg CsHe CsHe CO> CO>
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 55.0 19.7 10.8 6.1 3.4

6 15.1 36.2 5.5 1.2 0.2

30 16.4 42.6 7.0 0.4 0.1

Table 20: Summary of CsHs conversions and GHsand COzselectivities and yields obtained at the
different reaction regions during the PDH step of cycle 6: 10VAI, @oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO, CO,
PDH Step Conversion  Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
15 58.0 22.8 13.2 8.4 4.9

6 195 32.3 6.3 3.4 0.7

30 16.2 51.2 8.3 2.9 0.5
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432Long Duration PDH Test over the

The extent of catalyst deactivation with increasing time on stream (TOS)wvessigated

by performing a long duration 3 h PDH test over the 10VAI catalyst at 773 K. Significant
deactivation is observed, where the conversion of propane reaches ~19.8 % after 75 min,
decreasing to ~13.8 % after 180 min TOS.

The results are presentedFigure 42 whichalso displag the selectivity and resulting

yield of the olefin product propene. Since the relationship between propane conversion and
selectivity towards propene is inverse, propene selectivity increases with TOS as the
conversion opropane decreases. As a result, propene yields remain relatively stable

throughout, reaching ~9.1 % by the end of the long duration 3 h PDH test.
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Figure 42: Reaction profile of the long duration 3 h PDH test: 10VAI, 773 K, 1 atm
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433CLPODH Redox Cycles with Alternat

The instantaneous performance obtained from th&ODH redox cycles using the

10VAI catalyst and alternative oxidants;@and CQ) in the catalyst regeneration step are
presented here. Reaction profiles detaifingpane conversions and propene selectivities
and yields are shown Figures 4245, which compare the catalyst activity and selectivity
towards the olefin product, as afition of varying oxidant. The selectivity and resulting
yield of the undesired C{product are shown iRigures 46 and 47
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Figure 43: Instantaneous GHsconversions using the 10VAI catalyst and varying oxidants in the
regeneration step, 773 K, 1 atm

85



60.0

! m0, B N,0 B CO,

50.0 -
~ ]
S 400 ]
z ]
> ]
= 300 ]
U -
o i
K ]
2 200 -
am 4
of ]

10.0 1

0.0 -

1 2 3 4 5 6 7 8 9 10

Cycle No.

Figure 44: Instantaneous GHe selectivities using the 10VAI catalyst and varying oxidants in the
regeneration step, 773 K, 1 atm
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Figure 45: Instantaneous GHseyields using the 10VAI catalyst and varying oxidants in the regeneration
step, 773 K, 1 atm
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It is evident fromFigures43-45that CL-PODH redox cycling tests using the 10VAI
catalyst exhibit different catalyst activities when usingpMind CQ oxidants in the
regeneration stef®n comparison, catalyst activity is highest in-@ODDH redox cycles
N0 as the oxidant, with propane conversions reaching ~15.5 % by the end df the 10
PDH step. Overall, the activity trend is comparable to cycling tests whichaeetie
oxidant, where propane conversions decrease in the PDH step afZic® An
enhancement in activity during the PDH step of cycle 6 is also observed, with propane

conversions rising from ~15.5 to ~17.1 %, before decreasing in subsequent cycles.

Overall, propene selectivity remains highest throughout th& GDH redox cycles when
using NO as the oxidant, resulting in a higher propene yield as the ten cyclesgphiBgee
the end of the TOPDH step, the selectivity towards propene reaches ~47.6 %, resulting in

a propene yield of ~7.4 %.

When using C®@as the oxidanhowever, a loss in catalyst activity is observed as propane
conversions decay across the ten cydhespene selectivities remain low, resulting in
propene yields which are substantigitlyorer tharthoseobserved when using-@nd NO.

By the end of the TOPDH step, propane conversion decreases to ~9.2 %. At this

conversion, the selectivity to propeise-36.5 % resulting in a propene yield of ~3.4 %.
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Figure 46: Instantaneous CQ selectivities using the 10VAI catalyst and varying oxidants in the
regeneration step, 773 K, 1 atm
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Figure 47: Instantaneous CQyields using the 10VAI catalyst and varying oxidants in the regeneration
step, 773 K, 1 atm

88



Figures 46 and 43hows that the selectivity towards the undesired @@duct remains
extremely low at the end efach PDH cycle with respect to the selectivity towards
propene. Despite this, the trend in £flectivity and yield is analogous to those observed

for propene.

Both the selectivity and yield of G@decrease as the cycles proceed, with the exception of
the PDH step of cycle 6 where an enhancement is observed. DurifgRBHGstep, it is

the CL-PODH redox cycles regenerated witbONwhich exhibit the highest selectivity
towards CQ. By the end of the fOPDH step however, the selectivity and resultinggCO
yield are highest in GIPODH cycling tests which use G@s the oxidant in the
regeneration step.

Reaction profiles obtained during the PDH step of cycles 1 and 2, where alternative
oxidants are used the catalyst regeneration step, are also shéigure 4850 show

propane conversion and propenefG@lectivity and yield profiles when using® in the
regeneration stefrigures 5153 show the reaction profiles obtained when regenerating the
catalyst vith the CQ oxidant.
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Figure 48 Reaction profile of CsHg conversion and GHe selectivity during the PDH step of cycle 1
versus cycle 2: 10VAI, MO oxidant, 773 K, 1 atm
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Figure 51: Reaction profile of CsHg conversion and GHe selectivity during the PDH step of cycle 1
versus cycle 2: 10VAI, CQoxidant, 773 K, 1 atm
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Figure 52 Reaction profile of CsHg conversion and CQ selectivity during the PDH step of cycle 1
versus cycle 2: 10VAI, CQoxidant, 773 K, 1 atm
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Figure 53 Reaction profile of CsHe and COzyields during the PDH step of cycle 1 versus cycle 2:
10VAI, COz oxidant, 773 K, 1 atm

It is apparent fronfrigure 4853 that different reactivity regions also exist when using
alternative oxidants, 20 and CQ,to regenerate the tzdyst. Similar to the C{PODH

redox cycles performed using the 10VAI catalyst and<the oxidant, propene and £0
yields are maximised within the first ~1.5 min of switching on the propane feed. Propene
yields begin to decrease as the propane convedsaps off, ultimately reaching a

minimum point ~6.0 min into reaction. Following this, propane conversion stabilises,
whereas propene yields increase with increasing selectivityyi€lds also decrease after
~1.5 min into the PDH test, however, theyneen comparatively low with respect to
propene.

For CL-PODH redox cycles regenerated witbN a decrease in propene yield from ~9.4

to 7.1 % is observed on going from cycle 1 to cycle 2. This decay is attributed to a loss in
catalyst activity where proparconversion decreases from ~ 20.0 to 15.6 % by the end of
the 29 PDH step. With regards to GRODH redox cycles where G@ utilised as the

oxidant, a decline in both catalyst activity and propene selectivity is observed on going
from cycle 1 to cycle 2. Consequently, propene yields suffer significantly and diminish
from 9.3 to 5.5 % by the end of“PDH step.
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Propane coversions, propene/CQelectivities and resulting propene/£felds achieved
at these different regions in GRODH redox cycles 1 and 2, regenerated wi® ldnd
CQOg, are summarised below Trables 2124.

Table 21: Summary of CsHs conversions, GHes and CO selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 1: 10VAI, BD oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO, CO,
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 33.6 32.7 11.0 6.1 2.0

6 15.7 49.7 7.8 2.2 0.3

30 20.0 46.8 9.4 2.4 0.5

Table 22 Summary of CsHg conversions and GHesand COzselectivities and yields obtained at the
different reaction regions during the PDH step of cycle 2: 10VAI, dO oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO; CO;
PDH Step Conversion  Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 54.8 20.6 11.3 7.4 4.1

6 13.1 534 7.0 1.7 0.2

30 15.6 45.0 7.1 14 0.2
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Table 23: Summary of CsHs conversions, GHs and COz selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 1: 10VAI, C@oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO; CO;
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
15 36.6 30.45 11.1 6.9 2.5

6 11.8 59.9 7.1 3.2 0.4

30 18.8 49.4 9.3 2.7 0.5

Table 24: Summary of CsHs conversions and GHesand CO:selectivities and yields obtained at the
different reaction regions during the PDH step ofcycle 2: 10VAI, CQ: oxidant, 773 K, 1 atm

Time into CsHsg CsHe CsHe CO> CO>
PDH Step Conversion  Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 58.0 14.4 8.3 12.6 7.3

6 9.5 51.8 4.9 4.9 0.5

30 14.0 39.7 5.5 2.0 0.3
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An improvement in productivity is also observed in the PDH step of cycle 6 after
regenerating with the alternative oxidants and holding the catalysts overnight under a
continous flow of argonFor clarity, thereaction profiles obtained from the entft®H

step of cycle 5 versus cycle 6 have been comp#&igdres 5456 show propane
conversion and propene/G8electivity and yield profiles when using®l in the
regeneration stefrigure 5759 are those obtained when regenerating the catalyst with
CQa.
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Figure 54: Reaction profile of CsHs conversion and GHe selectivity during the PDH step of cycle 5
versus cycle 6: 10VAI, MO oxidant, 773 K, 1 atm
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Figure 55: Reaction profile of CsHg conversion and CQ selectivity during the PDH step of cycle 5

versus cycle 6: 10VAI, MO oxidant, 773 K, 1 atm
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Figure 56: Reaction profile of CsHs and COzyields during the PDH step of cycle 5 versus

cycle 6: 10VAI, NO oxidant, 773 K, 1 atm
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versus cycle 6: 10VAI, CQoxidant, 773 K, 1 atm
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Figure 59: Reaction profile of CsHes and COzyields during the PDH step of cycle 5 versus
cycle 6: 10VAI, CQ oxidant, 773 K, 1 atm

Different reactivity regions are also observed in the PDH step of cycles 5 and 6 when using
the alternative oxidants in the regeneration step. As observed in the cyclingitdst w

utilises Q in the regeneration step, the maximum propene andy@{@s achieved within

the first ~1.5 min are highest in the PDH step of cycle 6 when badhaNd CQ oxidants

have been used. Propane conversions stabilise as the reaction proceeds, where enhanced
propene yields are observed resulting from increased propene selectivity.

Comparison of both cycleshowsthe selectivity to botipropene and C£s further
enhanced by the end of th® BDH step. Overall, higher propene and,Gf@lds are
achieved in comparison to those obtained in cycle 5. Propene andeBi3 increase from
~7.7 and 0.1 % to ~9.3 and 0.5 %, respectively, when regenerating MthAthen
regenerating with Cg) propene and C{Jyields are also enhanced, increasing from ~5.6
and 0.2 % to ~6.6 and 0.4 %, respectively.
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Propane conversions, propenef38lectivities and resulting propene/£felds achieved
at these different regions in @ODHredox cycles 5 and 6, regenerated wit®Nnd
CQOg, are summarised below Trables25-28.

Table 25: Summary of CsHs conversions, GHes and COz selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 5: 10VAI, BD oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO, CO,
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 51.0 22.8 11.7 8.7 4.4

6 8.9 76.7 6.9 1.2 0.1

30 15.5 49.6 7.7 0.7 0.1

Table 26: Summary of CsHs conversions and GHsand COzselectivities and yields obtained at the
different reaction regions during the PDH step of cycle 6: 10VAI, pO oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO; CO;
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 33.0 32.8 10.8 2.6 0.9

6 12.0 69.8 8.3 3.2 0.4

30 17.1 54.3 9.3 2.8 0.5
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Table 27: Summary of CsHs conversions, GHs and COz selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 5: 10VAI, C@oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO; CO;
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
15 36.9 16.2 6.0 155 5.7

6 4.7 76.6 3.6 7.1 0.3

30 11.3 50.1 5.6 1.8 0.2

Table 28 Summary of CsHs conversions and GHsand CO:selectivities and yields obtained at the

different reaction regions during the PDH step oftycle 6: 10VAI, CQ: oxidant, 773 K, 1 atm

Time into CsHsg CsHe CsHe CO> CO>
PDH Step Conversion  Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 28.9 25.0 7.2 2.3 0.7

6 8.3 65.8 5.5 5.2 0.4

30 11.6 57.0 6.6 3.7 0.4
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434Pr opRBwmlesi ng Test s

Since propene and G@ields are maximised within the first ~1.5 min of the PDH cycle, it
was ofparamountmportanceo investigate the initiadleactivity of the 10VAI catalyst and

gain a clearer understanding on the reaction chemistmyggkace. This was achieved by
performing a series of propane pulsing tests, where a sequence of 20 propane pulses were
directed over the sample at various stages, before resuming the continuousfR®DEL

reaction.

In order to investigate any variat®after the @catalyst regeneration step and overnight
argon purge, propane pulsing tests were performed at the initial stage 8f 2ffe and &'

PDH step. Reaction profiles detailing the data obtained from the propane pulsing test at the
initial stage of the tPDH cycle are presented fiigure 6062. Figures 60 and 64are

propane conversion, propene and>G€lectivity plots andrigure 62presetts the resulting
propene and Cg&yield.
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FromFigure 6Q it can be seen that full conversion of propane occurs during the initial 8
propane pulses whereupon, a rapid drop in conversion is observed in subsequent injection:
falling to ~ 40 % by pulse numbé5. Thereafter, the decline in conversion slows, reaching
~30% by the 26 propane pulse. As would be expected from the inverse selectivity
conversion relationship, the selectivity profile for propene shows a clear correlation with
that of the propane ooersion. In marked contrast to this, the selectivity profile fos,@®
presented ifrigure 61 shows an immediate selectivity to £6 ~20 %, declining

gradually to negligible levels by pulse number 12. The resulting yield profiles, shown in
Figure 62 behave accordingly: an initial G@ield of ~19.7 % decreases steadily to near

zero by pulse 15, with propene formation beginning from pulse 10, and a maximum yield

of ~18.1 % is achieved by reaction end.
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Figure 60: Reaction profile of CsHg conversion and GHe selectivity during the propane pulsing test
performed at the initial stage of the 3 PDH step: 10VAI, 773 K, 1 atm
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Figure 61 Reaction profile of CsHs conversion and CQ selectivity during the propane pulsing test
performed at the initial stage of the 3 PDH step: 10VAI, 773 K, 1 atm
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initial stage ofthe 15' PDH step: 10VAI, 773 K, 1 atm
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Reaction profiles detailing the data obtained from the propane pulsing test at the initial
stage of the® PDH cycle are presented fiigures 6365. Figures 63 and 6dre propane
conversion, propene and G®electivity plots andrigure65 presents the resulting propene
and CQ yield. Notably, conversion, selectivity and yield profiles obtained from the

propane pulsing test during th# PDH step are analogous to those obtained during’the 1

cycle.
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Figure 63 Reaction profile of CsHg conversion and GHe selectivity during the propane pulsing test
performed at the initial stage of the 2¢ PDH step: 10VAI, G oxidant, 773 K, 1 atm

104



90 A\A\ I
| — 60
80 ‘\ !
= ] - 50
L 70 \ i /\o\
~ J i o
C J N
S 604 \ - >
1% ] A - 40 S
S 501 \ 2
o) - A\ [ 30 ©
O . ‘N a2
© 40 4 A\A i 3V
I T A\A I O
& 304 —A—f O
I 0—0—0\. — 20
. \. L
. \. N
20 7 .\. L
] e - 10
° |
10 - ~e
4 \.\ L
o o_o_ —e—e—¢
0 —T——T — T T — T — 1 1 — 1 — 1 —+0

Pulse No.

Figure 64: Reaction profile of CsHs conversion and CQ selectivity during the propane pulsing test
performed at the initial stage of the 2¢ PDH step: 10VAI, O; oxidant, 773 K, 1 atm
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Figure 65: Reaction profile of CsHs and CQOzyields during the propane pulsing tesperformed at the
initial stage of the 29 PDH step: 10VAI, O: oxidant, 773 K, 1 atm
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Reaction profiles detailing the data obtained from the propane pulsing test at the initial
stage of the'8PDH cycle are presented filgure 6668. Figure 66 and 6@re popane
conversion, propene and @€klectivity plots andrigure 68presents the resulting propene
and CQ yield. As discussed, this propane pulsing test was performed immediately after

holding the catalysts overnight under a constant flow of argon.

