TECHNISCHE UNIVERSITAT MUNCHEN
Lehrstuhl fiir Technische Chemie 11

Selective Oxidation of Propane to Acrylic Acid over

MoVTe(Sb)NbO, Catalysts

Frederik Nikolaus Naraschewski

Vollstindiger Abdruck der von der Fakultit fiir Chemie

der Technischen Universitidt Miinchen zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. K.-O. Hinrichsen
Priifer der Dissertation: 1. Univ.-Prof. Dr. J. A. Lercher
2. Univ.-Prof. Dr. K. Kohler

Die Dissertation wurde am 07.03.2011 bei der Technischen Universitit Miinchen

eingereicht und durch die Fakultit fiir Chemie am 11.05.2011 angenommen.






Das grofle Ziel der Bildung ist nicht Wissen,
sondern Handeln.

Herbert Spencer



Die vorliegende Arbeit entstand in der Zeit von Januar 2006 bis Mirz 2011 unter
der Leitung von Prof. Dr. J. A. Lercher am Lehrstuhl fiir Technische Chemie 11

der Technischen Universitat Miinchen.



Acknowledgements

First, I would like to thank Johannes (Prof. J. A. Lercher) for giving me the chance to work in
his team on this very exciting project. Thank you for your trust in me to design my own set-
up, your support with my publications and your help, guidance and also criticism in all
discussions. This time was really an exciting period, I learned very much and enjoyed it
(almost) the whole time. Thank you also for giving me the chance to visit and present my

results at several national and international conferences.

I would like to thank Andy (PD Dr. A. Jentys) for his advice during the operational work on

my thesis, many very helpful discussions and for his support in correcting my paper drafts.

I want to thank the “EliteNetzwerk Bayern” for the possibility to participate in the NanoCat
Program and the financial support during my time at TC-II. The meetings and discussions
were always helpful and the after-meeting programs were even better. Thanks to Dr. Drees for

doing the coordination of this program.

The experimental work would have been very difficult without the help of Xaver. Thank you
for your support with handling set-up problems and to ensure the gas supply. Furthermore, I

like to thank Martin and Andreas for their help with analytics and electronic stuff.

I would like to thank my diploma student Dani who did a great job in synthesizing the perfect

pure Antimony catalysts.

The everyday work would have been much harder without my friends at TC-II. Thank you
Jiirgen, Matteo, Flo, Stephan and Carsten for being my friends and for many really funny
moments. | hope that “Kicker will never be forbidden again”. Thanks to Michael for never
ending “Ching-Chang-Chong” playing in various styles (regular, fast, long distance, etc...). |
also like to thank Sarah, Dani, Sabine, Sonja, Oliver, Anna, Richard, Manu, Ana and Claudia
for many funny evening events, Wies’n - including rollercoaster - and challenging tequila
parties. Thank you Manuel for your support with set-up construction and lab-maintenance,

countless discussions about the economy, especially the employment market, and optimized



strategies in Travian. Also thanks to Aon, Elvira, Andi, Dechao, Herui, Ben and Virgina for

the good atmosphere in our working group.

Very special thanks to Martina, who supported me in various ways at and after work.

Finally I would like to thank my parents for their outsized support during my time at

university. Without your help I wouldn’t have had the chance to study chemistry in Munich

and to write this doctoral thesis. Thank you for everything!

Frederik

March, 2011



Table of Contents

Table of Contents

1. General INTrOAUCTION .......oouiiiiiiiiiiiite ettt sttt ettt et esaaeebee e 1
1.1. Economic advantages of selective 0Xidation ProCESSES .......ccueeevvvrerirveeniveeeriveeerveeennneens 2
1.1.1. Substitution of alkenes by alkanes for oxygenate production ..............cceeuveerueeennne 2
1.1.2. Improved handling of methane for fuel applications.........c...cccceevcveenieniiienieennennne. 3

1.2, C-H QCHVALION ..ttt ettt ettt e sab e et e esbbeebeesaeeenbee e 6
1.2.1. C-H activation of alKanes .........ccccueevuieriiiiiiiniieieeie et 6

