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AThis new force, which was unknown unt:i
nature | do not believe that this is a force entirely independent of the electrochemical
affinities of matter; | believe, on the contrary, that it is only a new manifestation, but
since we cannot see their connection and mutual dependence, it will be easier to
designate it by a separate name. | will call this force catalytic force. Similarly, | will
call the decomposition of bodies by this forcatalysis as one designates the

decomposition of bodidsy chemi cal affinity analysi s.

d Jons Jacob Berzelius

Translated from 'Some Ideas on a New Force
Which Acts in Organic Compounds’, Annales chimie physiques, 1836
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Abstract

Oxidative dehydrogenation (ODH) routes for the catalytic transformation of abundant
light alkanes to higher value cherals have the potential to overcome the current
traditional processes and, in doing so, provide significant economic advantages and
mitigate environmental concerns. Despite improved energy efficiency prospects, ODH
based processes are yet to be fully immetad until catalysts with desired
performance goals can be developed. MoV based mixed metal oxides with M1 phase
are well known to produce high ethyleneli) yields during ethane @Els) ODH at
moderate reaction temperatures. Improvements of these atateve been limited by
insufficient molecular level understandings of the nature of active sites and mechanistic
origins of high selectivity. This experimental work examines the role of the micropores
of these M1 phase oxides in controlling activity aetectivity. These micropores have
similar sizes (0.4 nm) to &, which hints at a welmatched fit that permits s
access to active sites within the pores while cyclohexagé: fremains restricted by

size (0.6 nm) to external surface sites. Micrgps MoVTeNbO and MoVO show
significantly larger GHe to GsH1o rate ratios than nemicroporous vanadium oxides
(VOX/SIiOz), which indicates that nearly allBs turnovers during ODH occur within

the micropores. Activation enthalpy differences betweeHs@Gnd GHi> on both
MoVTeNbO and MoVO is observed to be lower than that or/8i0», which, in both

MoV based oxides, is less reflective of the significarti Gond strengths differences

and more indicative of stabilization ofl€ activations within micropas through van

der Waals interactions. The trends of observed product selectivities dukiag

CeH12 oxidations suggest that 3iO, and external surfaces of MoVTeNbO and
MoVO provide similar relative preferences for-HC activation and @nsertion
products, but the micropores in the latter oxides selectively promdteaCtivation
products. These experimental observations have been corroborated by density
functional theory (DFT) studies which show that micropores stabilize desited C
activation trangion states and destabilize-i@sertion reactions by steric hindrance to
proximate GO contact within the tightly confining concave pore wallsese detailed
molecular level understandings provide important guidance to the development of
improved selectie oxidation catalysts for desired transformations that are limited by
more favored but undesired reaction pathways.
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1. Introduction

1.1 Motivation

The recent shale gh®om has led to the increased production of light alléamesstly
methangCHys), ethangCzoHs), andpropang(CsHsg)d in addition to an elevated flaring

of the excess natalr gasproducedEfficient andselective conversions of these carbon
sources to useful chemicals and fuliough catalytic mearere highly desired and
could provide significant benefits to the chemical industry because of economic
advantagesnd simultaneously alleviateenvironmentalconcerns: Ethylene (CzHa),

one of the most important industrial chemical feedstock, is milyrproduced mostly
through stam cracking of naphtha &@:He andto a lesser exterthrough fluid-
catalyticcracking andrial catalyticdehydrogenabn meansas a result of the present

superior economics of the steam cracking pro¢éss

Oxidative dehydrogenation (ODHY light alkanesin contrast tendothermic
cracking and dehydrogenation processes, proadeserall exothermic andnergy
efficient route to the production of the corresponding alkémdthough ODH based
processes provide improved energy efficiengg process simplicity, these incentives
are yet to fully convincéhe majorcompanieso switch over from the induststandard
of steam crackindo ODH processesntil better yields can be achievédurrent
minimum performance goals of 95% selectivity tdcat greater than 60%onversion
of CoHe are suggested to be attainaiyeODH processes tmmpetawith the traditional

steam cracking
1.2Background

Oxidative Dehydrogestion of ethane most commonlyjnvolves the activation a@h

subsequent reaction of tl2Hes and oxygen (@) reactanton reduciblemetal oxides



catalysts in a rasttionroxidation (redox) fashionthat typically produces £Ei4 in
desirable primaryC-H activation steps and CQ (x=1,2) in undesiredsecondary
sequential or parallaxygen (Ojinsertionroutes(Scheme ), with water (HO) as a
byproduct* Typical to metal oxide catalysts, selectivity at higher conversions is limited

by the facile sequential oxidations of the desired products 1o CO

Jl T
H C wh L Honi
1 0'0115

wh €
/R

Scheme 1Parallel and Sequential Routes in the Oxidative Dehydrogenation (ODH) of
Ethane. k ko, andks represent the pseudiost order rate constants f@>Hs ODH,
C2Hes combustion, an€>H4 combustion, respegely.

Of all the available gHs ODH catalysts, the orthorhombic M1 phase of mixed
metal oxides of Mo, V, Te, and Nb has been shown tihdenosiselective to GHs at
moderate reaction temperatures of 578 K°® Recentsynthesisefforts succeeded in
preparing M1 phase orthorhombic mixed metal oxides consisting of Mo and V only,
which havealso showrthe samexceptionally high selectivity tos8a.” TheM1 phase
of both the MoVTeNb and MoV oxide®nsists of layers of linked octahedral units of
MOs (M=Mo, V) stackedalong the [001] direction which fornpentagonalhexagonal
and heptagonal channdlsatcan &t as onedimensional micrpores in these layered
solids”® The pentagonal and hexagonal pores are usually occupied by cations while
the heptagonal pores stay partially open andtidoe accessible to smadlactantg The
M1 phase of theddoV based catalysts have also been shown to be activekeotiwe
for the (ammoxidation of propane to acrylonitriler to acrylic acid and thexidative