A clear disparity in propane conversions is observed with respect to those obtained from
pulsing tests performed in th& and 29 PDH step. As seen ffigure 66 propane

conversion exhibits an exponential decay, dropping from ~83.7 % to ~ 33.0 % 1#/'the
propane pulse whereatfter, it remains relatively stable until reaction completion. Similarly,
the inverse selectivitgonversion relationship comes into play as the selectivity to propene
rises as propane conversion falls. Contrary to this, the safegiofile for CQ, as

presented ifrigure 67 is significantly lower during initial propane injections, where an
immediate selectivity to C£bf ~2.3 % is observed, declining to negligible levels
thereafter. The resulting yield profiles, showrFigure68, behave accordingly: an initial
COyyield of ~1.9 % decreases to nominal quantities by pulse number 3, where propene

formation occurs immediately, reaching a maximum yield of ~20.1 % by reaction en
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Figure 66. Reaction profile of CsHg conversion and GHe selectivity during the propane pulsing test
performed at the initial stage of the & PDH step: 10VAI, O oxidant, 773 K, 1 atm
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performed at the initial stage of the 6th PDH step: 10VAI, @oxidant,

773 K, 1 atm
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Figure 68: Reaction profile of CsHes and COzyields during the propane pulsing test performed at the

initial stage of the6" PDH step: 10VAI, O oxidant, 773 K, 1 atm
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In order to investigate the reaction chemistry when utilisip@ Bs the oxidant in the
catalyst regeneration step, propane pulsing tests were performed at the initial stage of the
2" and 6" PDH step of CEPODH-N2O cycles.

Reaction profiles detailing the pulse data obtained fromheR2H step, in cycles

utilising N2O, are presented igures 6971. Figures 69 and 78re propane conversion,
propene and C&selectivity plots andrigure 71presents the resulting propene anccCO
yield. It appears fronfrigure 69that the trend in propane conversion versus propene/CO
selectivity is comparable to the pulse data obtained after regeneratingwRho@ane
converts fully during the firsd propane pulses, followed by a rapid drop in conversion in
subsequent injections, falling to ~30 % by thé& peopane pulse. As anticipated, propene
selectivity is inversely related to the propane conversion. The selectivity profile for CO
presented ifrigure 70 shows an initial selectivity towards @6f ~20 %, which gradually
declines to insignificant levels by thepulse. The resulting yield profileEigure 73
behave accordingly: an initial G@ield of ~19.9 % decreases steadily to negligible
quantities, where propene formation begins from pulse number 9, reaching a maximum
yield of ~18.1 % by the end of the test.
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Figure 69: Reaction profile of CsHs conversion and GHse selectivity during the propane pulsing test
performed at the initial stage of the 2¢ PDH step: 10VAI, N:O oxidant, 773 K, 1 atm
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Reaction profiles detailing the pulsing data obtained from iR step in cycles
utilising N2O, are presented Figures 7274. Figures 72 and 73are propane conversion,
propene and C&selectivity plots andrigure 74presents the resulting propene anccCO

yield.

A notable change in the propane conversion is found in comparison to those obtained
during the 29 PDH step of CEPODH redox cycles utilising #D. This change was also
observed in the data obtained when employia@$the oxidant. FrorRigure 72below,
propane conversion decays rapidly, dropping from ~67.1 % to 33.0 % by‘tipedliane
pulse whereaér, it remains relatively stable until reaction completion. Likewise, the
inverse relationship between propane conversion and propene selectivity is apparent,
where a decline in propane conversion occurs with a rise in selectivity towards propene.
Figure73displays the selectivity profile for GOwhere the selectivity towards GO
remains significantly low throughout the entirety of the pulsing test. An initial CO
selectivity of~0.7 % is observed, declining to negligible levels in consecutive pulses. Th
resulting yield profiles, shown iRigure 74behave accordingly: CQields remain
insignificant throughout the test, where propene production forms instantly and is

inherently favoured, where a maximum yield of ~20.1 % is achieved by the end of the test
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Figure 72: Reaction profile of CsHs conversion and GHse selectivity during the propane pulsing test
performed at the initial stage of the 8" PDH step: 10VAI, NeO oxidant, 773 K, 1 atm
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44PoRtetaction Characterisati on

This section details the pesgaction characterisation resultswvafrious spent VAI catalyst
samples by BET, Raman, XRD, TGAPO and XPS.

4.41VAI Cat alPYP®HHs CyCL i pQx iTkeasrits, O
4.4.1.1 BET Surface Area Determination

Table29 summarises the BET results obtained for spefit5 and 10VAI catalysts,

analysed upon completion of ERODH redox cycling tests using @s the oxidant.

Table 29: Surface area, pore volume and average pore diameter of spent 5, 7.5 and 10VAI catalysts
from CL -PODH redox cycles utilising Oz as the oxidant

SBET V pore Avg. pore diameter
Sample (m2gl)  (cmig)) (A)
Fresh 5VAI 175 0.64 48
Spent 5VAI
10 Cycles, 773 K, @ 178 0.66 48
Fresh 7.5VAI 171 0.62 48
Spent 7.5VAI
10 Cycles, 773 K, @ 145 0.54 >4
Fresh 10VAI 145 0.55 43
Spent 10VAI 129 051 62

10 Cycles, 773 K, @

Postreaction results obtained by BET analysis for the 5VAI catalyst are comparable to
those obtained for the fresh sample. However, a profound loss in both the surface area anc
porevolume of spent 7.5 and 10VAI catalysts was found. This observation is indicative of
either pore blockage from coke deposits or the sintering of the catalyst surface which may
occur due to the elevated reaction temperatdifes.
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4.4.1.2 Raman Spectroscopy

Raman spectra obtained for spent VAI catalysts frorPCIDH redoxcycling tests

utilising Oz as the oxidant are presented belowigure 75
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Figure 75: Raman spectra spent VAI catalysts from Cl-PODH redox cycles utilising Q as the oxidant

Raman bands at ~1017 and 1014'cmhichrelate to the symmetric vibration of the V=0
bond in polyvanadate species, are present in the spectra for spent 5 and 10VAI catalysts.
This band shifts to 1027 chin the postreaction Raman of the 7.5VAI catalyst, which is
associated with V=0 bond in movanadates, as observed in the spectrum of the fresh
7.5VAl sample. Raman features attributed to crystallig@s\are present at ~994, 407,

280, 246, and 138 ctrin the spectrum associated with the 10VAI catalyS€ whilst

broad Raman bands which indicate pinesence of polyvanadate species are present in the
spectra for all spent VAI samples. As discussed previously, broad bands in the region of
~200-400, ~400600 and ~60®56 cm! have previously been assigned to the bending
modes, symmetric stretching ars/emmetric stretching vibrations found in polymeric
V-0-V linkages 3t 45 51,97, 98

Postreaction Raman spectra for 10VAI catalgitsto reveal the formatioof a broad

shouldering band at ~918 cimwhich has been established in literature as the vibration
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correlating to VO-Al linkages.®®. Notably, this feature was not presentia Raman

spectra of fresWAl samples.

4.4.1.3 XRD

XRD patterns of spent VAI cdigsts are presented Figure 76 The diffraction patterns
areindistinguishable¢o those obtained for the fresh VAI samplekjch exhibiting broad
peaks characteri fAbscsuppontheatamdd phods. b,
absence of sharp gles relating to crystalline X0s implies that the vanadia species present

in spent VAl samples is highly dispersed on the surface.
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Figure 76: XRD p a t-Al2©7andsspent WAl catalysts from CL-PODH redox cycles utilising Q
as the oxidant

4.4.1.4 TGA-TPO

TGA-TPO measurements were conducted to investigate the extent of carbon laydown on
spent VAI catalyst sampleBigures 7785 present posteaction TPO and MS profée

following the ion current produced from m/z 18 and m/z 44 €D Eind CQ evolution.
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Table30 shows the overall weight loss at the temperature ratifs (887 K)associated
with CO, evolution observed in the MS data. Unfortunately, water evolutionreccu
simultaneously at these temperatures, thus achieving accurate weight loss data exclusive t

carbon deposits is not possible and the values obtained are relative estimations.
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Figure 77: TPO weight loss profile of thespent 5VAI catalyst, CL-PODH redox cycling test, Q
oxidant, 773 K

115



4.5E-2 1.75E-1
] ——m/z 18
4.0E-2
3562 - 1.50E-1
S ] - 1.25E-1 £
2 2.5E-2- =
=) ] o
) ] =
< 2.0E-2- - 8
S ] —1.00E-18
O 1.5E-2- =
D 4
1.0E-2 - 7.50E-2
5.0E-3]
0.0E+0 —+———m—+——+—F—+—+———7———1————1—————1————1 5.00E-2
300 400 500 600 700 800 900 1000
Temperature (K)
Figure 78 TPO-MS profile of the spent 5VAI catalyst, m/z = 18
4.5E-2 1.0E-4
- —m/z 44
4.0E-2 -
] - 8.0E-5
3.5E-2-
. ] - 6.0E-5
X 3.0E-2- i z
S ; I E
= 2.5E-2 - 40E5 =
=) ] o
g . [ 5
= 2.0E-2 - 2.0E-5 O
= 1 r c
= ] S
8 1.5E-2-H I =
] — 0.0E+0
1.0E-2] I
] - -2.0E-5
5.0E-3 A
0.0E+0- T T T I T T T I T T T I T T T I T T T I T T T I T T T _4.0E_5
300 400 500 600 700 800 900 1000

Temperature (K)

Figure 79: TPO-MS profile of the spent 5VAI catalyst, m/z = 44
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Figure 80: TPO weight loss profile of the spent 7.5VAI catalyst, CLPODH redox cycling test, Q

oxidant, 773 K
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Figure 81: TPO-MS profile of the spent 7.5VAI catalyst, m/z = 18
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Figure 82 TPO-MS profile of the spent 7.5VAI catalyst, m/z = 44
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Figure 83 TPO weight loss profile of the spent 10VAI catalyst, CEPODH redox cycling test, Q
oxidant, 773 K
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Figure 84: TPO-MS profile of the spent 10VAI catalyst, m/z = 18
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Figure 85. TPO-MS profile of the spent 10VAI catalyst, m/z 44

Table 30: Weight loss at temperatures associated with C£evolution, 465887 K

Weight Loss
Sample (%)
Spent 5VAI 19
10 Cycles, 773 K, @ '
Spent 7.5VAI 15
10 Cycles, 773 K, @ )
Spent 10VAI 16

10 Cycles, 773 K, @

Since water and C£evolution occurs simultaneously, we cannot distinguish between the
two or draw any tangible conclusions regarding the extent of carbon laydthaough

the ion current of m/z 44 is comparatively weak to m/z 18, its presence in the mass spectra
data suggststhat, despite performing a catalyst regeneration stappcdaydown is

present on all three spent VAI catalyst samplé& evolution of CQis more marked in

the mass spectral plot for the spent 10VAI catalyst; however, the weight loss is mghest i

the 5VAI catalyst sample which méw as a result of greateloss of water
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44210 VAI Catalyst: Long Duration PD
4.4.2.1 BET Surface Area Determination

Table31 summarises the BET results obtained for the sp@Wil catalyst sample from

the long duratior8 h PDH testA loss in the surface area and pore volume is observed with
respect to the fresh 10VAI catalyst, again implying either catalyst sintering or the blockage
of pores from carbonaceous deposit.

Table 31: Surface area, pore volume and average pore diameter of the spel@VAI catalyst removed
after the long duration 3 h PDH step, 773 K

SBET V pore Avg. pore diameter
Sample (m>g*) (cm*g?) (A)
Fresh 10VAI 145 0.55 43
Spent 10VAI
124 0.43 48
3hPDH, 773 K
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4.4.2.2 Raman Spectroscopy

Raman spectra for the pasiaction 10VAI catalysfirom the long duratio® h PDH test is

presented ifrigure 86
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Figure 86. Raman spectra for spent 10VAI catalyst sample: 3 h PDH step, 773 K
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Postreaction Raman provides evidence of significant coke formation with the presence of
G (~1600 crit) and D (1368 cm?t) bands even after catalyst regeneration, in addition to a

shoulder at-1182 cmt. 1% Notably, Raman bandshich relate to crystalline s are

now essentially noxistent, with the spectra exhibiting bands at ~1027259932 cm',

assigned exclusively to monomeric and polymeric vanadia species as previously discussed
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4.4.2.3 XRD

The XRD pattern ofhepost3 h PDH stegamplejs identicalto the spent 10VAI sample
in Figure 76 Thediffraction patternremainsoi sy wi th broad peaks

66. 7A, which are char aeA@supmtt.i ¢ only of

4.42.4 TGA-TPO

A postreaction TPO measurement was performed to investigate the extent of carbon
depositionFigures 8789 present posteaction PO and MS profiles, following the ion
current produced by m/z 18 and m/z 44. The MS data reveals that the temperature
associated with C&evolution is 486 to 860 K and the weight loss associated with carbon

is approximately 2.56.

Measured water in the maspectral dats nominalindicating thathis weight loss arises

mainly from CQ; evolution which occurs from the buoif of carbonaceous deposits.
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Figure 87: TPO weight loss profile of the spent 10VAI catalyst, 3 h PDIdtep
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Figure 89: TPO-MS profile of the spent 10VAI catalyst, 3 h PDH step, m/z = 44
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4431 0VAlI Cat-ROPHtCy €ILi Og ahedsOtCsOd aM t s
4.4.3.1 BET Surface Area Determination

Table32 summarises the BET results obtained for peattion10VAI catalyst samples
from CL-PODH redox cycling tests utilising2® and CQ oxidants in the catalyst
regeneration step.

Table 32: Surface area, pore volume and average pore diameter of spent 10VAI catalyst samples from
CL-PODH redox cycles utilising NO and CO: oxidants

SBET Vpore Avg. pore diameter
Sample (m>g")  (cm*g?) (A)
Fresh 10VAI 145 0.55 43
Spent 10VAI
10 Cycles, 773 K, hO 137 0.49 >4

10 Cycles, 773 K, CQ

On comparingwith the fresh 10VAI sample, a loss in both surface area and pore volume is
observedThisagain suggés the presence either catalyst sinterin@r pore blockage

due to coke formation, despite regeneration steps withad CQ being carried out®

The loss isnostprofound in the catalyst using G the cycling test, whichlso displag

a significant increase in the average pore diameter.
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4.4.3.2 Raman Spectroscopy

Raman spectra obtained for spent 10VAI catalysts frorPODH redox cycling tests
utilising N2O and CQ oxidants are presented belowHigure 90
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Figure 90: Raman spectra for spent 10VAI catalysts from CEPODH redox cycles utilising NO and
CO: oxidants

Postreaction Raman of the sample analysed afteiPCIDH redox cycles using-®

proposes that the catalyst is completetpxidised back to crystalline XDs-like species.

This isapparenfrom theloss of broad features in the ~2086 cm' region relating to
bridging polyvanadate species and the reduction in the relative instensity of the 1021cm
band, relating to isolatkmonovanadates.

Postreaction Raman of the sample analysed after redox cycles usingo@@ver,

changes significantly with respect to the fresh 10VAI sample. Raman features relating to
vanadium oxide species are masked with the formation of two brodd bar1598 and

1353 cmt, characteristic of the G and D bands present in d8ke.
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4.4.3.3 XRD

The XRD patterns of spent 10VAI samplesnoved afteCL-PODH redox cycling tests
utilising N2O and CQ oxidantsareidenticalto the pattern obtained for the fresh 10VAI
sample. Theli f fracti on pattern remains noisy w

66. 7A, which are cA®ysgpotteri stic only of

4.4.3.4 TGA-TPO

Postreaction TPO measurements were also conducted to investigate the extent of carbon
laydown after CEPODH redox cycling tests utilising.® and CQ oxidants.

Figure 91presents the resulting TPO derivative weight profile Balle 33 summarises

the total weight loss at temperatures associated withe@@ution. It should be noted that

MS data was not obtained for these measurements. Consequently, the temperature range
established for Cgevolution in the mass spectral datéSectiond.4.1.4was used to

estimate the weight loss here.
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Figure 91: TPO weight loss profile of the spent 10VAI catalyst, CEPODH redox cycling test, NO and
COz oxidant, 773 K
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Table 33: Weight loss at temperatures associated with C£evolution, 465887 K

Weight Loss
Sample (%)
Spent 10VAI 1.2
10 Cycles, 773 K, BO '
Spent 10VAI 56

10 Cycles, 773 K, CQ@

The calculated weight loss varies considerably between samples whicbkQus@dNCQ

oxidants in the catalyst regeneration step. Since water apév@ition may occur
simultaneously, a conclusive determination regarding the extent of carbon laydown cannot
be made for the sample removed after”XDDH redox cycles using-®. Where CQis

used as the oxidant however, the weight loss associated witevo(@tion is significant,
occurring at distinctively higher temperatures than those observed@oevblution. In

this case, the overall weight loss was%5implying that the extent of carbon laydown is

substantial when using G@s the oxidant.
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4441 0VYA Catalyst: Characteris-e0ODHt V
Redox Cycling Test

Since the 10VAI catalyst generates the most promising results within the varying vanadium
loading series, additional pesharacterisation tests were performedralysethis caalyst

at various stages throughout the-2DDH cycling tests.