1.2.2. Models of C-H bond activation over supported and unsupported oxide clusters... 8
1.2.3. Impact of anions on C-H aCtiVation ...........cc.eevvuieeriiieeniiieeniieeniteesiee e esiee e 19

1.2.4. Indirect oxidation via electrophilic substitution — chlorination and

DIOMINALION ...ttt ettt ettt st e bt e st e bt e sabeebeesaneebee e 21

1.2.5. Oxidative C-H activation via activation with non-reducible cations.................... 24
1.2.6. Conclusion and outlook ..........ccooiiiiiiiniiiiiiniiceee e 28
1.3. Acrylic acid as intermediate in chemical Industry..........ccceeevieriiieniieeriie e, 29
1.3.1. Usage of aCTYliC aCId......uiiiiiiiiiiiiiiie ettt e eaee e 29
1.3.2. Historical production of acrylic acid ...........cceccueeriieiniiiiniiiieniieeieeeieeeee e 29
1.3.3. Selective oxidation of propene to acrylic acid.........cceceeeviiieniieiniieeniieeieeeeene 31
1.3.4. Selective Oxidation of propane to acrylic acid.........ccceeveuieeriiieeniiieenieeeiee e 32
1.4. Selective oxidation of propane to acrylic acid..........ccceevvieriiiieniiiieniieeeiee e 36
1.4.1. General MEChANISIN......cccutiiiiiiiiriieieeei ettt 36
1.4.2. Vanadium pyrophosphate oxide catalysts (VPO)..........ccoooiiiniiiiniiiiniiiiieeeen, 37
1.4.3. Heteropoly compounds (HPC).........ccoouiieiiiiiiiieeieeeeeceesee e 38
1.4.4. Multi-component metal oxides (MMO) .......ccccveieiiieiiiienieecee e 39
1.5. Selective oxidation of propane to acrylic acid over MoVTeNDb oxides ....................... 41
1.5.1. Reaction pathways for selective propane oXidation ............cceecveeerieernieeenieennnen. 41
1.5.2. Phases of MoV (Te,Sb)Nb oxide catalysts ........ccceecueeeriiiiiniieiniieiniieeiee e 43
1.5.3. Synthesis routes for MoV (Te,Sb)NbOy type catalysts ........ccevveerveeerveeerveennnenn. 45
1.6. SCOPE Of thiS TNESIS .eeeuvvieeiiiieiiieeiie ettt et e s ae e st e e et e e sebeeesaeeeaaeeennnes 47



Table of Contents

L7, RELEIEIICES ..ottt ettt st ettt et e s e e neenane s 49

2. EXPerimental SECTIOMN .......ccvcuiiiiiiiiiiieinitie ettt ettt ettt e e st e e sabeeesabeesabeesbneesans 55
2.1. Standard preparation of MoV (Te,Sb)ND 0Xides ......cc.eevcurieriiiieriiieeniieeriee e 56
P O 11 | o 11 11 1SRRI 57
2.2.1. Experimental r€aCtOr SEL-UP .......eeerureerrireeriiieeniieeniiteesiteesieeeesiteeesireeeireesareesareens 57
2.2.2. Evaluation of Kinetic data ..........ccooueeriiiiiriiiiiiiieeniieeriteereee et 60

2.3. Characterization Of CatalYStS.......ccveeriieiiiiieeiiieeiiee et eeeeeeaeeesreeesereeeereeeeaeeeneees 63

3. Phase Formation and selective Oxidation of Propane over MoV TeNbOy

Catalysts with varying COmMPOSIHIONS ......ccccuuteerireeriiieeeiieeriteerieeesteeesireeesiteeeireesireessreesane 65
3.1 INEFOAUCTION ...ttt ettt et eneesaneennee e 66
IV =5 4 01535 010 1S) 1L 2| EO SRR RUSPI 69