dehydrogenation of propafe’!°



The high activityof the MoV TeNb oxide catalyst has frequently been attributed
to the (001) plane in the Mtrystal structurg***® or the combination of specific crystal
surface facet$’ Within these (001) plane¥-oxo moietiesvere consideretb be active
sites'* 16n addition, more reactivsites composed of Faxo species and generated
surface Gradicals have also been proposé&d On the other hand, the high selectivity
of these M1 phase oxides, has been genegdthjbuted tofi s i t eond swhath
proposes that the active V sites spatially separated from each other prevent-the over
oxidation of products on these sit€3! The specific details on how these isolated sites
selectively activate €1 bonds in alkanes and how oweridation of thealkene
products on other isolated sites remain hypothetiCalmmon to most these, the
identified activities and selectivigre proposed toccur on the external sites of the M1

phasevioVTeNDb oxide.

Although, te presence daflentical poresin M1 phaseMoVTeNb and MoV
oxides has been establishettirough atomiaesolution microscopy® 22 and the
activation ofC,Hs within micrgpores on the latter materiahs beemproposed: 22the
relevance of micropore® catalytic turnoversni the formerhas no been effectively
studied These pores possadiametersimilar to kinetic diameteof CoHg (0.4 nm):24
which canacces them as determindxy adsorption measurements’® 2°In addition,
the specific origin of the high selectivity tek; during GHe ODH observed in these

MoV based catalysts has not been addressed properly.

The role of pores in tuning reactivity and selectivity through steric restrictions
on microporous zeolite materials has been identffiehd similar effects havbeen
observed through the deposition of porous layers on existingoimus metal oxides.
271n bulk transition metal oxides, the specific rolewitropores irselective oxidation
reactons of alkanes is yet to lhaly identified.
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1.3Goal

Within the past year, work done in the Deshlahra Lab has utilized well designed probe
experimentandappropriate computational simulatioteseffectively demonstrate the
influence of micropores of BVTeNb oxide on the selective ODH ofH; to C:H4.28

In this veryrecentwork, we demonstrated, experimentally and computationally, that
micropores seldively catalyze such reactions through stabilization of desiraiite C

activation transition states and restriction of undesirahies@rtion steps.

Here,in this currentwork, insights used from oyreviousstudiesare used to
reproduce the earlier ebrved catalytic effect of micropores of MoVTeNb oxide in
addition to elucidating a similar role béptagonamicropores in MoV oxide, another
microporousM1 phase oxide. Experimentally derived rates fegH&and cyclohexane
(CeH12) oxidative dehydrogeniains on microporous MoVTeNbO and MoVO, as well
asondifferent loadings of nomicroporous VQ'SIO, are used téurther confirmthe
proposed role of micpmres of molecular dimensions durirgglective alkane
conversions. The bulky size otldi2 relative b CoHe restricts its reactions to external
surface of micropores, which amecessible by and responsible for most of the catalytic
turnover ofthe latter, as indicated by the measureHdCeH12 activation rate ratios
that are about two orders of magngudgher on both MoV based oxides than the ratios

on norrmicroporous supported VO

We also show the dependence oHE ODH turnover rates on micropore
volume as well as gH12 reactions on external surface ardasaddition, in this work,
we utilize rehtively simpler andoptimized experiments to determine apparent
activation eergies which when combined withroduct selectivity measurements,

reinforcesour theory that tight confinement oblds within micropores stabilize €



activations via van der Waalinteractions, but destabilize undesiredin€ertion

reactions through steric hindrance to clos® Contact within concave pore walls.



2. Experimental

2.1 Synthesis of Metal Oxides

Svynthesis dbulk MoVTeNb and MoV oxides

The M1 phase MoVTeNxide (MoVTeNbO)was prepared usingydrothermal
methods reported in literatufé All metal precursors were purchased from Sigma
Aldrich and used without further purificatioMoVTeNbO was sgthesized by first
dissolving anmonium molybdate tetrahydraf8H4)sM07024 (52 mmol Mo in 67ml
H20)) at 353K. Then vanadyl sulfate VOS@13 mmol V) andelluric acidTe(OH)}
(12 mmol Te) were added to this solution under continuous stirring. Folloigdhe
soluion was cooled down to 3X3and dissolve@mmonium niobate oxalate hydrate
(NH4)[NbO(C204)2(H20);] t3H20 (6.5 mmol Nb in 33 ml kD) was added whicled

to an intial reaction mixture compositionnf.25:0.23:0.12 Mo:V:Te:Nb molar ratios.
Nitrogen gas (Airgas, 99.99%) was bubbled to displace air for 5 mianithen this
solution was then transferred to a 200 Teflon vessel contained within a stainless
steel autoclave and treated hydrothermally at 403K foh 96 a preheated muffle
furnace(Thermo Fisher)The obtained suspensiaras washed with deionized water,
filtered and dried overnight in air in an oven maintained at B53or 16 h.
Subsequently, the dried solids wéreat treatedn flowing He (50ml min? Airgas,

99.999%) in a tub furnace ramped to 873 K at 0.083 Kasd held for 2 h.

The M1 phase of MoV oxideMoVO) was prepared using a similar
hydrothermal synthesis method as the MoVTeNbO earlier descaibédbased on
methods already reporté®l To synthesize this orthorhombic MoV@n aqueous
solution of vanadyl sulfate VOS©(0.05 mol L) was added dropwisat ambient
temperatueto a stirred aqueous solution @mmonium molybdate tetrahydrate

(NH4)sM07024 (0.2 mol ). The initid reaction mixture contained Mo:V in a ratio of
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4:1. Similar reaction and separation steps as MoVTeNb were carried out, except that
the hydrothermal reaction occured at 348 for 48 h. An additonal important
purification stepnvolving the dispersion of did solidsin oxalic acid (10mmol L) at

328K for 0.5 h was carried out with subsequent filtration, washing and overnight drying
at 348K. The dried solids were ground in a mortar and heat treated in a tube furnace

ramped to 67X at 0.167K s* and hedl for 2 h.