4.4.4.1 BET Surface Area Determination

BET results for speritOVAI catalyst samples, removed and characterised at various stages
are detailed imable 34

Table 34: Surface area, pore volume and average pore diameter of spent 10VAI catalyst samples,
CL-PODH redox cycles, Qoxidant, 773 K

Sample (nfEZTl) (c\r/np30§-1) Avg. poz'e& )diameter
Fresh 10VAI 145 0.55 43
Aft(frpfgtlgg\l-/lASItep 119 0.46 43
Aﬂerslgteon; Ij?-g\éél!] Step 132 0.49 48
AfteSrpSGtEtPl[?XAéltep 126 0.49 48
After gg‘e(r)]i é%\g/;'gln Step 132 0.48 48
After Os\/zfgrgﬁ?\,g?lPurge 134 0.52 53
Aﬂfrpg ‘EtPlgl\—{Aéltep 124 0.52 53
Afte?ri%?ht Igg\lgAlstep 120 0.48 53
Spent 10VAI 129 051 o

After 10" O2Regen Step
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A significant loss in the surface area and pore volume is observed for the sample removed
after the 3 PDH step, indicating the formation of coke on the catalyst. Upamidksing

the catalyst with @in the subsequent catalyst regeneration step however, an increase in
both the surface area and pore volume is observed. This trend is reflected thrdughout t
subsequent PDH and catalyst regeneration steps in cycles 5 and 10. A further increase in
the surface area, pore volume and average pore diameter is observed for the catalyst
sample removed after the overnight argon purge. However, the surface areaeteoree

more in the catalyst sample removed after the subseqti&idig step.

4.4.4.2 Raman Spectroscopy

Figures 92 and 9fresent Raman spectra for spent 10VAI catalyst samgbesved at the

various stagedabelled accordingly.

Fresh 10VAI
—— After 1st O, Regen. Step

— After S5th O, Regen. Step
——— After 10th O, Regen. Step

142

Intensity (a.u.)

857 918 1014
998

T "~ " " T " T " T T T 1
200 400 600 800 1000 1200 1400 1600

Raman Shift (cm™)

Figure 92 Raman spectra for spent 10VAI catalyst samples removed after catalyst regeneration steps

130



{14 Fresh 10VAl

i —— After Overnight Ar Purge
- —— After 1st PDH Step
] —— After S5th PDH Step

After 6th PDH Step

After 10th PDH Step

Intensity (a.u.)

. 770 857 932 1025 1378 1600

246 333 440 525

L DL AL B BN BN RELERLE A B L I
200 400 600 800 1000 1200 1400 1600

Raman Shift (cm™)

Figure 93 Raman spectra for spent 10VAI catalyst samples removed after overnight Ar purge and
PDH steps

Postreaction Raman of catalyst samplesnoved after theSland % catalyst regeneration

step display minimal changes and remain comparable to the spectra obtained for the fresh
10VAI sample. Slight changes in the spectra are observed in the Raman of the sample
removed after the 10catalyst regeneration step, however, bands relating to crystalli

V205 become less pronounced. The sharp, promin@®4 cm! band shifts te-998 cmt

and decreases in intensity with respect to~tt@14 cm' band.

Broad Raman bands at ~1600 and 1378, aattributed to coke formation, are present in

the spectra ofaanples removed after the PDH steps. Furthermore, Raman features relating
to monomeric and polymeric vanadia species diminish as the PDH steps pildeeed.

spectra for the catalyst removed after the overnight argon purge also changes considerably
where Raman bands relating to crystalline®s species become less prominent than those

observed for the sample removed after thi@©5regeneration step.
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4.4.4.3 XRD

XRD patterns of 10VAI catalyst samplesmoved at the various stagesnainidenticalto
the spent 10VAI samplaiFigure 76 Diffraction patterns remain noisy with broad peaks
at 2d = 37.1, 46.0 and 66. 7-M0O3swport.ch ar e

4.4.4.4 TGA-TPO

Postreaction TPO measurements were also performed on 10VAI catalysiesaim

investigate the extent of carbon deposition at various stages of tROOH redox

cycling testFigures 94 and 9present the resulting TPO derivative weight profiles and
Table35 summarises the total weight loss at temperatures associated witvQlQtion.

MS data was not obtained for the spent 10VAI catalysts removed at the different stages. As
such, the temperature range established fare¥@lution in the mass spectral data

Sectiond.4.1.4was used to estimate the weight loss here.
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Figure 94: TPO derivative weight profile of spent 10VAI catalystsamples

1.0E-1
] — After Overnight Ar Purge
9.0E-2- —— After 6th PDH Step
. — After 10th PDH Step
8.0E-2+ —— After 10th O, Regen Step
< 7.0E-2-
3 ]
S 6.0E-2-
= ]
o
‘©  5.0E-2-
= i
> 4.0E-2-
o ]
0 3.0E-2-
2.0E-2
1.0E-2-
0.0E+0+————T——— | I LA R B BN
300 400 500 600 700 800 900 1000

Temperature (K)

Figure 95: TPO derivative weight profile of spent 10VAI catalyst samples

133



Table 35: Weight loss at temperatures associated with C£evolution, 465887 K

Weight Loss

Sample ?% )

Spent 10VAI 192
After 15 PDH Step '

Spent 10VAI 169
After 1t O2 Regen Step '

Spent 10VAI 174
After 5" PDH Step '

Spent 10VAI 111
After 51" O2 Regen Step '

Spent 10VAI 0.54
After Overnight Ar Purge '

Spent 10VAI 177
After 6" PDH Step '

Spent 10VAI 185
After 10" PDH Step '

Spent 10VAI 160

After 10" O2Regen Step

At the temperature range tested, the percentage weight loss is highest for catalysts remove
after performing the PDH steps. A decrease in the weight loss is observed in samples
removed after subsequent catalyst regeneration steps, suggesting that thenoardfon

laydown formed from the PDH reaction is successfully removkd.weight loss observed

in the catalyst removed after the overnight argon purge decreases further, indicating
additional carbon laydown is removed even after th©5regeneratiorstep has been
performed.
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4.4.45 XPS

XPS was performed on spent 10VAI samples removed at various stage$P@ [OH

redox cycling tests. Results from the XPS measurements are presdfigpatén96and

Table 36 which compare the resulting atomic concentratimfrsurface V*and \P*

species at the various stages throughout th& ODH redox cycles.

V2p Scan

After 10™ O, Regen. Step

After 10" PDH Step

.‘__.‘-_-——

After 6" PDH Step

—

1 After Overnight Ar Purge

4
S| After 5™ O, Regen. Step
2]
3] -
=1
After 5% PDH Step
After 15O, Regen. Step
o i
4 After 15 PDH Step
T

Fresh 10 wt.% V/Al, O,

F——

rrrrrrrrrrrr[rrrr|rrorr

519

522 521 520

[rrrrjrrrryrrrryrrrr|rrr

518 517 516 515 514
Binding Energy (eV)

Figure 96. XPS spectra of fresh and spent 10VAI catalyst samples, V¥where pink represents V?*

species and green represents*¥/species
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Table 36: Summary of XPS results detailing the atomic % concentration of surface ¥ and V** species
in fresh and spent 10VAI samples

% Conc. % Conc. V 2p*? Ratio of
Sample

V 2p¥2 (V5*) (V4 V54

Fresh 10VAI 3.04 0.10 30. 4
Afte?rpfgtPg)Xgltep 2.52 0.60 4. 2

Afterslgteonz IJ:\-’(;\Q;QI!] Step 3.18 0.16 19.9
Aﬂfrpsetptplngsltep 2. 47 0.59 4.2

Aﬁergg‘e(gZIl?%\égL Step 3.10 0.22 14.1
After Osvgfr?itg%]?\x\lPurge 2.61 0.50 5.2
Aftesrpgtrh]tplngsltep 2.20 0.56 3.9
Afte?q%?htég\lflAIStep 2.40 0.78 3.1

Spent 10VAI 3 109 0. 30 Lo 6

After 10" O2Regen Step

The ratio has been taken betweenatmmic concentrations ofX¥/V4*, where smaller

values indicate higher levels of surfact ¥pecies, which implies that the catalyst is in a
more reduced stat&he XPS spectra and®¥/V#* ratios of the fresh 10VAI catalyst

indicate that V" species arerpvalent on the surfacd. considerable increase in surface

V#* species is observed after performing the PDH steps, whex®#h&* ratio decreases

from 30.4 to 4.2 and 3.@fter each corresponding catalyst regeneration step, the presence
of surface V' species increases. However, the ratio exhibits an overall decrease as the CL
PODH redox cycles proceed, suggesting that the catalyst is never fully regenerated back tc
its original statedespite the reoxidation of the catalyst surf#aeother interestig

observation is th&>*/V** ratio in the sample removed after the overnight argon purge,
where an increase in surfacé"gpecies is observed as the ratio decreases further from
14.1t0o 5.3.
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XPS measurements were also performed on spent 10VAI samplegrkatozarious

stages of the GIPODH redox cycling test utilising4® as the oxidant. The resulting

atomic concentrations of surfacé"and \P* species at the various stages are presented in

Figure 97andTable 37
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After 10" N,0
Regen Step

1 After 10 PDH Step

1 After 6" PDH Step

-\-_\-"—*—_._._______

After Overnight
Argon Step

I
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Regen Step

Arbitral.'y Units

e ———

———————— —

After 15*N,0
Regen Step

4 After 53 PDH Ste& -

: After Heating to 773K

N |

522

519

516
Binding Energy (eV)

Figure 97: XPS spectra of fresh and spent 10VAI catalyst samples, V¥pwhere pink represents V?*
species and green represents*¥/species
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Table 37: Summary of XPS results detailing the atomic % concentration o$urface \?* and V** species
in fresh and spent 10VAI samples

% Conc. % Conc. V 2p3? Ratio of

Sample V 2p32 (V/5*) (V49 V54
Aftsgrenlt—le;toiv 3.64 0.00 a
AftSé‘IF‘:dzgnltRe;(zz\rf 3.78 0.80 4.7

Afstpbe*PnDtE 1Sot\/‘E y 75 o 81 .
Aftsbngeor;stRet%Vn 3.71 0.36 10. 3
Afteh overni 8-33  1.11 3.0

AfstpberanDtle 1SOtVe > 56 1 os s 4

Af?peteﬁg]émolgtvt 2.66 1.14 2.3
Aftgtﬁ\ljoga?elgoevn 3.84 0.32 12.0

aV4*ions were not observed on the surface of the sample removed after heating to 773 K

XPS measurements reveal an even higher increase in suffasmevies after thé™and

6" PDH step than 10VAI samples wherev@as utilised as the oxidant. Upon further
comparison, the regeneration of"\gites afer corresponding catalyst regeneration steps
are also not as significarawing to the fact that pO is a milder oxidant. The presee of
surface V" actually increases as @ODH redox cycles proceed, which indicates that that
the reoxidation of catalyst sites is favoured with increasing TIGStly, theV>*"/V#*ratio
decreases once more in the sample removed aftewdéneight argon purge from 10.3 to

3.0, indicating thatdespite being held under an inert atmosphbegearemore surface

V4 species present.
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4451 0 VAI Catal yst :Collndgsuerssd ii ggratt i onfg tt

When removing the spent 10VAI catalyst fromardaycling tests utilising ©as the

oxidant, we observe a profile along the catalyst bed with a colour graigutg 9. The
catalyst bed was separated into three sections, denoted A, B emeresent the top,

middle and bottom of the bed. Thergales were subsequently analysed with Raman and
TGA-TPO measurements to investigate the variation in vanadium oxide species and extent
of carbonlaydownwithin thesedistinct regions.

Figure 98 Spent 10VAI catalyst bel, Oz oxidant, 773 K, 1 atm
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4.4.5.1 Raman Spectroscopy

Raman spectra of the distinct regions which exist along the spent 10VAI catalyst bed are

presented ifrigure 99

J138
—— Fresh 10VAI

_ —— Spent 10VAI: A
—— Spent 10VAI: B
— Spent 10VAI: C

408 530 605
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Raman Shift (cm™)

Figure 99: Raman spectra of samples A, B and Gwhich relate to thetop, middle and bottom of the
catalyst bed

A clear disparity is observed in the Raman spectra of samples taken along the catalyst bed
The spectra of the sample taken from the bottom of thé®eekhibits similar Raman

features to those observed in thesfrd OVAI catalyst. The spectra of the sample taken

from the middle of the beB) is also comparable, however, the bands have become less

prominent.

The sample removed from the top of the catalyst(Bgds visibly darker in colour and it

is this samplavhich exhibits the greatest change. Sharp Raman features which correlate to
crystalline \AOs species are no longer present, with remaining bands exclusively assigned

to monomeric and polymeric vanadia species. Remarkably, both G and D bands resulting

from coke formation are absent, therefore any carbon laydown that may be present along

the spenfLOVAI catalyst bed was undetected by the Raman measurement.
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4.45.2 TGA-TPO

Since there was no evidence of carbon laydown from Raman spectroscopy, TPO
measurements were performed to investigate the extent of carbon deposition along the
catalyst bedFigures 1060102 present the derivative weight profilesdTable38 details

the total weight loss at temperatures associated withe@@ution. Mass spectral data was
not obtained inhese measurements, thus the temperature esmsgeiated witicO,

evolutionin Secton 4.4.1.4wasagainusedto estimateghe weight loss.
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Figure 100 TPO weight loss profile ofsample A top of thecatalyst bed
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Table 38: Weight loss at temperatures associated with C£evolution, 465887 K

Weight Loss
Sample ?0 %)
Spent 10VAIT Sample A (Top) 1.9
10 Cycles, 773 K, @
Spent 10VAIT Sample B (Middle) 1.0
10 Cycles, 773 K, @
Spent 10VAIT Sample (Bottom) 10

10 Cycles, 773 K, @

When compared, it is apparent thatariation in thgercentageveight loss of samples

along the catalyst begkists Specifically the weight loss observed in the sample removed
from the top of theatalyst bed is ~1.%, which is almost double the weight $oecorded

in samples taken from the middle and the bottom of the bed. Since both waterzand CO
evolution may occur within the temperature range evaluated, only relative comparisons can
be made btween the samples when investigating the extent of carbon laydown. As a

result, the weight loss results provide only an indication that there are higher levels of
carbon deposition at the top of the catalyst bed.
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5 Mol ybdenum Oxi de

51 Pr-Reacti o

n

| Ghaatri aocnt e r

This section details the characterisation results of the 9.4MoAl catalyst, performed prior to

the CL-PODH redox cycling test. The characterisation techniques includ®©EF BET,

H>-TPR, Q chemisorption, Raman spectroscopy and XRD.

5111 CPES

ICP-OES was performed to determine the molybdenum content in the fresh 9.4MoAl

catalyst. The molybdenum loading that was achieved via the incipient wetness

impregnation technique was 9.3 wt.%, indicatihgt the catalyst preparation had been

performed successfully.

512BET Surf ac

e

Ar e a

Deter minat.i

on

Adsorptiordesorption isotherms for theAl Oz support and 9.4MoAl are presented in

Figure 103 Similar to the VAI catalyst seriethe isotherm obeys the Typé model with

the characteristic HType hysteresis loop.
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Figure 103 N2 adsorption-desorption isotherm of the fresh 9.4MoAI catalyst
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Table39d et ai |l s the surface area, por-Al0sol ume
support andresh 9.4MoAl catalysfThe surface area ofAl.Oszwas 258 rag, which

decreased upon loading with the molybdenum precursor and calcination at 823 K for 12 h.

Table 39: Surface area, pore volume and average pore diameter of tleeAl203 support and 9.4MoAl

Sample SeeT Vpore Avg. pore diameter  Surface Density
(m?g?)  (cmg?) (A) (Mo nm-2)
2-Al203 258 0.93 54 -
Fresh 9.4MoAl 155 0.55 48 3.8

The molybdenum surface density of 9.4MoAl is also presented, which was calculated
using the molybdenum loading and BET surface area &d.#ioAl catalyst, as described
in Equation 21

Equation 21: Molybdenum Surface Density Calculation

0 €0 &

0éannQYd b NOBNI ool
U Y p T

Whereby,

f Nai s Avogadrodos Z®?maipstant (6.02x10

My is the molar weight of molybdenum (95.95 g Mol

1 Seer (Mm?g?) is the specific surface area of the catalysts
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513 H>TPR

H>-TPR measurements were employed to provide insight into the reducibility of the
molybdena species present in the fresh 9.4Mmdlyst The resulting #TPR profile and

corresponding peak maxima are presentdelgare 104andTable 4Q which revead two
distinctreduction events between 5000 K.