3.2.1. Catalyst PIrEPATALION ....eeeeuvieeeiieeriieeeieeesteeerteeetteeseteesseeessseeessseeessseeessseesssseennns 69
3.2.2. Catalyst CharaCteriZation...........coecueeirieernieeeitee et ettt e e e e s eesieee e 69
3.2.3. CatalYHiC ACHIVILY c.ueveeeiiieiiiieeitee ettt ettt et e e st e e st essabeesateeeas 71
3.3 RESUILS 1ttt et e et e et e e et e e e e e e et e e e et e e e nbaeerbaeenreeennaeenn 72
3.3.1. Variation of tellurium content in the synthesis gel.........cccceevveriiiiniieeniieeciieen, 72
3.3.2. Variation of the vanadium content in the synthesis gel............cccccoviiinniinnncnn. 74
3.3.3. Variation of niobium-content in the synthesis gel...........ccccoociiiniiiiniiiniienneen. 75
34, DISCUSSION. ...ttt ettt ettt ettt et e e bt et esae e et e e s bt e e bt e sabeeabeesabeeabeesabeenneenas 76
3.4.1. Influence of chemical composition upon phase concentrations ...............ceeeuveenne. 76
3.4.2. Catalytic activity, phase composition and chemical composition.............cc......... 78
3.5. CONCIUSIONS ..ttt sttt ettt et s e e st et e st e neesane e 81
3.6. ACKNOWIEAZEIMENLS ....cocviiieiiieeiiieeiie ettt ettt e e te e e te e e steeesabaeessbeeessseeensseeensneeas 82
3.7 REFEIEIICES ...ttt ettt et et e e e 83
3.8. Supplementary Material..........cccciieriiiieiiiieeiiieeriee ettt et e e e e saeeeaaeeeaaeeas 84

II



Table of Contents

4. On the Role of the Vanadium Distribution in MoVTeNbOx mixed Oxides for the

selective catalytic Oxidation Of Propane..........cooc.eeeiieiiiiiiiiiiiniieenieceeieceiee e 89
4.1 INEFOAUCTION ..ttt ettt e b e st e bt e sab e e bt e sab e e bt e saaeebeesanean 90
4.2, EXPETIMENTAL......ceiiiiiiiiieiiiieeiee ettt ettt e e e e e et e e eteeesataeesabeeenseeensesensseeensseennns 93

4.2.1. CatalySt PrEPATAtION ...cccuuveeeireeeiieeeiteeeite et e e st e e sitte et eesibeeesabeesabeesbbeesnbeeesanees 93

4.2.2. Catalyst CharacCteriZation..........cueeerieeeriieeniie ettt et etee ettt e e e e ieees 94

4.2.3. CatalYtiC ACHIVILY .ueeerureeeriiieeiiieeeitieeeieeeeiteeesteeesteeessteeessseeensseeessseeesseeenssesssseensees 95
4.3 RESUILS ..ottt e et e et e e e e e et e e e e ateeesnbae e abee e nbaeenraeenaeeenaaeennn 97
A4, DISCUSSION......eeiutiiiieiteetteeite et e st et e e sttt et e e st e e bt esaeeebeesaae e bt esaeeebeesareeaneesmeeeneenaneeane 102
4.5. CONCIUSIONS ..eoneviiiiieiieetieeite ettt sttt ettt et et e st st e sate et e saaeeneenane e 109
4.6. ACKNOWIEAZMENLS ...eeeuvieeiiieeiiieeiiee et e et e eite e st e et eestee e eaeeesaseeesseeensseeensaeennseeas 110
AT RELETEIICES ...ttt ettt ettt et ettt e st e s beesabeebee e 111

5. Synthesis and Acid Properties of MoVSb and MoVTeNb Oxides for the

selective Oxidation of Propane to Acrylic ACId.........ccevviiiiiiiiniiiiniiiiniieieeeee e 113
5.1 TEFOAUCTION ..ottt et ettt et st et e b e 114
5.2, EXPEIIMENLAL.....coiiiiiiiiiieiii ettt ettt ettt e e st e e e et aeesabeeenseeenneeennneennns 116