Svynthesis ddilica supported vanadium oxides and bulk vanadia

Low weight loadings (1.5, 6,and11wt.%) of vanadium oxide supportexhinertSiO,
(VO4/SiOy) were prepared using standard incipient wet impregnation techriaures

in literature3' All metal precusors were purchased from Sigilirich and usd
without further purificationThe specific weights of the metal precursors used can be
found inTable 1. A mixture of ammonium metavanadate NHD3 (1.96g; 99%) was
dissolved in distilled water (1.5 ml) anddatl dropwise taitric acid washed silica (2

g; SigmaAldrich Davisil Grade 633 99%, 480 Mg, 0.75 cnig?). Then drying and

calcination steps were carried out to obtain the solid catalyst.

A much higher loading (41 i) of VOJ/SIO, was prepared usy wet
impregnation technique3he vanadia precursor, ammonium metavanadatg/Nkl
(1.969; 99%)was added to a stirred solution of oxalic a@®4 g; Sigma Aldrich?
99% dissolved in deionized water (196 rat)jambient temperaturiitric acid washed
Si0 powder(2.5 g; SigmaAldrich Davisil Grade 6332 99%, 480 Mg?) wasadded
to the solution and the resulting mixture stirred at B#8r 0.5 h to brm a slurry that
was dried overnighat 33 K in an oven and treated in flowing air (50 ml mijrin a

tube furnace ramped to 873K at 0.083* and held for 6h.



Bulk oxides of vanadia wergyntheszed usingthermal decomposition of the

NH4VO3 metal precursor (5g; 99%) in air at 773 K for*3h.

Table 1.Weights of metal precursors used for the synthesis of loadings 6\

Mass of ammonium
metavanadatBlH4sVOz |Mass of Oxalic[Vanadia(VOx) wt. [Theoretical surface
(mg) acid (mg) % from ICRAES |densities V/nrfA
45.4 70.5 15 0.21
229.9 354.4 6.5 0.96
461.4 709.2 11 1.71
1960 2940 41 9.40

2.2 Catalyst Characterization

The MoVTeNbO catalyst obined were caracterizedusingpowder Xray diffraction
(XRD) measuements performed on a Rigaku SmartLab diffractometer using
monochromatic Cu KU radiation “(stepskes2 | wayv
An inductively coupled plasma atomic emission spectrometerfE®, Leeman labs
PS1000) was used to determine the elemental compositions of the cattgstaing
electronmicroscopy (SEM) images recorded using a Zeiss Ultra 55 SEM microscope
with an acceleration voltage of 5 kV were used to inspect the morphology of the
MoVTeNb oxide. Bright field micrographs and higbsolution imagesf MoVTeNbO

were obtained using a JEQ 20 transmission electron micragmze (TEM). The surface
area of both MoYTeNb) oxide catalysts was determined from volumetric N
physisorption isotherms obtained at 77 K using a Quantachrome Autosorb iQ2
apparatus after degassing the pretreating the Ilsanpflowing He at 573 K for 3 h.

The adsorption isotherm measured in the range ofi 0.85 was analyzed with the
BrunauerEmmettTeller (BET) theory®to detemine external surface area of manually
ground MoVO and MoV TeNbO catalysighe total micropore volume was determined

using analysis based on adsorption at therkbative partial pressure (P/Po) of 0.002.34



2.3Measurements oRate andproduct selectivity during ODH reactions

Finely ground atalyst samples wengsed with or without dilutiowith acid washed
SiQy and pelleted to retaib0G61 8 0 & m a @hgapaele Si®/catalyst = 2) that
were held as vertical fixed be@Scheme Pon a porous quartz frit within a-shaped
quartz tube(1.0 cm I.D.). These samples (0.005/ g)were preheated to reaction
temperature$588 733 K) in flowing He (Airgas, 99.999%) at 0.25 K and heldat
constanteactiontemperatures using a resistive furnace (National Elerpeot)to the
introduction of reactant mixturesTemperatures were measured using -&ype
thermocouple (Omega) placed within a gimon the quartz reactor wall and controlled
electronically (Watlow, EZONE). The gaseous reactan{éirgas 25% CoHe/He; 3
kPaand 25% O./He; 3 kPa) and diluent He(Airgas, 99.999%)were metered by
electronic mass flow controllers (Porter 601 CV seripand GH12 (99.9%, Sigma
Aldrich; 0.5 or 3kPg was introduced and vaporized into thgH® streams using a
liquid syringe pump(Cole Parmer, Model 100). All process transfer lines were kept

above 363 K to avoid condensation of reactants or products.

The concentrations of reactor effluents were measuredrbynline gas
chromatograph (Agilenf890B) using capillary columrs$P-PLOT Q (30 mm x 0.32
mm x 20.00 um) or HAMS (30 mm x 0.32 mm x 1.00 um) to separatdd®dr CsH12
and their oxidation productsespectively, both of which are connected to a flame
ionization detector. A simultaneous injection is also made into a carti®@@fhpacked
column (106, 1/ 8060 tube, 6 02/ @B &nd HEHO oy used
analysis with a connected thermal dantivity detectorC,Ha, CHsCHO, CO and C®
were the only products detected fosHe ODH. Cyclohexene (§H10), adipic acid

(CsH1004), cyclohexanone (§1100), cyclohexenol (6H100), benzene (§Hs), CO and



CO were detected for €112 ODH. Conversions and leetivity are reported on a

cabon basis.