0.008

] Fresh 9.4MoAl
0.0074

0.006

- 793 K
0.005+

601 K

0.004-

Deriv. Weight (%/K)

0.003
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0.001-
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Temperature (K)

Figure 104 H>-TPR profile of the fresh 9.4MoAl catalyst

Table 40: H>-TPR data summarising Tmax Of reduction peaks in the fresh 9.4MoAl catalyst

T max (K)
Sample

Fresh 9.4MoAl 601 793

146



It is well established in literature that the reduction of M@ twostepprocessan

initial reduction toMoO> with asubsequet, furtherreduction to the Mo metalhe

reduction of Mo@to MoG; is reported taccur between 723 K and 923 ferefore, the
higher temperature reduction event observed in thi€RR profile of 9.4MoAl is ascribed

to reduction of Mo@species'® Thetotal weight loss at 76000 K was determineavith
results showg that approximatelpne oxygen atom was lost per one molybdenum atom,
which concurs with the proposal that the higher temperature reduction event is due to the
reduction of MoQto MoOQ:.

Charyet al.propose that octahedral polymolybdate speéoesd in catalysts comprising
moderate molybdenum loadings, are much more easily reducible than both isolated
tetrahedral molybdena and Me€pecis; reducing at lower temperatures of 6383 K in
comparison to 1073270 K.1%¢: 197Therefore the lower temperature reduction peak

observed aB01 K is assigned to the reduction of octahedral polymolybdate spééies.
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5140xygen Chemisorption

Oxygen chemisorption was performed on the reduced 9.4MoAl catalyst as described in
Section3.3.2 The cumulative oxygen tgke is plotted as a function of the pulse number

in Figure 105whichshowsa cumulativeoxygen uptake of 9.4MoAb be221pumol g.
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Figure 105 Cumulative oxygen uptake of fresh 9.4MoAl

The resulting oxygen uptake capacity allows us to obtain the oxygen atom site density and
metal dispersion of the fresh 9.4MoAl catalyst. The oxygen atterdensity was

calculated as the ratio of oxygen atoms to the specific BET surface area, and the dispersiot
was determined by taking the ratio of adsorbed oxygen to total molybdenum atoms,

assuming @QidMoatoms= 1. The results are summarisediable 41

Table 41: Oxygen uptake, atom site density and dispersion of fresh 9.4MoAl calculated from oxygen
chemisorption measurements

Oxygen atom

SBET Oxygen uptake . . Dispersion
Sample 2 1 1 site density
(m?g?) (Hmol g% (O nm?) O/Mo
Fresh 9.4MoAl 154 221 1.7 45.1
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515Raman Spectroscopy

Raman spectr a -A:0:tsupport edus the fresh9.4AMoAl zatalyst is
presented ifrigure 106
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Raman Shift (cm™)
Figure 106 Ra man s {Alk@sand the fresh 9.4MoAI catalyst

Since t he sle@suppardoesmodt exhibiteany sharacteristic featurethen
~106-1700 cmt' region, all Raman bands observed in the spectrum of the fresh 9.4MoAl
catalyst are ascribed to molybdenum oxide vibrations. A thorough literature search reveals
that Raman shifts observed at ~952 and 344 ara characteristic of the symmetric stretch
and the bending mode of molybdenyl bonds (Mo=0) present within octahedral
polymolybdate species, respectivelF!1! Furthermore, polymeric molybdenum oxide
species are further characterised by the shouldering band at ~8&hdrbroad bands at

~565 and 219 crh which are assigned to the asymmetric stretch,yimeretric stretch

and deformation mode of bridging M®-Mo bonds, respectively®: 111
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5.1.6 XRD

The XRD pattern obtained for the fresh 9.4MoAl catalyst is shoviangare 107 Similar
to the VAI catalyst series, the diffraction pattern of 9.4MoAl exhibits peaks relating
exclusively to the amorphous alumina support, indicating that the molybdena species

present in 9.4MoAl is highly dispersed and does not exhibit long range ordering.
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Figure 1072 X RD p a t-Al:©7andshe treflsh 994MoAI catalyst
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52Ther modynamic Anal ysi s

Thermodynamic analysis was carried out to investigate the feasibility of chemical reactions
that occur when performing GRODH redox cycles over molybdenum oxide catalysts.

Any possible side reactions which may occur are described previouéciimon4.2.3

The basic thermodynamic data of reactants and productsz, N, CO, CQ,

graphitic carbon, propane, propene,add HO were obtained®'°?and used to calculate

the change in Gibbs free energy of chemical reactions which occur during4R©CH

cycling test. The resulting Gibbs free energies of each reaction were plotted as a function
of temperatug, where a negative value indicates that the reaction is thermodynamically

feasible.

521Propane Dehydrogenation Step

The chemical equations of reactions which may proceed during the PDH step are listed in
Table 42 Reactions (3@8) are the stoichiometric egtions of propane oxidising to

propene, CO, C&and HO by utilising the lattice oxygen sites of molybdenum oxide
species. Reactions (39) and (40) are the stoichiometric equations of the desired propene
product subsequently-adsorbing onto lattice oxygesites and combusting further to CO,
COy and HO.

Table 42: Chemical equations for reactionsoccurring during the PDH step of CL-PODH redox cycles
utilising 9.4MoAl

Reaction Chemical Equation Rescétion
CsHs(g) + MoOs( s ) Y2 (sMoQBls (g) + HO () (36)

CsHs(g) + 10MoQ( s ) Y .(sPHBE@X(g) + 4HO (9) | (37)

PDH
over MoOsz CsHs(g) + 7M0oQOs(s)k 7Mooz (s) + 3CO (g) + 4kD (9) (38)

it
Sties CsHes (g) + 9MoQi(s)k 9MoO; (s) + 3CQ(g) + 3HO () (39)

CsHe(g) + BMOQ (s) K 6M0O, (s) + 3CO (g) + 3kD (g) (40)
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The Gibbs free energy plot of reactions-@% are displayed iRigure 108 Overall, the

oxidation of both propane and propene utilising Mo@3play negative values at 773 K,

therefore, they are spontaneous and thermodynamically feasible at our reaction conditions.

Notably, the production of CO and @@uring the oxidation of propane and propene

display lower Gibbs free energies than the potida of the desired product propene and

are consequently more favourable.
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Figure 108 Gibbs free energies of reactions (3@0) plotted as a function of temperature
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522Regeneration Step & Removal

of

Reactions whicimay transpire during the catalyst regeneration step #?ODH redox

cycling tests utilising the 9.4MoAl catalyst and, @O and CQ oxidants are tabulated in

Table 43 Reaction (41) is the stoichiometric equation relating to the reoxidation of

resultingMoO: sites utilising @ as the oxidant, whilst reactions (42)d (43)arethose

regenerated with 20 and CQoxidants.

Section4.2.3details any possible side reactions that may occur during tHeQIDH

redox cycles, where chemical reactions resulting in coke formation exhibit negative Gibbs

free energies. As a resultwas also of interest to investigate the possibility of carbon

laydown removal via the lattice oxygen sites of M@Pecies. The chemical equations of

such reactions are also presentedable 43 labelled as reaction (44) and (45).

Table 43. Chemical equations for reactions occurring during the regeneration step of CIPODH redox

cycles utilising 9.4MoAl

Reaction Chemical Equation Relz\allcc:)tion
Catalyst Regeneration ,
(Oxidant i O) 2MoO: (s) + @ (g) kK 2MoCs(s) (41)
Catalyst Regeneration ,
(Oxidant i NzO) MoO2(s) + NO(g) kK MoOz(s) + N> (g) (42)
Catalyst Regeneration ,
(Oxidant i CO2) MoOz(s) + CQ(g)k MoOs(s) + CO (g) (43)
C (s) + MoQ (s)z MoO: (s) + CO (g) (44)
Removal of
carbon laydown
C (s) + 2MoQ(s)z 2MoO:z(s) + CQ (g) (45)
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The Gibbs free energy plot of reactions-@8) is displayed ifrigure 109 Overall, the
re-oxidation of resulting Mo@species with @and NO oxidants display negative Gibbs

free energy values at 773 K. Treoxidation with CQ, however, exhibits a large positive
value due to the inherent inertness ofzCi@dicating that the reaction is not
thermodynamically feasible and will proceed in the reverse direction. Reactions (44) and
(45), associated with the coomstion of carbon laydown to CO and &@lso exhibit

negative Gibbs free energies, which implies that carbon removal using the lattice oxygen

sites of MoQ catalysts is thermodynamically feasible.
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Figure 109 Gibbs free energies of reactions (445) plotted as a function of temperature
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53Reactivity Tests

This section details the results obtained from theRCIDH redox cycling test performed

using the fresh 9.4MoAl catalyst, as describe8aation3.3.3

5331 C-PODH Redox Cycles with O

Results from the CIPODH redox cycling test performed over the fresh 9.4MoAl catalyst
using Q as the oxidant in the regeneration stae pesented here. The reaction profile
detailing theconversion of propane and selectivity to propene anglgt@lucts is shown

in Figure 110 Furthermore, the resulting yields of the desired olefin proahd€O;, are
presented ifrigure 111

The datgpresented is the instantaneous performance obtained at the end of the 30 min

PDH step of each corresponding redox cycle.

mCH, ® CH, ® CO,

Conv. or Sel. (%)
(o]
N
(=]
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Figure 110 Instantaneous GHs conversions and GHe/COz2 selectivities using the 9.4MoAl catalyst,
773 K, 1 atm
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Figure 111 Instantaneous GHs and CO: yields using the 9.4MoAl catalyst, 773 K, 1 atm

Significantly, propaneconversions in the GPODH redox cycling test utilising. 2MoAl

are comparatively lower than those obtained in tests performed over the 10VAI catalyst.

Propane conversions using the 9.4MoAl catalyst reached 945t9he end of theS1PDH

step, which decreased marginally to -151% in the PDH step of cycles 2 to 5. The

9.4MoAl catalyst demonstrated an enhancement in activity during the PDH step of cycle 6,
which was performed after the overnight argon purge, before decreasing agajrtloel

PDH step of cycles 7 to 10.

Furthermore, the selectivity to propene is low when using the 9.4MoAl catalyst, reaching
~32.1 % by the end of thé' PDH step. A subsequent decay is observed during the PDH
step of cycle 2, resulting in a decreaseriopene yield from ~5.1 to ~4.0 %. Propene

yields remain comparable in cycles 2 to 5 with an enhancement again observed in the PDF-
step of cycle 6 due to an increase in catalyst activity. Both propene selectivity and yield
decay during the PDH step of ¢§&, before remaining relatively stable during successive

cycles, indicating that no significant catalyst deactivation had occurred.
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It should be noted, however, that £s@lectivities remain significantly lower than those
observed for propene. The seleity to CO, reaches ~3.3 % by the end of tifePDH

step, which increases nominally to ~3.5 % in the PDH step of cycle 2 before decaying in
cycles 35 to ~3.0 %. An enhancement in €€&lectivity is observed in the PDH step of
cycle 6, which similarlydecays throughout successive-EDDH redox cycles-10. As a

result, the overall C®yield that was obtained displays a similar trend throughout.

Reaction profiles displaying the activity trend over the entire 30 min PDH step, using the
9.4MoAl catalyst, ee presented iRigures 112114 It should be noted that thiata

presented relates exclusively to the PDH step of cycle 1 versus cyatpies 112 and
113convey propane conversion and propene angge@ctivity plots andrigure 114
presents the rediig propene and C{yield.
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Figure 112 Reaction profile of CsHs conversion and GHe selectivity during the PDH step of cycle 1
versus cycle 2: 9.4MoAl, Qoxidant, 773 K, 1 atm
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Reaction profiles obtained with the 9.4MoAl catalyst display different reactivity zones
throughout the 30 min PDH step. Interestingly, propene andy@@sdo not reach a

maximum value within the first ~1.5 min of cycle 1. However, propene and/e{ds

reach this maximum point in the PDH step of cycle 2. In this case, propene yields decrease
as propane conversion drops sifjnificantly until~6.0 min intothe reactionAs the

reaction progressepropene selectivities decrease in conjunction witneasingoropane
conversios, resulting in relatively stable propene y®ld similar trend is observed with
respect taCO; selectivitieshowever the decay is far more substantial than observed in the
case with propen¢husthe overall CQyield decreasedespite an increase aatalyst

activity.

Propane conversions, prope@€) selectivities and the resulting propene/G/i2lds
achieved ~1.5, 6 and 30 min into the PDH step of cycles 1 and 2 are summarised in
Table44 andTable 45

Table 44: Summary of CsHs conversions, GHs and COz selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 1: 9.4MoAl, @oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO; CO;
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 30.8 12.8 3.9 3.2 1.0

6 13.1 28.6 3.7 5.8 0.8

30 15.9 32.1 5.1 3.3 0.5

Table 45: Summary of CsHs conversions and GHesand COzselectivities and yields obtained at the
different reaction regions during the PDH step ofcycle 2: 9.4MoAl, G oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO, CO,
PDH Step Conversion  Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
15 50.1 11.6 5.8 6.3 3.2

6 9.9 34.5 3.4 8.1 0.8

30 14.1 28.6 4.0 4.2 0.6
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An enhancement in catalyst activity is observed in the PDH step of cycle 6 after holding
the 9.4MoAl catalyst overnight under argdio obtain a clearer understandimgaction
profiles detailing the data frothe entire 30 min PDH step of cycle 5 versuseychave
been comparedrigures 115 and 11detail propane conversion and propene and CO

selectivity plots andrigure 117shows the resulting propene and G@lds.
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Figure 115 Reaction profile of CsHs conversion and GHs selectivity during the PDH step of cycle 5
versus cycle 6: 9.4MoAl, Qoxidant, 773 K, 1 atm
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The PDH step of cycte and 6 exhibit a simak trend, displaying different reactivity

regions throughout the reaction. Comparably, propene angi€lds are maximised

within the first ~1.5 min. As the reaction proceeds, propene selectivities decrease with an
increase in propane conversions, resglin relatively stable propene yields by the end of
reaction. Propene and G€electivities remain relatively comparable, however, an
enhancement in catalyst activity ultimately achieves higher propene anygléld3, which
increase from ~4.6 and 0.4 %-t6.9 and 0.7 %, respectively. Propane conversions,
propene/C@selectivities and the resulting propenefG@Ids achieved at these different

reactivity regions in CLPODH redox cycles 5 and 6 are summarisebable46 and
Table47.

Table 46: Summary of CsHs conversions, GHs and COz selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 5: 9.4MoAl, @oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO; CO;
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 56.0 10.5 5.9 6.0 3.3

6 9.9 32.4 3.2 6.1 0.6

30 154 28.8 4.6 2.8 0.4

Table 47: Summary of CsHs conversions and GHesand COzselectivities and yields obtained at the
different reaction regions during the PDH step of cycle 6: 9.4MoAl, @oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO; CO;
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 64.0 9.8 6.2 4.8 3.1

6 13.8 27.2 3.8 7.2 1.0

30 17.2 28.4 4.9 3.8 0.7
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54 PofRttaction Characterisati on

This section details the pestaction characterisation results of the spent 9.4MoAl catalyst
by BET, Raman, XRD and TGAPO.

541BET Surf deeteeAmeaati on

Table48 summarises the BET results comparing the surface area, pore volume and averag
pore diameter of spent 9.4MoAl to those obtained for the fresh sample.

Table 48: Surface area, pore volume and average pomdiameter of spent of the 9.4MoAl catalyst from
CL-PODH redox cycles utilising Q as the oxidant

SBET V pore Avg. pore diameter
Sample (megh)  (cmigh A)
Fresh 9.4MoAl 155 0.55 48
Spent 9.4MoAl 139 0.52 54

10 Cycles, 773 K, @

Thepostreaction results obtained by BET analysis reveal a loss in surface area and pore
volume, in conjunction with an increase in the mean pore diameter. A similar trend was
observed in the BET analysis of spent VAI catalyst samples, which suggests tiimjpote

formation of coke despite employing a catalyst regeneration step.
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542Raman Spectroscopy

The postreaction Raman spectrum obtained for the spent 9.4MoAl catalyst is presented
below inFigure 118

— Spent 9.4MoAl
Fresh 9.4MoAl

832

Intensity (a.u.)