5.2.1. CatalySt PrePATALION ......veeeuireeeiieeeiieeeieeeeite et e et e et e st e e st e e sabeeesabeeesabeesneeas 116

5.2.2. Catalyst CharaCteriZation............eevuieeriieeniie et eiiee ettt ettt e e 117

R JPNG T @1 7117 5 (ol ot 5 14 1 20U 118
5.3 RESUILS .oeiiiieeiie ettt ettt et e et e et e e e tb e e e tbeeentaeeebeeeenbeeennbeeennneeennee 119
5.4, DISCUSSION.....eeuiiiiutieiieeieenit ettt ettt ettt st et s e et esate et e sateeaeesaneeneesaneeneenanes 126
5.5. CONCIUSIONS .cnvtiiiiiiiiiieeite ettt ettt ettt et sae e et sane e b e saneeneesanes 129
5.6. ACKNOWIESAZMENLS ......veeiiiieeiiieeiiee et e eiteeeiteeeieeeetee e teeeseaeesaaeeenbeeesnseeenaseeennseesnnns 130
5.7 RETEIEICES ...eeneiiitieiie ettt ettt ettt et ettt e be e e 131

III



Table of Contents

6. SUITIMIATY ..eenitieiiiiieeit ettt ettt ettt e ettt e s bt e s bt e e sttt e s bt e e sabaeesabeeesabeeesbeesnseesnneesnnaeens 133
6.1 SUIMIMATY .....eiiiiiiiiiiieeeie ettt et e e st e e st e e e st e e esabeessbeesbbeesbneenane 134
6.2 ZUSAMMENTASSUNG ...eeouvieeeiiieeiiieeeieeeriee ettt e ettt eesteeetaeestaeessseeessseeesssaeansseesnsseeensseennes 136

CUITICUIUM VITAC ...ttt ettt ettt et s e e bt e st e e bt e st e e b e saeeeaee 139

LiSt Of PUDIICAtIONS ....ceiuiiiiiiiiiiiiie ettt ettt e et e et e s eeeaeees 141

vV



List of Abbreviations

List of Abbreviations

at. %

BET

°C

CNG

DFT

FID

Gbbl

min
ml

min

Arsenic

atomic per cent

Boron
Brunauer-Emmett-Teller adsorption isotherm
Concentration

Carbon

Degree Celsius
Compressed natural gas
Day

Density functional theory
Lone electron pair

Flame ionization detector
Gram

Gibbs energy

Giga Barrel

Gas chromatography
Germanium

Global warming potential
Hour

Hydrogen

Heteropoly compound
Kelvin

Kilo joule

Kinetic constants

Liter

Liquefied natural gas
Milligram

Minute

Milliliter

Normal milliliter (defined at O °C and 1013.25 mbar)

Millimeter



List of Abbreviations

pum

MMO

Nb

PE
PET
PO
PP
PVC

Sb
Si

TCD
Te

TPD
THF
ucCcC
USD

VPO
wt. %
XRD

Micrometer

Multi-component metal oxide
Molybdenum

Niobium

Oxygen

Phosphorus

Polyethylene

Polyethylene terephthalate
Polypropylene oxide
Polypropylene
Polyvinylchloride

Second

Antimony

Silicon

Temperature

Thermal conductivity detector
Tellurium

Temperature Programmed Desorption
Tetrahydrofuran

Union Carbide Corporation
US-Dollar

Vanadium

Vanadium pyrophosphate oxide
weight per cent

X-ray diffraction

VI



Chapter 1

Chapter 1

General Introduction

Abstract

This chapter introduces the general background of selective oxidation processes and in
particular in C-H activation over solid oxide catalysts. The industrial usage of acrylic acid is

described and historical, common and selective oxidation production processes with

MoV (Te,Sb,Nb) oxide catalysts are discussed.
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1.1. Economic advantages of selective oxidation processes