During single condition experiments, the mass of catalyst was vesitad
constant reactarffow rates (30 crhimint) to keep conversions within the differential
range (<10%)The oxidative dehydrogenatioernove rates are reported as the moles
of CoHs or GsHi> molecules converted per nealf V in catalystper secondSignificant
homogeneous €l activations were ruled out throughahk reactomeasurementat
highest temperature and pressurepresentative of ketic measurementshich gave
negligible conversions fa€zHs (< 0.01%, 733 K, 3kPaEls, 3kPa Q 30 cn? min?)
and GH12 (< 0.1%, 648 K, 3kPa £ls, 3kPa Q 30 cn? min't). Similar measurements
were carried out on silica packed reactors wisicbwed neglidile effects of support
on the observed ODH turnover rates (<0.25%, 733 K, 3kPia, GkPa Q 30 cn? min

1, 0.26g SiQ)

Observed ODH rates oall supported as well as bulkOx decreased
continuouslywith time on stream7#12% and 230% decrease forHs at 648 K and
CeH12 at 648 K during the initial 1 H;ig. Al(a)). Initial rates on these catalysts were
obtained by extrapolating observed rates gotten within the first hour to zero time on
stream to account for catalyst deactivation. In contnasgsuredates onMoVTeNbO
and MoVOsamples exhibited an initial increase faHe, as reported in literaturg,
andinitial decrease for §Hio, but were more stable than WSiO; at longer times.
Thus, theeinitial rates were obtaindaly averaging the observed statélilrates which
usually occurredafter the first30 mins of catalyst on reactant strearhe observed
time dependent decreasges o VO,/SiO; are possibly due to the agglomeration of

VOx domains as these were lesgese for the higher loadings (141 and 100wt%).
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The absence of external mass transfer was confirmed through space velocity
experiments which did not show any significant change in rate beyond that observed
from product irhibition or reactant depletion in the assumed differential modex- Int
pellet dilutions of the MoVTeNbO, MoVO and 41%t VO./SIO; catalyst(Fig. A2)
showed that the rates were independent of dilution beyond the batch variations in
MoVTeNbO grinding and pressing procedures (<20%) potentially caused by
unsystematic changes trystallite sizes and pore blockir@Qur previous work has
also demonstrated that s translatios within the micropores araelatively
unhinderedThe barriers for such translations are much smaller (<10 k3)rhain G
H activation barriers referenced to the same adsorbed intermediate (1723 rmol
addition to these resultdyd independence of2Bs ODH rates tovarying crystallite
sizes reported earlierstrongly suggest that we can rule out any intrapellet
concentrations or temperatureadiens and that the local concentrations and
temperatures in the catalyst bed are similar to those of the surrounding fluid phase.
Thus, the measured rates reported in this work are free of transport artifacts and reflect

the intrinsic chemical reactiaates from true kinetic limitations on reactant activations.

Gaseous Reactants (C;Hg or CgHy;
and 0,) diluted with Helium J Microporous MoV(TeNb)O

crystallites

Silica, Si0, (Intra-pellet
— diluent)

Level 2: Diffusion from
surface ofaggregate to

. Level 3: Diffusion from
crystallites

crystallites to inside the
micropores (0.40 nm)

Ny

Packed Bed Reactor Level 1: External Heat and Mass
Transfer from reactor walls and
gas phase to catalyst aggregates
(106-180 um)

Scheme 2 Different scales @ transport phenomena within our catalyst bed
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3. Results and Discussion

3.1 Characterization of MoVTeNbO, MoVO and W5iO;

Elemental composition

The composition of MoVTeNB through ICP corresponds to My 2sTen.1dNbo.25
stoichiometry, with significantly higher Te contehan that used in owarlier studyf®

as a result of the longer synthesis time and lower synthesis temperature which facilitates
the incorporation of Te in solution into the bulk oxide structlieh(e AJ). The absence

of Te and Nb in the MoVO structure led to the reduced vaitiaimlreported elemental
compositions of this oxide and thusetcomposition of MoVQused inthis work was

based off thosand determined to be M@.”® 232° 3% The specific loadingand
theoretical surface deitiesof the VOx/SIO, samples determined through ICP are

summarized imable 1

Crystalline phase identification

The XRD patterns of MoVTeNb@nd MoVO samples both showediatense pak at
a 2d val (Fe. A8)fwitiRa2dsphcing of 0.4 nm which corresponds to the
distance between (001) planes in the M1 ph@dkerpossible minorityphases (M2

and tetragonal ~D14) were not detected in our samplés

Crystal morphology detection

The morphologial structure of manually ground MoVTeNbO sampssobserved
through SEMshow plate and rod like structuresachicteristic of these materiglsig.

1b). A similar morphology was observed on MoVE(. 1a). High-resolution electron
microscopy of the crysisthroughTEM also support that these materials are composed
of the M1 phaseThough not exploreth this work, more detailed atomic resolution

investigations on similar materials through HAAISFEM?! 30 35and ABF-STEM 2
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confirm the M1 phase as well as show the presence of heptapanaelsvhich could

be partially occupied bgnetalcations.

Figure 1: SEM Image for ground (a) MoVO (b) MoVTeNbO samples

Surface area and micropore volumeantification

The results from Aphysisorption experiments on MoVTeNb and MoVO are
shown inFigure 2 These adsorption isotherms showed a steeppitike at relative

pressures (P#pPbelow 10* which reveals microporosity in these materials.

(a) (b)

w1
o
w

S
o
S

-+MoVTeNbO
-+MoVO

-+MoVTeNbO
-+MoVO

w
o
w

[N
o
]

[y
o

Volume of N, adsorbed (cm?g?)
-

Volume of N, adsorbed (cm?® g?)

T T T T T T T T T 0 T
00 01 02 03 04 05 06 07 08 09 10 0.000 0.001 0.002
Relative Pressure P/P, Relative Pressure P/P,

0

Figure 2: N2 adsorption isotherm for the)(antireP/R range (b) low P/frange at 77
K for ground MoVO and MoVTeNbO samples.