T T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600

Raman Shift (cm™)
Figure 118 Raman spectra of spent 9.4MoAl from CL-PODH redox cycles utilising Q as the oxidant

Notable changes are observed in the Raspactrunof spent 9.4MoAlWwhen comparetb

that ofthe fresh sampl&he sharp feature observed at ~952'¢cpreviously assigned to

the symmetric stretch of the molybdenyl bond of octahedral polymeric molybdena species,
shifts to ~965 cm and is significantly less prominent in the posaction Raman

spectrum108

Another clear disparity is the formation of the Raman bar@322 cm!, which does not
appear in the preeaction spectrum. A thorough literature search reveals that this feature
may be characteristic of the stretching frequency of Mo=0 in tetrahedoaltginated

surface molybdena domains, which comprise two terminal Mo=0 bonds and two bridging
Mo-O-Al bonds.'*? Furthermore, Raman features-a65 and 344 crh present in the pre
reaction spectrum and assigned respectively as the bending mode of Mo=0 and the
symmetric stretch and bridging M@-Mo bonds in polymeric molybderspecies, remain
present for the spent 9.4MoAl catalyst.
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543 XRD

The XRD pattern obtained for the spent 9.4MoAl catalyst is presentgdure 119
Similar to the fresh catalyst sample, the diffraction paiterdentical tathat ofa-Al20g,
with reflectionsat 37.1, 46.0 and 66.cbrrelaing exclusively to the amorphous support
material. The lack of intense diffraction peaks relating to crystallinedVio@icateghat
themolybdenunoxide domains present in the posaction sample remain highly
dispesed on the surface.
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Figure 119 XRD patterns of spent 9.4MoAl from CL-PODH redox cycles utilising Q as the oxidant
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544 TGATPO

A TGA-TPO measurement was employed to investigate the presence of carbonaceous
deposits on the spent 9.4MoAl catalyst after performing tefODH redox cycles.

Figure 120shows the posteaction TPO weight loss profile, which displays the weight loss
percentage obtained betwed0-1000 K. The weight loss observed in the TPO profile
resultspredominantlyfrom H,O evolution at lower temperatures. There were no

combustion events observed at higher temperatures >500 K, which are typically associated
with CO; evolution Thisindicaesthat carbonaceowdeposits were not present in the spent
9.4MoAl catalyst after performing the finehtalystregeneration step in GRODH redox

cycling testsutilising O, as the oxidant.
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Figure 120 TPO weight loss profile of the spent 9.4MoAl catalyst, CHPODH redox cycling test, Q
oxidant, 773 K
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6 Mi xed VaMaldy mdenum Oxi de

6.1 Pr-Reacti on Characterisati on

This section details the characterisation resulfeesh VMoAI catalysts, conducted prior to
CL-PODH reactivity tests. The techniques that were performed on VMoAI samples include
MP-AES, ICROES, BET, H-TPR, Q chemisorption, Raman spectroscopy and XRD.

6.1.1 MP-AES an®ESCP

Both MP-AES and ICPOES measurements were employed to determine the vanadium and
molybdenum content in fresh VMoAI catalyst samples. The desired vanadium loading was
fixed at 10.0 wt.% with varying molybdenum loadings fr8r8, 4.7 and 9.4 wt.%,

representig V/Mo molar ratios of 6:1, 4:1 and 2:1. The results detailing &madium and

molybdenum content achieved via the impregnation technique are summaiisdeid9

Table 49: MP-AES and ICP-OES results of fresh VMoAI catalysts

Sample V wt.% Mo wt.%
Fresh 10V3.2MoAl 9.7 3.4
Fresh 10V4.7MoAl 9.7 4.5
Fresh 10V9.4MoAl 9.7 9.6

MP-AES results show that an average V wt.% of 9.7 was achieved in fresh VMoAI
catalysts. Furthermore, molybdenum loadings of 3.4, 4.5 andt3&were achieved for
10V3.2MoAl, 10V4.7MoAl and 10V9.4MoAl, respectively, indicating that catalyst

preparations were carried out successfully throughout the VMoAI catalyst series.
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6.1.2BET Surf ace

Ar e a

n

BET adsorptiordesorption isotherms for tleeAl 20z supporiand fresh/MoAl catalysts

are presented iRigure 121 which show that the isotherms obey the Type IV model

observed previously in fresh VAl and MoAl catalysts.
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Figure 121: N2 adsorption-desorption isotherms of fresh VMoAI catalysts
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Table50displays the surface area, pore volume and average pore diameter of VMoAI
samples. The surface area of the 10VAI catabygst 145 rig?, which decreased

significantly to 117 rAg? upon molybdenum incorporation in the 10V3.2MoAl sample.

An increase in thaverage pore diameter is observed, which may be associated with the
formation of crystalline Mo@species. Subsequent molybdenum incorporation yields

lower surface areas and pore volumes, where the average pore diameter increases markec
from 61 to 84A. Vanadium and molybdenum surface densities are presenietblie 50

which were calculated as describedEmuations 17 and 21

Table 50: Surface area, pore volume and average pore diameter of fresh VMoAI catalysts

SeeT Vpore Avg. pore Surface  Surface
Sample (m2gl) (cmig?) diameter Density  Density
A (Monm?  (Vnm?)
Fresh 10VAI 145 0.55 43 ) 79
Fresh
10v3.2MoAl 17 0.48 61 1.8 9.8
Fresh
10V4.7MoAl 85 0.40 71 3.3 13.5
Fresh
10V9.4MoA 6 0.38 84 7.9 15.1
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6.1.3 H2>-T PR

H>-TPR measurements were performed to investigate the reducibility of both molybdena
and vanadia sites as the molybdenum loading increasessh VMoAI catalystsH>-TPR

profiles and corresponding peak maximaesented ifrigure 122andTable 51 where
two distinct reduction events above 500 K are observed.
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Figure 122 H>-TPR profile of fresh VMOoAI catalysts

Table 51: H>-TPR data summarising Tmax Of reduction peaks in fresh VMoAI catalysts

T max (K)
Sample
A B
Fresh 10V3.2MoAl 616 850
Fresh 10V4.7MoAl 614 868
Fresh 10V9.4MoAl 616 884
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Similar to the fresh 10VAI catalyst, VMoAIl samples exhibit a lower temperature reduction
peak, Tax= 614 and 616 K. This reduction event was previously ascribed to the reduction
of amorphous monovanadate and polyvanadate surface species, which indicates their

presence despite ¢mpregnating molybdena onto the catalyst support.

The second radttion event observed with the 10VAI catalyst occurs at 815 K, which shifts
to higher temperatures in VMoAblmplef 850 868 and 884 K. The formation of a
shouldering reduction peak at ~800 K is also observed which is absent i TiRH

profile of thelOVAI catalyst, indicating that it may arise from crystalline M@pecies or

from a newly formed Wo-O mixed phase. The total weight loss associated with H
evolution at the higher temperature reduction event was determined and is tabulated in
Table 52 Theratio of evolved oxygen to vanadium and molybdenum species in mixed
VMOoAI catalysts was approximately 0.8:1.0, which is less than the ratio obsermitiden

of the VAI or MoAl catalystseries

Table 52: Weight lossassociated with HO evolution at the higher temperature reduction event in
VMOoAI catalysts

Weight Losg O moles V + Mo mole® O/(V+Mo)
Sample

(mg) (umol) (nmol) Ratio
Fresh 10V3.2MoAl 0.34 21.3 27.2 0.78
Fresh 10v4.7MoAl 0.32 20.0 23.3 0.85
Fresh 10V9.4MoAl 0.48 30.0 36.0 0.83

30xygen weight loss from 4 evolution,bV+Mo moles present in the sample used for each TPR
measurement.
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6.140xygen

Oxygen chemisorption measurements were performed on reduced VMoAI catalysts as
described irBection3.3.2 Figure 123presents the cumulative oxygen uptake plotted as a

function of pulse number.
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Figure 123 Cumulative oxygen uptake of fresh VMoAI catalysts
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Figure 124displays the trend in oxygen uptake as a function of increasing molybdenum
loading.On comparisonvith the fresh 10VAI catalyst, only a slight increase in oxygen
uptake is observed in the 10V3.2MoAl sample. Oxygen uptake becomes more significant
with additional molybdenum loading, however, where 10V4.7MoAl and 10V9.4MoAl
catalysts exhibit a systematic increase, reaching #1868 g for the 10V9.4MoAl

sample. In previous chapters, the oxygen uptake was used to calculate the dispersion of
vanadium and molybdenum metal in reduced VAl and MoAl samples. In the case of mixed
vanadium and molybdenum catalyst systéimsever, an accurate metal dispersion cannot
be obtained since it is possible that the molybdenum promoter may behave in ativaterac

manner, forming YO-Mo domains.
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Figure 124 Oxygen uptake as a function of Mo wt.% incorporation on the 10VAI catalyst
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6. 1.5Raman Spectroscopy

Raman spectra obtained for the fresh 10VAI catalyst versus VMoAI catalysts seatpcke
in Figure 125

- 142
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Figure 125 Raman spectra for fresh VMoAI catalysts

A significant difference is observed in the Raman spectra of VMoAI catalysts compared to
that of thefresh 10VAI and 9.4MoAl sampleMlost rotably, the sarp and intense band at
~142 cmt, which is characteristic of crystalline®s speciesis absent in the &nan

spectra o/MoAl samples. Raman shifts at ~994, 682, 408, 284, 258, and 192rmem

also not observed, further indicating the absence of bilk Wi the mixed vanadia and
molybdena catalyst systepisowever, he Raman band at ~1017 épassigned to the

V=0 bond present in polyvanadate speciemains present in the Raman spectra of all

fresh VMOoAI catalyst samples

In the spectra of the 10V3.2MoAl edyst, a sharp band appears at ~1004,amhich
shifts to 1000 cm with increasing intensity as the molybdenum loading increases. This
feature has previously been assigned in literature as the stretching frequency of the

molybdenyl (Mo=0) bond present in surface monooxo molydena sp&tie3.1“Studies
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performed by Chagaet al, however, attribute the ~1000 &rband to crystalline Mo®
species in addition to bands &78 and 337 cth Rama features at ~376 and 343 ém
are also present in the preaction Raman spectra of VMoAIl sampldsereforea

conclusive assignment of the ~1004thand cannot be made.

Lastly, a prominent band appears at ~229 amd760 cm!, which become more
pronounced with increasing molybdenum loading. A thorough literature search reveals that
these features are proposed to arise fre@-Mo stretches in mixed molybdovanadate

SpECieS.SZ’ 65, 69, 115
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6.1.6 XRD

XRD patterns obtained for fresh VMoAI catalyst samples are showigure 126 The

pattern of 10V3.2MoAl exhibits peaks primarily characteristic of therapd oAz 2
support, indicating that both vanadia and molybdena species are highly dispersed on the
alumina surfacdn comparisonthe XRD patterns of 10V4.7MoAl and 10V9.4MoAl
catalysts suggest the formation of crystallin®¥ MoOsz and a mixed axe V>MoOsg

phase 65, 116118
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Figure 126 X RD p a t-Al:®7sanddresh ¥YMoAl catalysts
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6.2Reactivity Tests

This section details the results obtained fromRZDDH redox cycling tests using the fresh
10V3.2MoAl, 10V4.7MoAl and 10V9.4MoAl catalysts as describe8éttion3.3.3

6221CL-PODH Redox Cycles with O

Results from CEPODH redox cycling tests performed over fresh VMoAI catalysts, using

O as the oxidant in the regeneration step, are presented here. Reaction profiles detailing
propane conversions and propene selectivities and yields are presdfitpdes 127129,

which compare the catalyst activity and selectivity to the olefin produatfanction of
increasing molybdenum loading. Additionally, the selectivity to the undesireghf@duct

and resulting yield has been investigated, which are detailed in reaction profiles presented
in Figures 130 and 131

The data presented is the instar@ous performance obtained at the end of the 30 min

PDH step of each corresponding redox cycle.

B10V3.2MoAl E10V4.7MoAl B10V9.4MoAl

C;Hg Conversion (%)
N
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1 2 3 4 5 6 7 8 9 10
Cycle No.

Figure 127: Instantaneous GHs conversions using 10V3.2MoAl, 10V4.7MoAl and 10V9.4MoAl
catalysts, Qoxidant, 773 K, 1 atm
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Figure 128 Instantaneous GHs selectivities using 10V3.2MoAl, 10V4.7MoAl and 10V9.4MoAl
catalysts, Qoxidant, 773 K, 1 atm
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Figure 129 Instantaneous GHs yields using 10V3.2MoAl, 10V4.7MoAl and 10V9.4MoAl catalysts,
Ozoxidant, 773 K, 1 atm
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Figures 127129reveal that CEPODH redox cycling tests performed over the
10V9.4MoAl catalyst generate the most promising results within the VMoAI catalyst

series.

Propane conversions obtained using 10V3.2MoAl and 10V4.7MoAl catalysts reach ~21.9
and 23.3 % by the eraf the F'PDH step, with no indication of catalyst deactivation

during cycleg? to 5. In both cases, an enhancement in activity is observed in the PDH step
of cycle 6followed by a decreasg cycles 710, affording propane conversions

comparable to those obtained in cyclé€s. 2ZThe trend in propene selectivity is analogous

in cycles 2 and 7, where a marked decrease is observed aftétae @' PDH step. This
decay occurs at similarg@pane conversions, thus resulting in an overall decrease in
propene yield. Propene selectivity increases and remains relatively stable throughout
cycles 35 and 810, indicating that the vanadia and molybdena sites which are selective

towards the olefin mduct are regenerated as the-RQODH redox cycles proceed.

When utilising the 10V9.4MoAI catalyst, a propane conversion of ~27.1 % is obtained by
the end of theLPDH step. With the exception of th& BDH step, where an enhancement

in activity is obsered, catalyst deactivation occurs as propane conversion decreases to
~22.9 % in the PDH step of cycle 10. Overall, the 10V9.4MoAl catalyst exhibits a higher
activity than the 10VAI sample, however, propene selectivities are notably lower. In the
test usingLOV9.4MoAl, propene yields decrease when going from cycle 1 to cycle 2 due to
a decay in propene selectivity from ~38.5 to 34.0 %. An improvement in propene
selectivity is observed in the PDH step of cycle 6, before it decreases and reaches steady
state hroughout cycles 7 to 10, where a propene yield of ~7.4 % is obtained by the end of

cycle 10.
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Figure 130 Instantaneous CQ selectivities using 10V3.2MoAl, 10V4.7MoAl and 10V9.4MoAl
catalysts, @ oxidant, 773 K, 1 atm
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Figure 131 Instantaneous CQ yields using 10V3.2MoAl, 10V4.7MoAl and 10V9.4MoAl catalysts,
Oz oxidant, 773 K, 1 atm
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Figures 130 and 13dresent CQ@selectivities and resulting yields obtained at the end of
each 30 min PDH step. Notably, the instantaneous production of the undesiech@(at
at the end of each PDH step is significantly lower in comparison to propene formation.

It is apparent thahitial CO. yields are highest in the test performed over the 10V9.4MoAl
catalyst. During this reaction, G@ields decrease progressively throughout cycles 2 to 5.
An enhancement is observed again in the PDH step of cycle 6 before they diminish as the

remaining cycles proceed.

During the PDH step of cycles® the 10V3.2MoAl catalyst exhibits a higher selectivity

to CQyin comparison to the 10V4.7MoAl catalyst. This results in higher yi€dds

despite the increased activity of the latter. Furthermoeetrémd in CQselectivity and

yield obtained by both catalysts are similar to those achieved when using the 10V9.4MoAl
catalyst. Both the selectivity and resulting yield exhibit an overall decrease as the cycles
progress, with the exceptiarfithose obtaied during the PDH step of cycle 6 where an

improvement is observed.
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Reaction profiles detailing the data obtained from the entire 30 min PDH step utilising the
10V9.4MoAl catalyst are presentedfrigures 132134 Thedatapresented is exclusively
from the PDH step of cycle 1 versus cycléRjures 132 and 13&e propane conversion,

propene and C&selectivity plots andrigure 134presents the resulting propene ancbCO

yield.
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Figure 132 Reaction profile of CsHs conversion and GHs selectivity during the PDH step of cycle 1
versus cycle 2: 10V9.4MoAl, Qoxidant, 773 K, 1 atm
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Figure 133 Reaction profile of CsHs conversion and CQ selectivity during the PDH step ofcycle 1

versus cycle 2: 10V9.4MoAl, @oxidant, 773 K, 1 atm
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Figure 134 Reaction profile of CsHs and COzyields during the PDH step of cycle 1 versus
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CO, Yield (%)

183



Similar tothose otthe 10VAI and 9.4MoAl catalyst, the reaction profiles exhibit different
reactivity regions throughout the PDH stémure 134reveals that propene and €0

yields are maximised within the first ~1.5 min of cycles 1 and 2, where propene yield
decrease as propane conversion drops off cbhénualdecay in propene selectivity
ultimately hampers the yi@landdoes noexhibit a recovery, in contrast to thaiserved in
PDH steps performed over the 10VAI catalyst. A similar trend is observed with respect to
COryield, where selectivity to C&emains low and the resulting yield declines as the

PDH step proceeds.

Propane conversions, propenef38lectivities ad the resulting propene/G@ields
achieved ~1.5, 6 and 30 min into the PDH step of cycles 1 and 2 are summarised in
Table53 andTable54.

Table 53: Summary of CsHs conversions, GHs and CO: selectivities and yields obtained athe
different reaction regions during the PDH step of cycle 1: 10V9.4MoAl, ©oxidant, 773 K, 1 atm

Time into CsHsg CsHe CsHe CO> CO>
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
1.5 46.0 29.1 13.4 7.3 3.4

6 24.9 42.7 10.6 3.9 1.0

30 27.1 38.5 10.4 2.9 0.8

Table 54: Summary of CsHs conversions and GHesand COzselectivities and yields obtained at the
different reaction regions during the PDH step of cycle 2: 10V9.4MoAl, @oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO> CO,
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
15 45.3 28.0 12.7 7.1 3.2

6 24.0 37.8 9.1 2.8 0.7

30 24.6 34.0 8.4 25 0.6
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Similar to that found withthe 10VAI and 9.4MoAl catalys anenhancement in propene
formation is observed in the PDH step of cycle 6 after holding the catalyst overnight under
a continuous flow of argormofurther explore this effecteaction profiles detailing the

data obtainedrom the entire 30 min PDH step of cycle 5 versus cycle 6 have been
comparedFigures 135 and 13¢how propane conversion, propene ang €&ectivity

plots andrigure 137shows resulting propene and £yields.
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Figure 135 Reaction profile of GHs conversion and GHs selectivity during the PDH step of cycle 5
versus cycle 6: 10V9.4MoAl, Qoxidant, 773 K, 1 atm
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A similar trend is observed in cycles 5 and 6 regarding the different reactivity regions
throughout the PDH step. Notably, maximum propene angy@Ris are achieved within

the first ~1.5 min of switching on the propane feed. Attés point, propene and GO

yields decay continually throughout the remainder of the PDH step concomitant with
decreasing selectivity. Upon comparison of both cycles, the selectivity to both propene and
CQ is further enhanced in the PDH step of cycl&ltis improvement consequently

achieves higher propene and 8@elds, which increase from ~8.0 and 0.5 % to ~10.0 and

0.6 %, respectively.

Propane conversions, propenef3lectivities and the resulting propene/G/i2lds
achieved at these different oti@ity regions in CLPODH redox cycles 5 and 6 are
summarised iMable55 andTable56.

Table 55: Summary of CsHs conversions, GHs and COz selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 5: 10V9.4MoAl, ©oxidant, 773 K, 1 atm

Time into CsHsg CsHe CsHe COs CO>
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
15 54.5 235 12.8 8.3 4.5

6 21.4 40.0 8.6 2.1 0.5

30 24.2 33.1 8.0 1.9 0.5

Table 56: Summary of CsHs conversions, GHs and CO:z selectivities and yields obtained at the
different reaction regions during the PDH step of cycle 6: 10V9.4MoAl, ©oxidant, 773 K, 1 atm

Time into CsHs CsHs CsHs CO> CO>
PDH Step Conversion Selectivity Yield Selectivity Yield
(min) (%) (%) (%) (%) (%)
15 45.5 29.9 13.6 6.1 2.8

6 26.4 39.7 10.5 3.0 0.8

30 26.5 37.6 10.0 2.2 0.6

187



63 PofRReacti on Characterisati on

This section details the pesgaction characterisation results of spent VMOoAI catalyst
samples by BETRaman, XRD and TGAPO.

63321 BET Surface Area Determinati on

Table57 summarises the surface area, pore volume and average pore diameter results for
the spenilOV3.2MoAl, 10V4.7MoAl and 10V9.4MoAl catalysts

Table 57: Surface area,pore volume and average pore diameter of spent 10V3.2MoAl, 10V4.7MoAl
and 10V9.4MoAl catalysts from CL-PODH redox cycles utilising Q as the oxidant

SBET V pore Avg. pore diameter
sample (m2gh)  (cmigY &)
Fresh 10V3.2MoAl 117 0.48 61
Spent10V3.2MoAl
10 Cycles, 773 K, @ 97 0.43 61
Fresh 10v4.7MoAl 85 0.40 71
Spent 10V4.7MoAl
10 Cycles, 773 K, @ £ 039 70
Fresh 10V9.4MoAl 76 0.38 84
Spent 10V9.4MoAl 65 0.35 71

10 Cycles, 773 K, @

With respect to the fresh VMoAlatalysts, posteaction results obtained by BET analysis
reveal a reduction in the surface amgare volumeand averageore diameter. This
observation indicates either a degreergftallitesintering due to elevated reaction
temperatures dhe formaion of coke despite employing anA{atalyst regeneration step.
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6.3.2 Raman

Spectroscopy

Postreaction Raman spectra of sp®oAl catalysts are presentedrigures 138-140.
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Figure 138 Raman spectra spentlOV3.2MoAl from CL-PODH redox cycles utilising Q as the oxidant
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Figure 139 Raman spectra spentlOV4.7MoAl from CL-PODH redox cycles utilising Q as the oxidant

189



229

Fresh 10V9.4MoAl
— Spent 10V9.4MoAl

343376

760 1000

443 516602

N140

1018

Intensity (a.u.)

1004
989,

610 gg6 783816

I B e o e B B B e e LA B e e
200 400 600 800 1000 1200 1491400 1600

Raman Shift (cm™)

Figure 140 Raman spectra spentlOV9.4MoAl from CL-PODH redox cycles utilising Q as the oxidant

A clear disparity is observduetweerthe Ramarspectraof spent VMOoAI catalystand

those obtained for the fresh catalyst samples. The prominent Raman feaf22@ am’,
proposed to be characteristic\6fO-Mo species, is not detectedthre postreaction

VMOoAI samples. Notably however, a sharp and intense band appears at ~142 and 145 cm
in the spectra of spent 10V4.7MoAl and 10V9.4MoAI catalyst samples, which has

previously been assigned to crystalivhbOs species.

The spectra of the spent 10V3.2MoAI catalyst retains broad Raman bands in the region of
~200900 cmt, which are characteristic of the bending modes, asymmetric and symmetric
stretches of polyvanadate/polymolybdate species. The only edselnange is the

decreasing intensity of the band at ~1004'cmhere it now shoulders the sharp band at

~1029 cmt, characteristic of the V=0 vanady!l bond in monovanadate species.

The Raman feature at ~1003¢ii8 absent in the spectra of the spent 40WIoAl

catalyst, with new bands featuring at ~989 and 278. dthese lie in similar regions to

those observed in the spectra of the fresh 10VAI catalyst, which were previously assigned
to crystalline \4Os species. Studies performed by Waehsal, however, assign this

feature to the symmetric stretch of the molybdenyl bond in isolated octahedral dioxo

(O=):M00s species, thus a conclusive assignment cannot be fifade.
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Raman bands present in the spectra of the fresh sample at ~343 and'3pfeginusly
assigned to Mo§) arealso not present in the pagtaction Raman of 10V4.7MoAl. This
observation suggests the loss of crystalline Mgg@&cies upon performing the (@ODH

redox cycling test.

The feature at 1004 chis retained in the poseaction Raman spectra of the spent
10V9.4MoAl catalyst, however, the formation of Raman bands at ~989 at 284rem
observed once again. Furthermore, the Raman feature observed atrilQB&signed to
the V=0 bond present in polyvanadate species in the spectra of the fresh datadyst,
longer discernible; howevgthis may be as a result of its presence being masked by the

prominence of the Raman bands at ~1004 and 989 cm
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6.3.3 XRD

XRD patterns of spent VMoAI catalysts are presentdeigare 41. No significant change

is observedn the pattern of the spent 10V3.2MoAl catalyst. Similaihtzse ofthe fresh
10V3.2MoAl samplethe XRD peakgelate primarily to the alumina support, indicating

that vanadia and molybdena species are highly dispersed on the surface. Furthermore, the
XRD pattern of spent 10V4.7MoAl and 10V9.4MoAl catalysts retain peaks assigned to
crystalline \sOs, MoOs and the mixed oxide 100s. & 116118 Notably, however, the

peaks #ributed to \\Os and MoQ have become less prominent in spent VMoAI samples,

which implies a higher dispersion and/or lower crystallinity of these spexigs.
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Figure 141 XRD patterns of spent VMoAI catalysts
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6.34T GAT PO

TGA-TPO measurements were performed to investigate the extent of carbon laydown on
spent VMOoAI catalystgrigure 142 presents the poseaction TPQweightprofile, which

shows weight loss percentage betweenB000 K. Notably, it is evident from the TPO
profile that the weight loss observed arises mostly fref@ elolution at lower

temperatures. The absence of the higher temperature combustion event indicates that
minimal carbon laydown occurs after performing tenrf@QDH redox cycles with anxO

catalystregeneration step.

100

] — Spent 10V3.2MoAl
99 —— Spent 10V4.7MoAl
] — Spent 10V9.4MoAl
98 -
97
o ]
S ]
e 967
K= E
q_) -
= 95
94
93]
92
9]'"'I"'I"'I"'I"'I"'I"'
300 400 500 600 700 800 900 1000

Temperature (K)

Figure 142 TPO weight loss profile of spent VMoAI catalysts, CLPODH redox cycling test, Q
oxidant, 773 K, 1 atm
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7 Di scussi on

71 Pr-Reaction Characterisati on

This section discusséise pre-reaction characterisation resutistained fronthe various
techniquesletailed throughoutjrawing out anydistinctiors betweerthe VAI, MoAl and
VMOoAI catalyst seies.

BET measurements theo-Al>Oz supportand fresh VAI, MoAl and VMoAI catalyst
samplegeveal characteristic Type IV isotherms with a-bifte hysteresis loofI.his

isotherm mdel is prevalent when multilayer adsorption and capillary condensation occurs
on the catalyst surface, specifically imrsoporous solids with wedlefined cylindrical pore
channels and diameters ranging between 2 and 58 fiime surface area of tleAl .03
support was 258 figt, which decreased with vanadium and molybdenum incorporation in
VAI, MoAl and VMOoAI catalyst samples. This observation is attributed to the blockage of
the support micropores by vanadia and molybdena spgetsmpregnationultimately
decreasing calgst actvity. Only a modesteductionin surface area is observedthien

going fromthe5 to 7.5 V wt.%catalyst(175 to 171 m? g%, respectively) This observation
may be explainedhrough consideration of thenadium surface densitf the samples

which were calculateds described iEquation 17and as shown iRigure 148.
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Figure 143: Vanadium surface densities for fresh VAI catalysts
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Asseenin Figure 148, vanadium surface dengiincreass linearly with increasing
vanadium content. Notably, the dashed lines illustrate surface densities corresponding to
the theoretical monolayer coverage for isolated monomeric vanadia species\(@3 VvV
and polymeric vanadia species (7.5:v?). 3" 119 120Stydies performed by Bell and
Iglesia suggest that isolated monovanadates domimatautface at low surface densities
below 2.3 Vnm?2 3" The authos postulate thatwhenthe surface desity increases and
surpasses the theoretical monolayer coverage for monovanadates, isolastcustOres
react with neighbouring species to form tdisnensional structures comprising of
polymeric \VO-V bonds. At higher surface densitiesceedinghe theoretical monolayer
coverage for polyvanadates specpsymericdomains agglomerate to fortinree
dimensional structureghich ultimately crystallise into bulk s species” 12°Both

5VAI and 7.5VAI catalysts exhibit vanadium surface densities that lie within the
theoretical monolayer coverage rangerfmmomeric angbolymeric vanadia entitieg\t
these densities, is possible thabothspecies may exist simultaneoushith a varying
degree of polymerisatiof?! Since there is onlg modest reduction in the BET surface
area and pore volume betweeand 7.5VAI catalyssamples, one can assume tHhéAl
and 7.5\Al catalystsamplesomprise of similar vanadia structurasd that
polyvanadatsarethe prevalentspeciesbased on the calculated vanadium surface density
Comparatively, the 10VAI catalyst exhibits a vanadium surface density above the
polyvanadate theoretical monolayer coverage, suggestinmp#sility ofV20s crystallite
formation The formation of thredimensional vanadia species may explain the saamt

reductionin the BET surface areaf the 10VAI catalystto 145m? g2.

With respect taghe MoAl and VMoAI catalystseriesthe BET surface areaf theo-Al203
supportdecreaseffom 258to 155,117, 85 and 761 gin 9.4MoAl, 10V3.2MoAl,
10V4.7MoAl and 10V9.4MoAkamplesrespectivelyThis observationvasaccompanied
with an increase in average pore diamdtethersuggesng an increase in bulk Mo
crystallite domainsTo provideadditionalinsight into the nature of molybdate species
presenin MoAl and VMoAIl samplesmolybdenum surface densities wesocalculated
as described ikquation 21Additional studies conducted by Beli al. showthe
theoretical polymolybdate monolayer coverage to be ~5.0 M@ above which the
formation of crystalline Mo®is detected by Raman spectroscopy anehyXdiffraction.®
Moreover,Wachset al similarly investigated the effect of molybdenum surface density on
theresultingsurface specieand found thatat monolayer coveragboth dioxo monomeric
(O2Mo(=0)2) and moneoxo polymeric molybdena speciegmy co-existon dehydrated

9-Al03 and ZrQ supports?®
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The molybdenum surface densitfthe 9.4MoAl catalystwas calculated as 3.8 Mo rfin
thereforeremaning belowthe reportedheoretical monolayesoverage valughus
indicatng a mixture of both monomeric and polymeric molybdena species aupipsrt
surface Furthermorethe molybdenum surface density iniogpregnated VMoAkamples
alsoincreasd linearly withincreasing molybdenum incorporati¢rigure 14), where
3.2MoAl and 10V4.7MoAlcatalystsare shown t@omprise anolybdenum surface dengit
below the reportedolymolybdateheoretical monolayer coveragéotably, vanadium
surface densities were also detered for ceimpregnated VMoAI catalysts, and
calculations reveal thail three samplesxceed th@olyvanadateheoretical monolayer
coverage (7.5 \im?), discussed previouslyhese results indicate that the predominant
species in 10V3.2MoAl and 10V4.7MoAlmplesnay containcrystalline \4Os, in
addition tomonomeric and polymeric molybdena species. Comparatively, the
10V9.4MoAl catalyst exhibits a molybdenum surface deresityeeding the theoretical
polymolybdatemonolayer coverag#hussuggesng the possibility of MoQ crystallite

formation
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Figure 144 Molybdenum surface densities for fresh VMoAI catalysts

Ho-TPR measurementsereperformedo provide further insight into the reducibility of
vanadia and molybdena siteesent irfresh VAI, MoAl and VMoAI catalyst sampde
Banarest al. postulatehe trend in Hreducibility of supportedranadia species as
follows: polymeric surface VQ> isolated monomeric surface YO crystalline \4Os. %

In their studiesan increase in intensity in the Raman shift associatedthetterminal
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vanadyl (V=0) bonds observeas the surface coverage increa3éss occurs
simultaneously with surface vanadiégesbecoming more easily reducibliaereforethe
terminal V=0 group is excluded the ratedetermining step involveuh the reductionof
supported vanadia speci€&Thesefindings correlatewith the derivative weigh{%/K)
H>-TPR profiles obtained for the fresh VAl seriederetwo distinct reduction events
existfor all VAI catalysts Comparablythe first reduction evershiftsto lower
temperatureswvhich indicates an increagevanadia polymerisatioas vanadium loading
increasesThe weight loss of oxygeturingthe second reductioaventin fresh VAI
catalystsvas calculatedndresults indicad that approximately one oxygen atom was lost
per one vanadium atom. Theaggestshat the higher temperature reduction event is
ascribed to the reduction of crystallineQ¢ surface speciesvhich is consistent with
existing literature®> ®*Notably, the higher reduction eveiicreases in intensityith
respect to the first reduction everst the vanadium loading increasghich impliesa
growth n reducible ¥Os domainsin the 10VAI catalyst®

Similar to the VAI catalyst series, the 9.4MoAl catalyst reveals two distinct reduction
events in th@btained derivative weighAs discussed in Sectidnl.3 the first reduction
event occurring at ~601 K is assigned to the reductigrolyinericmolybena species in
the octahedral configuration, whilst the second reduction event correldbesrealuction
of MoOs to MoQ,. The derivative weight HTPR profile for the fresh VMoAI catalyst
seriedetailed a lower temperature reduction eyesfitich was comparable that
observed in the fresh VAI segiewhilst the second reduction event shifteévenhigher
temperatureghan those observed in the-HPR profiles for both VAI and VMoAI
catalystsTheweight loss of oxygewas calculateduring thisreduction evenand the
resultsshowthatless than one oxygen atdr0.8)was lost pepbnevanadium and

molybdenurnsite, which mayevolvefrom newly formed mixed YO-Mo phases.
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Raman spectroscopy wasnductedo probethe chemical structure of vanadium and
molybdenum speciasn fresh VAI, MoAl and VMoAI catalyst and willfurtherdetermine
anycomparisondetween thelata outined in the BET, surface dengitand B-TPR

profiles, discussed abové&he calculated surfadensitiesandBET measurementsr the
fresh 5 and 7.5VAI catalysts would suggest that tee@minant speciesonsistf both
monomeric and polymeric vanadiamains.This correlates well with the obtained Raman
spectrawhich displays bands excluslyeassigned to monrand polyvanadatspecies
Furthermore, maincrease ivanadigpolymerisatioris highlightedon going from the 5 to
7.5VAI catalystwith a shift inthe Raman bandssigned as the symmetric vibration of
terminal moneoxo vanadyl (V=0) bond insolatedvVO4 speciesBased on thealculated
surface densyt BET and H-TPR results fothe fresh 10VAI catalysgnincrease in
crystalline \AOs domainsgs implied. Thisis consistent witmesultsobserved in th&aman
spectreof fresh 10VAlas itexhibitscharacteristic featurestributedto crystalline \4Os.
These features dominate the spectra, however, broad bands relating to polymeric vanadia
species are stilletectedimplying that crystallne V>Os co-exists with polyvanadate

domains.