The micropore volumé/micro, Wascalculated using the following equation:

@ — - (1

Vgas: N2 uptake at 0.002 P¢Rat STP)
T and P: standard temperature (298 K) and pressure (1 atm)
” : density of liquid nitroger§0.807 g cri?)
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M : moleculaweight of liquid nitrogen 28 g mdl

The relevant micropore volumes, micropore wall areas, and external surface areas are
shown inTable 2 (Area calculations showm Appendiy. The pore diameter has

already been established to be about 0.4 dfn.

Table 2 Micropore volumes, micropore wall areas and external surface area obtained
by analyzing N physisorption data on MoVTeNbO and MoVO

Catalyst Micropore volume | Micropore wall areal External Surface
(103 cm? g (m?g? Area (nf g?)
MoVTeNbO 158 15.7 11.8
MoVO 6.71 67.1 33.6

The measured micro pore volumes of MoV simailar toreported value® but
areabout an order of magnitude difémt from theoretical values calculated for ethane
adsorptior. These coulde attributedo the loss of pore volume from dislocation of
(001) plane during grinding or the partial occupation of metabratiwithin these
pores.The micropore volume, as well as wall area, is about 5 times greater on MoVO
when compared to MoVTeNbO, and this suggests that there is less occupancy of the
pores bymetalcations in the case of the formér.addition, the micrope wall areas
are observed to be slightly higher than the corresponding external surface area, but
remain within the same order of magnitudieese differences in micropore volumes
and external surface areas between both MoV based oxides may have significa

impacts to the reactivity of these sampdesing alkane ODH reactions

Next, we utilize measured @Hs/CsH1o rate ratios toestimate therelative

contributions of these internal micropores and extesadhceso C;He ODH

3.2Measured GHg/CgH 12 rateratios on VQ/SiO;, MoVTeNbO and MoVO

Rate Ratios on 41 wb VQO/SIO and MoV based oxides

Activation of GH bonds in alkanes dgttice O-atoms on metal oxidesurfaces (MO¥*)

is the rate limiting stejm thesdypical alkanegeactions’®® This H-abstraction step which

14



leaves behind reduced centers of oxygen vacancies (M*) or surfad¢eg@ups
(MOH?*) is coupled to a fastind kineticallyirrelevantre-oxidationof these centers by

gas phase © The GHes and GHi» ODH rates are measured on microporous
MoVTeNbO and MoVO as well as nanicroporous VQISIO, (41 wt%). The latter
hasaccessible éatomson theirsurfaces that are equally accessiblédth CoHs and
CeH12molecules and thus do not provide any form of size restriction on these reactants.
In contrast, on both MoV based cataly#ite heptagonamicropores may permit access

to C:He molecules of similar kietic diameteras their pore size (04nm)2* while
restricting GH12 reactions to external surfaces on the basisheir larger kinetic

diameter (0.6 nniy. The accessibility of these external and internal sites is illustrated

in Scheme 3
(a) Kinetic Diameter (b) VvoO,/sio, (C) MoVTeNbO or MoVO
C,H C.H
C,Hs H 0.4 nm GHa  CHy, G vy sz G

> VO,
C.H 0.6 nm . -
o Q" S0, ~ 0.4nm

>

Scheme 3(a) Kinetic diameters of reactarfts’ and accessibility of surface catalytic
O-sites toC>Hs and GH12 reactants on (BYOx/SiO, and (c) MoVTeNbGr MoVO.

On VQOJ/SIO, the ratio of the measuredis and GH1> ODH rates represent
the ratio of the €H activation rates on the external sites present on this catalyst and are
represented as (/i ):

— — (R

7

This representation of /i on VOJ/SIO; cancels at any uncertainties arising

from the quantification of catalytically active sites by providing the same sites to both
C2Hes and GH12 which have similar rate determiningkCactivation steps. Thuthese

values represent thelativedifference inGibbs firee energies of these rate limiting steps
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at identical active &ites, and this depends on the nature, number and relative strength

of the weakest @& bonds in this molecule 3¢

In both microporousMoVTeNbO and MoVO catalyst, the experimentally

determined rate ratios will reflect an additional contribution ) frominternal pore

sites which are accessible to onyHe:

— — (3)

The meaured rate ratios all three catalysts are showigare 3.TheCoHe and GH12
turnover rates were measured at identical émnversions <& (30 cn? min?, 3 kPa
CoHe or GsH1z, 3 kPa @, 648 K)which represent rates that are independent of any
significant product inhibition or reactant depleti@nd aredevoid of any transport

limitations as indicated earlier.
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Figure 3: Measured @He/CsHi» rate ratios on 41wk VOJ/SIO;, MoVO and
MoVTeNbO (648 K, 3 kPa £Hs or GsH12, 3 kPa @, 30 cn? min™; Respective ¢Hs
conversions0.9%, 5% andl.3%; Respective €12 conversions$%, 5% and3%).
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The observedate ratios are much smallam VO/SiO; than on both MoV based
oxides.The lowi /i value (0.008) on V@SIiO, which is significatly lower
than unity isbecause dfhe significantdifferencein bond strengths betweenHks and
CeH12 (DFT derived bond dissociation enthalpy, BDE, 422 and 408nkl*
respectively; Appendix, Tabla3). The stronger & bond in GHe relative to GH12

reflects its lower rate of activation.

On both Mo\O and MoV TeNbO, however, the /i rati o itsoobserv.
be much cl odermantdo Ou mi0tldyers(@Xl sigmficantidiéerénge)
in bond strengths betweenks and GH12. These ratios are about 18Ad 65 times
larger on MoVO and MoVTeNb@espectively, relative to VIBiIO,, which suggests

that thei term in Equation ®as twoordess of magnitude greater contribution to

the rate ratios than the ratios on only external surface that result fibbo@Gd strength
differences.Therefore, the heptagonal micropores are responsible for mostHef C

turnovers during ODH reactions.