Results from the preeaction Ramanf the 9.4AMoAl catalystreveal characteristic features
thatare exclusively assigned polymolybdatespecies. These resutisrrelate well with

the calculated molybdenum surface density which lies below the theoretical monolayer
coverage of polymolybdateés previouslydiscussed fte H-TPR profile of 9.4MoAl
displaysa higher temperature reduction evassigned to the reduction of Me@ MoO;,
however t should be noted thatystallineMoOs domainsverenot detectedria Raman
spectoscopyor XRD. Despite the indicatiofrom the calculated surface densitibat

V205 crystallitesare the predominant speciadresh VMoAI catalystssharp and intense
featuregelating to \4Os are less prominer theobtainedRaman spectrd he disparity
betweerthe calculated surface densgand the structural information obtained the
Raman spectroscopy simgiyghlights the complexities that existhencharacterising
mixed metal oxide catalystNeverthelesgesults from the Raman further imply the
formation ofanewly formed VO-Mo mixed phasewhich correlates well with results

obtained from HTPR measurements.
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XRD measurements weadsoperformed to investigate thoeystallinity and structuref
vanadia and molybdena speciedresh VAI, MoAl and VMOoAI catalyst The lack of
sharp andntense diffraction peaks the XRD patterns d3.4MoAl andVAI catalyst
samplesuggest thaboth molybdena and vanadipeciesio not exhibit long range order
andremain highlydispersed on the alumisapport This includesrystalline \,Os
domainsobserved in the Raman speatfahe 10VAl catalyst This observation is found in
the XRD pattern for the 10V3.2MoAlmple howeveran increase in molybdenum
content inthe 10V4.7MoAl and 10V9.4MoAktatalystresuls in amarkedchange The
XRD patterns of both 10V4.7MoAl and 10V9.4Mogdtalystsshowsharp and intense
diffraction peaks whiclhave previously beesissigned in literature 6.0s andMoOs
crystallites in additionto a mixed oxide YMoOs phase®: 116118 Confirmationof this
mixed V-O-Mo phase has also been highlighted in the Raspactraand H-TPR profiles
of VMoAI samplesthus providing evidence th#te molybdenum promotacts in an

interactive mannewhich coordinageschemically to the surface vanadium oxide species.
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72Thermodynamic Anal ysi s

Thermodynamic analysisas been performed provide further insight intceaction
feasibility of chemical reactions which may occur during the”XDDH testsThe basic
thermodynant data of key reactants and produtés beemisedto determine the sigand
valueof the resulting Gibbs free energy valwhichrelates directlyo thereaction

spontaneity, as described in Sectba

Stoichiometric equationg/hichrelake to the PDH steperformedover supported ¥0Os and
MoOs catalystsitesare presented ihablel13 andTable4?2, listed as reactions {10) and
(36-40) respectivelyNegative Gibbs free energy valum® observed fahe oxidation and
overoxidation of propane and propeungingthe lattice oxygen sites of.®@s, V204 and
MoOQg, thus are thermodynamically feasilaieour reaction conditionMarkedly, propane
oxidationoverV20s sitesto produce C@and HO displaysa substantiallynorenegative
Gibbs free energfaGsook = -1394.6kJ mol?) valuethanpropaneoxidising to the desired
propene produdioGsook = -111.9kJ molY). The former reaction occutsinghigher
stoichiometic quantities of \¥Os, howevey V20s sitestransform to \¥O4 as the PDH
reactionproceedstherefore)imited quantities of YOs mayfavourpropene production
which only equirsal:1 stoichiometric ratio of s and \bOs. Comparablypropane

oxidation over Mo@sitesdisplays a similar trend.

Stoichiometric equationg/hich relateto the regeneration of resulting®s, V204 and

MoO:; sitesusing Q, N2O and CQ oxidants are presentedTiable14 andTable43, listed

as reactionsl(1-16) and(41-43) respectivelyAt our reaction conditionghere-oxidation

of V203, V204 and MoQ siteswith N2O exhibit a highernegative Gibbs free energhus
implying agreatereaction spontaneithantheir & counterpartsOn the other handhe
re-oxidationof V203, V204 and MoQ siteswith CO; demonstratekarge positive Gibbs

free energes((G 8 0 0 K =+139.9a0dd+HB14.4kJ mol! respectively)which

ultimately highlights the thermodynamic constraintsugingthe inherently inert C©
molecule as an oxidant in @ODHreactionsRecenistudiesperformed byDj i net v i |
al. analysedCO, -assistedPODHreactiors. In COx-assisted PODH reactions usii@x
supported on activated carhdhe authors postulate frotheir activity results and data
from C3Hs-TPR and C@TPOanalysis thaCO; activationis assisted by adsorbed propane
and thathe use of C@to re-oxidisebulk V203 and VQ catalystssamplesvasonly

initiated at temperatures exceeding 843K

200



Stoichiometric equations relating possibleside reactionsccurring duringhe PDH step
of CL-PODH reactivity tests are presented able 15 listed as reactions (129). From
the possible side reactions that have been liftednosthermodynamicallyavourable
reactionsexhibiting the lowest Gibbs free energy value at our reaction conditions, are
carbon laydown reactions froptopane and ethari@Gsook = -132.1, and-66.5kJ mol?)
whichresult in the formation cdurface carbarA furtherobservatiorworth notingis that
carbon laydown fronthe propanaeactantas lower Gibbs free eneyghan the oxidation
of propane to propengtilising V.Os lattice oxygen site@Gsook = -111.9 kJ mot), which
may dictatethe reaction chemistry taking placetie PDH step o€L-PODHtests.Since
the formation of carbon laydown is spontaneoesoval é carbon with both
vanadia/molybdena lattice oxygen sites andNRO and CQ oxidantshasalsobeen
probed The removal of carbonaceous deposits ukattice oxygen sites within XDs,
V20zand MoQ domains all display negative Gibbs free energies and are therefore
thermodynamically feasibl&imilarly, removal ofcarbonaceous depositsth O, and NO
oxidantsalsodisplaynegative Gibbs free energieg&sook = -395.5 and322.8kJ mol?),
whilst removal withthe CO; oxidantexhibits a positiveralue (0iGsoox = +30.6 kJ mot)

and is deemed nespontaneous
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73Reacti vt pPaREastANnahysi s

The efficacy of VAI, MoAl and VMoAI catalystwithin CL-PODHredox cycing testshas
beeninvestigate by conductinga serieof ten propane dehydrogenaticggeneration

redox cycles, as described in Sect#d.3

Theeffect of varying vanadium loading on catalyst activity and selectivity towards
propendn benchmark CL-PODHtestsusing Q has been establishedRigures 32 and
33. Results show thdioth 5/Al and 7.5VAI catalystexhibitcomparable catatic
activitiesupon completion of theSIPDH step(~13.2 and 13.6 £Eg % conversion,
respectively, despiteanincrease in vanadium loadin@iven thatboth catalystexhibita
similarvanadium surface dengjtandthatonly slightreductiorsin the BET surface area
and pore volumareobservedthese resultsupportthe conclusiorthat 5VAI and 7.5VAI
samples comprise similar vanagjgeciesThe subsequenmixidationstepfails to
regeneratdoth catalyss backto their initial activity, wherepropane conversis decrease
to ~11.0% in the2"Y PDH step

As discussedhe prereaction Ramaspectrandicatesa higher presence a$olated
monovanadate species in the 5VAI sample increased selectivity the F'PDH steps
also observe@5.5 % versus 38.% for the 7.5VAI catalystwhichcorrelates well with
the work performed b¥ghanget al, who attribute the increase in propene selectivitthi®
uniform dispersion ofanadiaon the 2-Al.Os support surface® This resilts in an overall
propene yield 0f5.9 % at the end of thé' PDH stepperformed over thBVAI catalyst,
in comparison to ~5.3 % wherilising 7.5VAI. A considerabl@lecline in propene
selectivityto ~36 %is observedn cycles2 to 5 andthe overall propene yieldltimately
suffers Theloss in selectivityndicatesthatthe vanadiasitesselective towards propene
formationarenot fully regenerateth the 5VAI catalystdespiteemployinga catalyst

re-oxidation step

Within theVAI catalyst series,hemost promising results for propene production are
observed in CEPODHtestsusing10VAI. Pre-reaction characterisatioesultsfrom BET,
H>-TPR and Raman spectroscaqyggesthat thelOVAI catalystmost likelycomprisesof
V205 crystallitespecieso-exising with polyvanadate domainkleverthelesshie XRD
pattern lacks sharp and intense peaks indicativellifcrystallites, suggesting that the
V205 present within the 10VAI samplgsrelatively dispersednd d@snot exhibit
long-range orderingWWhen utilising 10VAI within the benemark CL-PODH-O: cycling
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test,an overall propene yield of ~9.2 i&obtained by the end of thé&' PDH stepA
combination ofdecliningcatalyst activity anghropene selectivithowever results ina
decreasén propene yieldo ~7.3 %by the end of the"$ PDH step

To provide insight into the reaction chemistry taking pjaeaction profilegetailingthe
data obtainedrom theentirePDH stepof cycles 1 and 2arepresentedn Figures 3638.
Thedistincive trend inpropane conversion amuopeneselectivityat different stages
throughout the PDH stepnply different reactivityzones as the reaction proceeds.
Notably, pppeneand CQ yieldsaremaximised within ~1.5 min of switching on the
propane feed in cycles 1 andThereafter, pppane conversionsegin todrop off
significantly, which ismet withan increase ipropeneselectivity Propane conversions
reachsteady statevith additionalTOS asthe activity of thel0OVAI catalyststabilises, and
propene yieldsiltimatelyriseas theselectivityincreasesSimilarly, CO, yieldsalso
decreaseas the PDH reaction progresskhewever, the selectivity remainemparably low

throughoutandtheyield isnot replenished as observed in the cdg@opene.

Further elucidation of the reaction chemistry taking pla¢easibleby monitoringthe MS
responsef ions with m/z 2 and 18correspondindo the evolution of hydrogen and water,
respectivelyThe MS profile of thePDH stepperformed over the 10VAlatalystis

presented ifrigure 14.
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Figure 145 MS signal of m/z 2 and 18, corresponding to Hand H20 evolution throughout the PDH
step, 10VAI, 773 K, 1 atm
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The trendn bothhydrogen and wateavolutionin theinitial stages (~1.5 min into the
PDH step highlightsthat competing reactions may be at plagttice oxygen sites present
within the10VAI catalystare exploitedthusa maximumpropeneyield is obtained

presumablyia the oxidative dehydrogenatigrathwayshownbelow:

Cxfg + =B ——» Ca¢s + ¢2B

Aninitial spike in the m/z 2 responsndmaximsedCO; yieldsare also observed
howeverwhich suggest thata competingveroxidationreaction may be occurring
involving the direct combustion giropaneio CO, andH. (Equation 22)Weaklybound
lattice oxygen and adsorbed oxyggreciedrom the reoxidation steare predominant on
the vanadia surfada theinitial stages, whiclseemto promotethe overoxidation reaction
to form CO.. Thermodynamic analysis reveals that tibbs free energy of ghover
oxidationreactiondisplays dargenegative valuand is thereforéeasible As shown in
Figures 28 and 2% number ofothersidereactionsare alsoviableunderour reaction
conditions includingvarious crackg, dry andsteam reforming pathwaygimitations of
the mass spectral analysis are such that gases such as carbon monoxide, ethane and
methane cannot be reliably quantified due to coincidentantih, for example residual

nitrogen, nevertiess qualitativelyno significant evolution of these gases was detected.

Equation 22: C3sHsreducing V20s to produce COz and H:

CsHs + 6V2.0s ———» 3CO; + 4H + 6V20s ( GPsox = -873.9kImol?)

As the reactiomprogresses, significant rise in the MS response of m/zid®bservednd
theevolutionof H20 begins tadominate This occursin conjunctionwith adeclire in the

MS response of m/z@ndpropene yeld, until theresponse of m/z I aximises-6 min

into thePDH stepAt this stage, &terevolutionceaseswhichis reflectedoy therapid
decrease itheresponse of m/z 1#&dicating thecompleteremovalof accessibldattice
oxygen sites within the 10VAI catalygtdsorbed oxygen species that are selective to the
overoxidation reaction during the initial stages axbaustedand thelOVAI catalyst is in

a more reduced staf€his results iran evidenshift in the reaction chemistrpasthe MS
response of m/z,&electivity towards properand overall propene yieliseswith TOS

whilst CO, yields remaircomparatively lowThis suggests thgiropanes reacting via the
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direct propanelehydrogenation pathwaghown inEquation 1 These resultsomparewith
the recent work of Zhaet al who utilisedDFT calculations in conjunction with
experimental work to determirtee structureactivity relationshipf monomericdimeric
and crystaline vanadia domairfer PDH. The authors concludeghatPDH over

VOx/Al 203 catalystgesultsin a reaction profile whiclean be segmentedto two distinct
regions. Initiallythe ODH reaction dominatesowever, dossin V=0 bondsto H.O
formationinitiatesthe direct dehydrogenat reactiorwhich becomes the dominant

reaction pathway??

Both thecatalystactivity and selectivity towards propeneGh-PODH redox cycling tests
usingVAI catalystsremain comparable in cycles 2 toomarked increase ipropene
selectivityis observedhoweverjn the 8" PDH st performed aftethe overnight argon
purge Furtherinterpretatiorof this enhancemeind showcaseth Figures 3941, which
compaes thereaction profiles ofhe5" and &' PDH stepemployingthe 10VAI catalystin
comparisonthe trend in catalyst activiguring the 8 PDH step resembles that of cydle
as the reaction profilexhibits similar reactivity regionsAs discussegreviously propene
and CQ yields are maximiseth the initial stage®eforedecreasing to a minimal point
Furthermore, ppane conversions obtained at the end obthand 6" PDH step are
comparablet~16%, however, aiincrease in propene selectivity from ~4ih&ycle 5to
51.2 %in cycle 6is observedndthe overall propene yield rises from ~7.0 to 8.3 %.
The only difference between th& &nd &" step is a extended periotieldunder argon.
Therefore holding the catalyst at 773 K overnight under atiemous flow of argoralters
the vanadium site® become more selectiver the desired olefin prodadJnderthese
conditions, the catalyst may undergo a degree of thermal reductiorg sunfaice vanadia
sites willbe in a more reduced statth a decreasedmount oflabile oxygen
Thermodynamic analysievealsthat residuatarbonaceous depasitot fully removed
duringthe catalyst regeneration stepay be readily oxidised ke lattice oxygen sites
within vanadia specieduring the overnight argon purgehe stoichiometric equatisrare
presentedbelow with their corresponding Gibbs free energy v&lurglicatingtheir

feasibility at similar temperature conditions.

C (s) + \Os (s)z V204 (s) + CO (g) (0Gsook = -109.1 kJ mot?)
C (s) + W05 (s)z V203(s) + CQ () (0Gsook = -199.7 kJ mot?)

C (s) + 04 (s)z V203 (s) + CO (g) (qGsook = -60.0 kJ mol)
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Propane pulsing tests were performedhteestigatehereactivityduringthe initial stages

of thebenchmark CL-PODHreaction In these tests, sequence of 20 propane pulses
were directeaver the 10VAI catalysbefore resuming the continuous flow ®ODH
reaction. Tdurther probe the shifh reaction chemistry directly after the £@generation
step and the overnight argon purge, propane pulsing tests were performed at the initial
stageof the F', 2"9and &' PDH step.

Figures 6062 displaythereaction profils from the pulsingtestperformed athe starof

the P'PDH steplnitial pulses show a full conversion of propawaich declines rapidly
to ~30 %conversiorby the 20" pulse. The selectivity profile for propene is directly
inverseandpropene selectivitincreagsas the conversion drops off, risingt64 %by

the 20" pulse Comparatively, the selectivity profile of G@xhibits an immediate
selectivity of ~20 %subgquently decliningo negligiblevalues by the 12 propane
injection. Confirming that over a fully oxidised catalysbmbustion of propane to carbon
dioxide is the favoured reaction, with propene production enhanced as the catalyst is
reducedFigures 6365 display the pulsing reaction profiles performed at the initial stage
of the 29 PDH stepNotably, theresults are analogous to those obtained duringsthe 1
cycleindicating that similar reaction chemistry is taking plafterregeneratinghe

catalyst withOs..

Figures 6668 detailthereaction profiles from the pulsing test performed after the
overnight argon purgevhere an enhancement in propene selectivity is observed. When
comparing with the pulsing tests perfornadheinitial stages of theSland 29 PDH step,

a clear disparity in the reaction chemistry is observed during the initial stages 6f the 6
PDH step. An exponential decay in propane conversion occurs immediately, dropping
from ~83.7 % to ~33 % by the ¥propane injection, whereafter, iabilises with
successive pulseBurthermore,he selectivity to propene rises following a logarithmic
growth, reaching ~62 % by the®®pulse whilstthe selectivity profile for C@is
substantially lower during initial propane injectioAs1 immediate slectivity to CQ of

~2.3 % is observed, declining to negligible levels thereafter. The resulting yield profile
reveas an initial CQ yield of ~1.9 % which decreases to nominal quansti@n the other
hand, popene formation occurs immediatelgdreaclesa maximum yield of ~20 % by
reaction endFollowing the enhancemenbbserved in the PDH step of cyclgpBopene
selectivity and yieldire lowerat similar propane conversiodaring the PDH step of cycle
7, before remainingelatively stable duringuccessiveycles.This behaviour is in keeping

with the difference in reactivity observed with vanadia in different states of reduction.
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A similar trend is observed in the tests using the 5 and 7.5VAI catalyst, indicating that
vanada systemsre relatively stable for propene productiamth no significant
deactivation as CIPODH redox cycles proceed.

Both 5 and 7.5VAI catalysts were removed and analyseérpastion after performing
benchmark CL-PODH testsThe dtained BET results of the fresh and spent 5VAI

catalyst were analogous, however, a loss in both the surface area and pore volume of the
7.5VAI catalyst was observed. The BET surface area and pore volume decreased from 171
to 145 nfg! and 0.62 to 0.45 chy?, respectively, whilst the average pore diameter
increased from 48 to 54 A. This observation is typically associated with pore blockage,
which can be attributetb carbonaceous deposits or the sintering of the catalyst surface at
elevated reaction tgperatures. No observable changes were observed in theeposbn

Raman spectra of both 5 and 7.5VAI, and both catalysts retained their ameliRbous

nature in the obtained XRD patterns, making it difficult to determine any structural

changes resultinjom CL-PODH redox cycling tests.

The 10VAI catalyst was also removed for prestction characterisation after performing

the benchmark CL-PODHO- test. BET analysis reveals similar findings to those observed
in the 7.5VAI sample, where a loss in botk surface area and pore volume was observed.
The surface area and pore volume reduced fromd 4@ m?g? and 0.55 to G1cm*g?,
respectively, whilst the average pore diameter increased frome®3itoAs discussed

above this observation igypically associated with pore blockalggcarbonaceous

deposits, or the sintering of the catalyst surface. ITGA measurements were also
performed, and whilst C{£evolution could only be estimated duectoncidentH2O

formation at similar temperaturéahe MS response associated with m/avéapparentn

the 10VAI catalyst. Thisonfirmsthe presence atsidualcarbonon the surfacedespite

the incorporation of aatalyst regeneration step within (@ODH redox cycles.

Various structural changes weassservedvhen comparing the prand postreaction
Raman spectra of the 10VAI catalystesentedn Figure 14. Prominent bands at ~994,
408, 284 and 142 cfassigned to ¥Os areless pronounced in the pastaction spectrum
whilst the Raman bancharacteristic of the V=0 bond in polyvanadates at ~101% cm
increases in intensity with respect to the band at 994 suggestingigrowthin
polyvanadate domain&urthermore, the Raman feature present at ~93%iie fresh
sample shifts to ~918w?, forming a broad shouldering band in the pesiction spectra.
This Raman shift has previously been attributed to the formatior@{AV linkages.It
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should be noted that no bands were observed ih30@1800cm* region which would

typically repesentgraphiticcarbonaceous deposits.

1 — Spent 10VAI
. — Fresh 10VAI
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Figure 146 Pre- and post-reaction Raman spectra of the 10VAI catalyst

Additional postreactionanalysiswasperformedo characteris¢he 10VAI catalyst

removedat various stagabroughout the C{PODHO: cycling test The BET results of

fresh and spent 10VAI catalystsvealan interchangindoss and regeneration stirface

area and pore volunwith sequential PDH and catalyst regeneration stEps.surface

area and poreolumeof the 10VAI sampleremoved after theS1IPDH stepdecreased

from 145to 119 m?g?* and 055to 046 cm®g L. Upon reoxidising the catalyst with £n

the subsequent regeneration step, an increase in both the surface area and pote volume
132 nfg'and0.499 cm®g?is observedindicating the formation of coke within the catalyst
pores.This tradeoff is mirroredthroughout subsequent PDH and catalyst regeneration
steps in cycles 5 and liddicating the effectiveness of the &idantfor removing
carbonaceous deposdad enhancing the catalysts surface ddesably, afurther increase

in the surface area, pore volume and average pore diameter is observed for the catalyst
sample removed after the overnight argon pundech ultimatelyleads to enhanced
selectivity towards propene in the PDH step of cyclehis indicateghat removal of

carbon by lattice oxygen is the most likely cause of the reduction of the vanadium

oxidation state.
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Postreaction Ramaanalysis suggests that 10V#dmplesremoved after thesland 3"
regeneratiorstepsremain comparable to fresh 10VAVhilst road Ramarfeaturesat

~1600 and 1378 cH attributed to coke formation, are present in the spectra of samples
removed after the PDH step cycles 1, 5, 6 ah1Q The topology of coke formation has
previously been investigated by comparing the intensity rafitv)lof both G and D

bands in Raman spectroscofy.!?*The intensiesare relatively equal when the topology
of the cokecompriseof chainlike species. When the intensity of the G band is
significantly larger than that of the D band however, the topology of the coke comprises of
two-dimensional shedike structures. It has been proposed that thesealtmensional
species can form @hes with pregraphitic characteia type of coke that reportedly
deactivates dehydrogenation catalysts'2®

To provide further insight into the nature of coke forrbgdhe various PDH stepm
sequential CEPODH redox cycleshe k/lp ratio of the G (~1609 cH) to D (~1368 cri)
band has been calculatedd is tabulated iable 58 As observed fte k/Ip ratio of the G
(~1598 cmt) to D (~1368 cm') bandis ~1.0for the 10VAI samples removed after the
PDH stepof cycles 1, 5 and,&vhichsuggestshat the coke formed frotme
dehydrogenation reactiamomprises chaifike topology.Notably, an increase in the ratios
is observedn the sample removed after the fiRFDH step of cycle 10, implying higher
degree of tweadimensional carbonaceous domaifisis is in keeping witlstudies
performed by S. D. Jackse al, where species such as pyrene were detected as the
catalyst aged?’ Interestimly, the Raman spectra obtained after the corresponding
regeneration cycles uncover an absence of both G and D bands, thus reinforcing the
regenerative ability of th®. oxidantfor the removal otoke.
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Table 58: Intensity ratio of G and D bands in 10VAI catalysts removed after varying PDH steps

Sample lc/lp
Spent 10VAI 105
After 15t PDH Step '
Spent 10VAI 105
After 5" PDH Step '
Spent 10VAI 107
After 6" PDH Step '
Spent 10VAI 123

After 10" PDH Step

Moreover, the 10VAI samples have been analysed externally with ¥feSXPS spectra

and VP*/V# ratios of the fresh 10VAI catalyst indicate that ¥pecies are prevalent on the
surface A considerable increase in surfact ¥pecies is observed after performing the

PDH steps, where the>*/V#*ratio decreases from 30.4 to 4.2 and 3.9. An increasé&’in V
species is expected with TOS as the PDH step removes lattice oxygen species to form
water, in turn reducing surfacespedes. Subsequent catalyst regeneration steps result in
increased surface®/species, however, ratios exhibit an overall decrease as H/ROTIH

redox cycles proceed, suggesting that the catalyst is never fully regenerated back to its
original state despitie reoxidation of the catalyst surfageother interesting

observation ishatthe V>*/V#*ratio in the sample removed after the overnight argon purge
decreases further from 14.1 to 5.3. An increase in surfécspécies at this stage agrees

with our findings from the thermodynamics and presdction Raman that surface vanadia
sites are oxidising and removing residual @wel carbonaceous deposits, hence the

surface vanadium is in a more reduced state. An increase in propene selectivity is found in
the PDH step performed following the overnight argon purge, which establishes a potential
in enhancing propene production and crucially overcoming the selectivity limitations by

obtaining specific V"/V4* ratios.
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Catalyst stabilityand extent o€atalyst deactivation with increasing TOQfas been
investigatel viaa long duration 3 h PDH test utilising the 10VAI catalyst. The results
presented ifrigure 42show that the activity of the 10VAI catalyst for PDH remains
relatively stable until ~75 min, where propane conversion reaches ~19Jlge%eafter
catalyst deactivatiobecomes significaniAfter 180 min TOS$the conversion of propang
limited to~13.8%, which equaésto a substantidbss of~30 %

The 10VAI catalyst was removed for pastaction characterisatidallowing the long
duration stability testAs expected, the BET results revadbss in the surface area and
pore volumerom 145to 124 ntg' and 0.55 to 0.42 chg, respectively, whilst the
average pore diameter increased from 43 to 58 A. Interestthglse results atess
profoundthanthose observed with the 10VAI samplen@ved after th€L-PODH-O>
cycling testdespite the fact significant deactivation is obseritably, a stark contrast
is observed with thpre- and postreaction Raman spectra of the 10VAI catatgstoved
after 180 min TOSPostreaction Raman provides evidencesmgificantcoke formation
with prominentG (~1600 crrt) andD (1368 cm') bands® FurthermoreRaman bands
which relate to crystalline X0s are now essentially neexistent, with the spectra
exhibiting bands at ~1027 and ~2882 cmt, assigned exclusively to monomeric and
polymeric vanadia specigBhelg/Ip ratio of G (=160 cmt) andD (~1368 cm?) bandsin
the Ramarwascalculated a&.05 which impliesthatthe coke formel after 180 min TOS

has a topology consisting of chdike species.
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Significant loss in catalyst activitgndthe presence of coke in the ledgrationstability
testhighlights theadvantagef sequentiaPDH andcatalyst regeneration stetimt are
employed within CEPODH cycling testswithin thecurrentliterature,CL-PODH studies
have focused exclusively in usingplecular oxygerms theoxidantin theregeneration of
lattice oxygersites.’*8 8486 Results have shawhowever, thathe strong oxidising
characteof molecular oxygemesults inadsorbed oxygenates whikimit propene
selectivityby contributingto theover-oxidation of the alkae feed Also, as cycling
appeared to be slightly deleterious to the catalyst stru¢ch&repnceptof usingh s of t er 0
oxidants like CQandN:0O in co-fed PODH studiebas attractedubstantiainterest in
recent yearstherefore,tiseemed appropriate itacorporatethesealternativeoxidantsin
thescope of ouCL-PODHcycling tests.

The outcomeof usingN20 and CQin CL-PODHtests using the 10VAI catalysas been
established ifrigures 4347. As anticipated,ite 10VAI catalyst exhibitanalogous
propane conversits, propene/Cgselectivities angields during the PDH stepf cycle 1
The 10VAI catalyst has beeexposedo identical reactiortonditionsat this stagethus the
consistency in resuldemonstrasthe reproducibility othe CL-PODH cycling testThe
successiveegeneration stegmatfollows however ultimatelyreveals ahangen activity
andproductivity of propene when using the alternative oxidad®rall, he 10VAI
catalystexhibits asimilar activitywhen uili sing N\O. Upon completion of th&é0" PDH
step the activity was only marginally lowevith propane conversiaof ~154 % and
~15.8 %whenusingN20 andO: oxidants, respectivelyAt these similaconversionsan
increase irpropene selectivitys observe, which correlatesvell with thepreviously
discussed workf Kondratenko and BaernS Theoretically, lower lattice oxygen
concentratiosarepresentwhen regenerating witthe softer NO oxidant which will
directly influencethe extent of reductioin surface vanad speciesandconsequently
inhibit the overoxidationreaction A significantloss in catalyst activity is observeden
using CQ asthe oxidant, apropane conversions decay across the ten cystes.result,
propene yields areonsiderabljowerthan observed when using &nd NO. By the end
of the 18" PDH step, propane conversion decreases to ~9.2 %. At this conversion, the
selectivity to propenes ~36.5 %@anda propeneyield of only ~3.4 %is achievedThese
results confirm that PO could be used as an efii@etoxidant inthechemical looping

PDH systenover vanadia catalystajth yield values similar to oxygen.
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Postreactionanalysis waperformed orLOVAI catalyss removed féer performingtheten
CL-PODHredox cycleaitilising N2O andCO; as the oxidarst BET results summarised
in Table 59 exhibit the same trer@hdrevealalossof surface area and pore volume
whilst the average pore diameter incesa¥hedecreasén surface areaf the 10VAI
sample removettom the CL-PODH-N>O cycling testis observably lesdgramatic whilst
CL-PODH usingCO; resulsin the most significant transformatievith thelowest surface
area This result indicasa greater extent of pore blockage due to higher quantities of
carbonaceous deposithus agreeing with the thermodynamic analifséss CQ as an

oxidant is unable to remove the coke and regeneratmathlyst

Table 59: Surface area, pore volume and average pore diameter of spent 10VAI catalysts from
CL-PODH redox cycles utilising @, N2O and COz as the oxidant

SBET Vpore Avg. pore diameter

Sample (m2g?) (cm3g?) A)

Fresh 10VAI 145 0.55 43
Spent 10VAI

10 Cycles, 773K, @ 129 0.51 62
Spent 10VAI

10 Cycles, 773 K, hD 137 0.49 54

Spent 10VAI 120 0.49 61

10 Cycles, 773 K, CQ

Comparson ofthepre- and postreaction Raman spectofthe 10VAI catalyst suggests
that the catalyst is completely-ogidised back to crystalline 20s-like speciegollowing
the CL-PODHcycling test using NO. This isevidentwith the loss of broatkatures
relatingto bridging polyvanadate specjes well agheloss inintensityof the~1021cm!
band,relatingto the V=0 bond insolated monovanadatd2ostreaction Raman of the
sample analysed aftdre CL-PODH cyclingtestusing CQ reveals a significant
transformation whesomparison is made withe spectrum obtained ftne fresh 10VAI
sampleUltimately, Raman features relating to vanadium oxwitEationsare masked
with theadditionof two broad bands at ~1598 and 1353'ahaacteristic of the G and D
bands present in cok€* The k/lp ratio of the G (~598cm?) to D (~1368 crif) band
has been calculated a®2,.which implies thathe coke formed from the CGRODHCO;

cycling testhaschainlike topology
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TGA-TPO measurements were also performed, and whilste€@ution could only be
estimated due taccompanyindd>O formation the calculatedveight lossvaries
considerably between samples which us®Mnd CQ oxidants Where CQis employed
as the oxidanin the regeneration stefhie weight loss associated with £€€volution is
significantand occurst distinctively higher temperatures than those observedzfor H
evolution. In this case, the overall weight loss was¥, 5mplying that the extent of
carbon laydownwvas substantialThe thermodynamic analysis discussed previously
indicates that C&would notactas a suitable oxidant in GRODH cycling testssince the
regeneration of lattice oxygen sites and the sufficient removal of carbon laotbntait
positive Gibbs free energy values. Both experimental andrpastion characterisation
results einforce the thermodynamic constrajraad whilst cefed CQ assisted PODH
may be successfuts useis ineffective in a chemical looping system where propane

dehydrogenation and catalyst regeneration are isolated steps.

NumerouslOVAI catalyst samples wegalditionallyremoved at various stages throughout
the CL-PODH-N-0 cycling test and analysed extaltg with XPS.In generalthe samples
exhibit a similar trend ttestsutilising O, asthe oxidantwhereV** surface species
increaseafter the PDH and ¥ surface species increase after regenerating with Npon
furtherevaluation V®*/V** ratios are lower when sexidising withN-O, thus implying that
the regeneration of ¥ with N2O is lesssignificant owing to the fact that pD is asofter
oxidant.Furthermorethe V®*/V#* ratio decreases once mdrem 10.3 to 3.0n the 10VAI
sample removed after the overnight argon purge, indicatimgher presence etirface

V#* speciesNote that these differences iYW ** ratio do not result in a significant

change in propene yield between oxygen ap@ Bs discussed above.
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