These rate ratios obtained for MoVTeNbO
earlier work which had Mb¥Fle)@dhel wiotmi i Inewe r
with our high rat e hreastaigog eshts @rhvagad rTeen aN o©YQ3,
occy@Spc hemeée hRl mi cropores in MoVTeNbO, do not

of hept agoaatiu rpnoorveesr si.n C

Effect of VQ surface density oRate Ratioameasuredn VQ/SIiO

The 41wt% VO./SIO, samples used in the previous section represent high V loadings
(9.4 VInnt; Table ) on the surface of the silica suppanidthere are reports of different
natures of surface active WGspecies presentt alifferent weight loading® 38

Irrespective of the loading weight percent, the actives sitethese nomicroporous
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catalysts remain accessible to botiH€and GH12and as such are regarded as external
sites. Therefore, agatedearlier, representation of /i ondifferent loadings of
VO,/SIO, (Eg. 2) cancels out any uncertainties arising from the quantification of
catalytically active siteghat are accessible to both reactamigure 4 shows the
additionalobserved rate rits on 1.5, 6.5, 11 wt.% loadings of Y@n SiQ as well as

on bulk unsupported/>0s. (Measure ODH rates on these loadingeown inFig. A1.)
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Figure 4:Measured @He/CsH12 rate ratios on b, 6.5, 11,41wt% VO,/SiO; and bulk
V205, (648 K, 3kPa GHs or CsHiz, 3 kPa Q, 30 cnt min!; Respectiveconversions
CoHe: 0.04 0.14 0.53 0.92 0.47%; CeH12: conversiong, 5, 5, 8, 5%).

These rate ratios osamples with differenibadings of VQ show values that
areallmuchless han wuni t y ,whibhis@dhdsiet withhkexpected effect
of strongelC-H bonds in CoHe than inCsH12. Theslightly highervalues of these ratios
on thesamples withhigher weight loadings (41 wt.% and 100 wt.#dnthe samples
with lower weight loadingspotentially represerthe different nature of active species
reported on these weight loadingsAs the weight loadings increasehe surface

densities ofmonovanadate (OA (O)x) tend to decrease and thosepolyvanadate
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speci es (@ spécieendgmall VoOs crystallitesincrease Of these, the
polyvanadatend \,Os species ar&nownto be more activéor abstracting Fatoms

from alkanes to form more stable surface ids thammonovanadate specigsThe
stronger hydrogen abstractoexhbit weaker discriminationbetween activation
energies inC-H bonds of differentstrengthqC.Hs and GH12), leading to higher rate
ratios Thesechanges in bondtrength discrimination arise from changes to lateness of
transition states predicted bBlamma d 6 s p3® Sthenme &t Aecording to this
postulate, transition states for more ewothic reactions appear earlier along the
reaction coordinatehe earlier transition states elongate tHd Bonds to lesser extents,
which leads to lesser boratrength discriminatiarNonetheless, these effects play only

a minor role in measured rateicais because even the highest measured rate ratios on
VOyx samples are much less than unity, which further confirms that the ratios near unity

measured on microporous oxides must arise from the micropores.

V=
A A%’ :Iiv
+ +
- kCZHé _(Aaczﬂs_aacsmz)
bo —=e RT
o k
Q C6H12
c
w
e 9
N0V,
C,H—H g .

Reaction Coordinate

Scheme 4Relative GH activation transitiontates show as overlaps of the parabolic
potential energy surfaces of-l& bond dissociation and MG bond formation
Stronger hydrogen abstractqraore negative Fatom addition energie@HAE)) and
strongerC-H bonds(less positive bnd dissociation energi¢BDE)) are lower on this
energy diagramStronger Habstractors exhibit an earlier transition state which leads
to lesser discrimination betweenHCbonds of different strengths.
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Thus, the difference in {dbstraction by active species cannot accounthier
observed high rate ratios in MoVTeNbO and MoVO which further suggests that most

of CoHe is activated within the pores during ODH.

Effectsof micropore wall areasand external surface areszon rates measured on
MoVTeNb and MoV oxides

Through the measure@DH rate ratios on MoVTeNbO, MoVO and WSIO;, the
relativemagnitude of @He turnover within micropores andsB12 turnover on external
surfaces of both MoV based oxides has been establithedbserved that the Es
turnover rates are about 30 timlasger on MoVO when compared to MoVTeNbO;
similarly, the GHi» turnovers are about 13 times faster on MoVO relative to

MoVTeNbO (ig. 5
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Figure 5:Measured relative £s and GHi2 ODH turnover rates on MoVO and
MoVTeNbO (648 K, 3 kPa £Hs or GsH12, 3 kPa @, 30 cn? min™; Respective ¢Hs
conversions: 5% and 1.3%; Respectiel G conversions: 5% and 3%).

The relative magnitude between these rates could arise from uncertainties in

guantifying the number @ivailable catalytic active siteEherefore, a ratiof rate ratios
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will ensure that the is no specific need forsuchactive site quantificatiam his relative

i ratio between MoVO and MoVTeNbO is expectedbto similarto the

relative micropore wall are@V.A.) to externalsurface areS.A.) on both catalysts

(Table 2:
TC,Hg micropore wall area
(Tﬁﬁyjz)mwa _ (m)mﬂo
( TeaHg ) micropore wall area
TCsHiz/ povTenbo (externa.! surface area)mwmw (4)

The relative rate ratio (2.4) obtained is very simitamagnitude to the relative W.A
to S.A. ratio for both catalysts (1.5) which further conBrthat GHs are activated

within the pores while €12 are restricted to external surfaces.

3.3Elementary steps in oxidative conversion ofts and GH12

The oxidative conversion of#8s and GHi2 on metal oxides typically form primary
and secondary prodts as depicted iicheme 5A rate limiting GH activation
produces alkyl radicals that undergo rapid secoid &tivations to form alkenes as
ODH products. Parallel and sequentiain@ertion reactions in the alkyl radicals and
alkenes, ultimately forr€O or CQ.*®

(@) (b)

k k ky
C:Hy —— «C;H; —— CoH, CeH1z — *CeHyy —1>CGH1O —— CqHs

L T e

Co, CO,

Scheme 5.Primary and secondary products formed in oxidative conversi@) GfHs
and (b) GHa2.

More detailed elementary steps foelg ODH on metal oxides is shown in
Scheme 4These steps occur as typical Mars van Krevelen redox catalytic ¢YTles.
details of these steps have been described iranlier work®. The cycle starts with
the quaskequilibrated adsorption of s in reactor feed or ¥D product on lattice O

atoms (MO*).The adsorbed £1s undergoes an irreversible-K activation at an ©
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at om t o -Hsoadigal amwelfas surface OH species (MOH*). A secosd C
activation of the latter radical forms2ds and as well as a second-HD pair
(OH/MOH?*). The first GH activation remains kietically relevant and the subsequent
desorption of @Hs and HO coupled with the sequence of irreversibl@xeations of
the reduced metal sites (M*) by>(@) complete the catalytic turnovarhese steps as
shown in Scheme Kad to an equation that aebes the @Hes ODH turnover rate per

active metal center (M) as a function of the reactant and product pregsures.

Ka S
CHo(g)+ MO* —Ey=  MO"CH, (1)
K’ ds

H0(Q)+ MO* —Er— MO*-H,0 (1)

MO*C,H, — % .  OHMOH*CH, (2

OH/MOH*-C,H, _Kies 5 OHMOH" + CoHa(g)  (3)

1/K,,
OHMOH* —5—  M* + H0(g) (4)
Oyg)+ M+ —fe . MOT+ O (5)
Oy* + M* _ Kex MO* ()

Scheme 6.Proposed elementaryegts for GHe ODH at reax sites on both MoV based
oxides andVO,/SiO.. M represents a metal center, which is interpreted as a V atom in

both catalysts.

(5)

The denominator terms represent the ratio oteatrations of lattice oxygen (MO%*),
adsorbed ethane reactant (MO3He), adsorbed water product (M&#4.0), O
vacancies (M*), and surface hydroxyl species (OH/MOH?*), in their respective order of
appearance in the equation. KendK values represent raémd equilibrium constants

for the steps shown ischeme 6 A very similar equation based on analogous

elementary stepsan be written for §H:2 ODH through replacing &4s with CeH12 as
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well as adding an additional ternd 0 in denominator to account for the

possible adsorption ofséB12 Oxygenates at lattice oxygens.

(6)

After the formation of radicals in the first step, paralleih®ertion reactions can occur
to form oxygenates and thus limit setwity to alkenes. Theseactions are kinetically
irrelevant as the first € activation dominates, but these oxygenates are incliied
the ODH alkene product® measured rate® faccurately account for primary-&

activations.

Rigorous kinetic staies in our previous wofRhas showrhe effect of product
inhibition on turnover rates was studied by measuring the ODH rates as a function of
CoHe and GsHio conversions varied by changing the residence tiatedifferent
reaction pressuredhe decrease IrC;Hs ODH rates with conversio(Fig. A4) was
much weaker than the corresponding decreasestth-@DH rates Fig. A5). Such
differences in produchhibition may occur because the®imolecules formed in both
reactions bind weakly to MO* sites at these temperatubes,oxygenates foned in
CsH12 oxidations bind more strongfy.In addition, the sameork?® showed thaCHe
ODH rates increase linearly witholds pressure and are independent inpbessure
(Fig. A6), which suggests that surface coverage of species represented by denominator
terms in Equation 5 are much smaller than unity at relevant comglitioe to weak
alkane binding ( << 1 kPa) and rapid nature or f@xidation steps™Q >>
Q 0 ). The GHi2 ODH rates increased linearly withsldi> pressures at low
pressures but exhibited siibearity at high GHi2pressure¢rig. A7). These nonlinear

effeds suggest that adsorbedsHz> derived species or reduced centers occupy

significant fractions of surface sites at higkHg: pressure. These observations were
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confirmed by the determination of thie of both CoHs and GH12 which were on
averageignificantly less than unity across defined reaction temperature ranges on both

MoVTeNbO and VQISIO; (See Table AR

With effects of productnhibition on ODH ratestaken into consideration,
appropriate reaction conditions were chosen to avoid the foeadeasurement of
detailed effects of conversions and reactant pressures on measured Lates
conversions ofeactars (<5%) were ensured for all the rates reported henceforth to
reflect ODH turnover rates at the conditions of reactor inlet freen product
inhibition. Inaddition, lowpressursof CsH12 (0.5 kPa)andCzHs (3 kPa)were used to
select alkane pressures for which the denominator terms in equations 5 and 6 are
insignificant. At these conditions, the rate equatidnand 6 reduce to the follving

forms:

e (7

e (8)
In addition, the effect of product inhibition on turnover et was studied by measuring
the ODH rates as a function otHs and GH12 conversionsvaried by changing the

residence times{gure A8. Theseresults confirm that our measured rates truly reflect

the conditions at reactant inlet (zero conversion).

Theserates were divided by &€He or CsHi12 pressures to obtain valuesrate
constants’Q U ) according to Equations 7 and hese measured rate constants
represent the Gibbs free energy eHQictivation transition statéd) relative to those

of uncovered oxide surfaceGyo+) and gaseouszBes molecules "O ):

Q0 -~Q Q (9)



This equation is very similar for 812 and next, we measure the differences in
activation enthalpies betweenHs and GHi2 on both aides to evaluate the role of

micropores in stabilizing transition states feHeactivation

3.4Role of micropores in €H activation
The Gibbs free energy change in Equation 9 reflects contributions from activation
enthalpy and entrop{@ YO "¥"Y), which can be expressed in the form of the

Eyring-Polanyi equatiort?4?

d d

<
<

a e

(10)
where, QandQ represent the Planck and Bottann constants, respectivelyerefore,

the apparent & activation enthalpie$Y’0" can be estimated from a plot ofthe
&EQ U values derived from measured rate constanéble 3 for C;He and

CeH12 on VOI/SIOz, MoVTeNbO and MoVO as a function of reciprocal temperatures

(Figs.€ a) ) ( c)

V0,/Si0, . MoVTeNbO ; MoVO
67 _AH#: 42118 1J/mol -6 * C2H6 -6 -“‘\Q‘AI&]‘-JF: 09 £15K/mol
1 ] 4 C6H12 ] AN
-7 7 ] 27 \“A.w.
] F'S .. ] /_‘.][:I:— 75 4+ 9k | ] *a
-8 . i " 7 =751 9k]/mo 5] o
2 9 ~ -9 1™ o JanF=75+ 161y /mar. -
e ] ] : .. A 2 ]
5-10 ’ (?ZHG S10 ] .. & S0 o G
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Figure6. Measured ODH rate constants for activation of thidsCblack diamonyland
CeH12 (blue trianglé as a function of reciprocal temperature onA80, MoVTeNbO
and MoVQ Dashed lines represehnhear regression fitsto form of equation 10
Uncertainty represents the 95% confidence interval on the estinodtibe parameter
in the linear regression.
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Table 3. EstimatedC-H activationrate constanfor Co:Hs and GH12 ODH obtained by
dividing measured rates by (3 kPa) and0 (0.5 kPa) on VQSIOy,

MoVTeNbO and MoVO.

Metal Oxide Temperature ORI Temperature T v
Catalyst (K) (10° V- kPals?) (K) (10° VkPals?)
C2Hs ODH CeH12 ODH
41 wtto 648 0.050 588 31.7
VO,/SIO, 673 0.085 603 43.1
698 0.136 623 55.9
733 0.269 648 70.7
MoVTeNbO 648 1.69 603 2.17
673 2.88 623 3.30
698 5.07 648 6.02
733 11.31 673 10.15
MoVvO 648 73.4 603 39.8
673 118.2 623 69.1
698 180.9 648 108.0
733 373.4 673 170.7

The GH activation enthalpy o€;Hs (78 + 6 kJ maol) on VOJSIO; is significantly
larger for than that of €12 (42 + 18 kJ mot) which is consistent with the weaker C
H bondstrength in the lattefT@ble A3. On both MoVTeNbO and MoW, the GH12
activation enthalpies (75 + 9 kJ mbland 69 + 15 kJ mdl respectively) are
significantly higher than that on \W5iO, which suggests a less reactive nature of O
atoms of both MoV based oxides due to their weakabstraction strength. Mever,
measuredC;Hs activation enthalpies on MoVTeNbO (88 + 14 kJ Mand MoVO (75

+ 16 kJ mot) when compared to that on WSiO, do not seem to reflect these apparent
weaker Habstraction strengths of the-aomson thesemicroporousMoV based
oxides. In more quantitative terms of relative enthalpies betwegts @nd GH12
activations on these oxide catalysts, the activation enthalpy differences on MoV (6 kJ
molt) and MoVTeNbO (13 kJ md) are about 230 kJ lower than that observed on

VO,/SiO; (36 kJ molY).

The rate ratios determined earliarthis work confirmed that most of £ls
turnovers during ODH occur within the microporgsg. 3); therefore, the lower

activation enthalpy difference betweesHg and GH12 on both MoV and MoVTeNbO
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is congstent with stabilization of &4s molecules by van der Waals (vdW) interactions
with the micropore walls, as have been observed in zeotype materials which are porous
as well** Next the influence of micropores on the selectivity to ODH products will be

probed.

3.5Influence of micropores orthe selectivity to ODH products

During rate measurements on the metal oxides, the product selectivity was measured
(SeeAppendixfor calculation details)Figure 7shows the selectivity to84 (Y )

and other products in8s oxidative conversion at a standard condition (36 min™)

and as a function of £ls conversion® ) for different GHe residence times (3 kPa

CoHs and 3 kPa @ 648 K).Both MoV and MoV TeNbChased catalysts showed a much

higher selectivity to €H4 (94 and 96%Y at7and 2.3%6@&  respectivelyFig. 7a)
than VQ/SIOz (49%°Y at 0.8%& ; Fig. 7a). In addition, the selectivity to#Els

in both MoV based oxides stayed relatively the same over-8% tonversion range
when compare to that on VSiO, which was much sensitive tocreasing conversion
(Fig. 7b), and these are consistent with the vkelbwn selectivity trends on these

materia 8 23 45
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Figure 7. (a) GHs conversion and product selectivity at 30%enin flow rate and (b)
product selectivity as a function of2ids conversion on VQSIO, (black closed
symbols in b), MoVTeNbO (black ep symbols in b), and MoVO (blue open symbols
in b), at 648 K, 3 kPa s, 3 kPa Q.

However, measured product selectivity trends during GHi2 oxidative
conversionweresimilar on VG/SiOz, MoVTeNbO, and MoVO at standard conditions
((30 cn? min 0.5 kPaCsH12 and 3kPa @ 648 K;Fig. &) which contrasted with the
different trends observed duringhfs conversionln addition, the three €112 product
selectivity changed similarly with increasing conversiéig(8b). These observed
trends suggest that tmature of external surfaces of all three catalysts confer similar
selectivity to oxidative dehydrogenation productgsH{ and GHe) and that the high
selectivity to GH4 during GHs ODH on both MoVTeNbO and MoVO originates

specifically from some propertyithin the micropores.
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