1.1.1. Substitution of alkenes by alkanes for oxygenate production

In modern chemical industry polymers, solvents, lacquers and fine chemicals are synthesized
starting from small molecules like methanol, formaldehyde, or ethene. These building blocks
usually contain between one and four carbon atoms and need a suitable functionality to enable
reactions to target molecules. A list of the most important starting materials is shown in Table
1.1. Production of these building blocks starts from carbon sources like crude oil or natural

gas that are further processed by steam reforming or steam cracking.[”

The major drawbacks of these processes are the high energy consumption of reforming or
cracking steps. Process temperatures between 950 and 1200 K require a high amount of fossil
fuel for heat production and the complex product distributions obtained under these
conditions demand additional energy intensive separation steps. As a result, theses processes
are of high costs and therefore reaction routes starting from alkenes are more expensive than
the corresponding routes using alkanes that are directly available from natural gas sources.
Hence direct oxidations of alkanes to desired oxygenates is one of the ,,Holy Grails* of the
petro chemistry and would have enormous economic advantage in comparison to the

conventional process starting with alkenes.!”!
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Table 1.1: Important intermediates of the chemical industry.!"!

Building block Production Usage

Acetic acid (Monsanto-process),
Methyl ester, Methyl ether,
Methylamines, fuel

Formaldehyde Oxidation of methanol fine chemicals, polymers
Polyethylene (PE), PVC,
Acetaldehyde (Wacker-process)

Ethylene oxide Oxidation of ethene Ethylene glycol, PET
Polypropylene (PP), Acrolein,

Steam reforming of CH,,

Methanol .
synthesis from syngas

Ethene Steam cracking of naphtha

Propene Steam cracking of naphtha Acrylic acid, Acrylonitril, PO
Acrylic acid Oxidation of propene Polymers
Propyzir; oxide Oxidation of propene Propylene glycol
Maleic anhydride n-Butane oxidation Unsaturated Polyester, 1,4-

Butanol, THF

1.1.2. Improved handling of methane for fuel applications

One of the biggest challenges for the next decades is the supply with energy for heating and
transportation purposes. Nowadays crude oil is used for both applications. Although newer
technologies improve exploration and lead to an increase of proven reserves
(1987: 910.2 Gbbl; 1997: 1069.3 Gbbl; 2007: 1237.9 Gbbl), the reserves are still limited and

new energy sources are needed for the future.

A possible alternative is to cover the demand with natural gas. Natural gas is a mixture of
light hydrocarbons consisting mainly of methane. The proven reserves of natural gas are
177.36 trillion cubic meters for 2007,"! whereof 170 cubic meters are the energy equivalent to
one barrel of oil (159 liters). Therefore, the reserves of natural gas are equal to 1037 Gbbl of
crude oil and are comparable to the oil reserves of 1238 Gbbl. The worldwide distribution of

crude oil and natural gas reserves in crude oil equivalents is shown in Figure 1.1.
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Proven reserves at end 2007 755.3
oil in Gbbl (left), natural gas in Gbbl oil equivalents (right)

349.5

111.2 117.5
69.3 85.1 85.8
46.9  40.8
North Asia S. & Cent. Africa Europe Middle
America Pacific America & Eurasia East

Figure 1.1: Proved reserves of crude oil and natural gas.”

Natural gas is still underutilized for the applications described above. The main problem is
that methane is a gaseous compound and therefore pipeline systems are needed for
transportation. Also, gas fields are spread over large areas, making pipeline constructions
uneconomic. Transport of compressed methane is not a favorable method either. The energy
density of CNG of 1344 kJ/l (at 50 bar and 298 K) is low."! Furthermore, handling of
compressed gas is costly. Another possibility is the liquidation of the gas. The energy density
of LNG is with 16.128 kJ/l much higher than for CNG, but the low boiling point of methane
(111 K) leads to costs of cooling of approximately one quarter of the transported energy. The
construction of chiller/condenser units is only practiced for very large gas fields, whereas
small fields of methane are not used and the gas is simply burnt off, because methane is also a
strong greenhouse gas that has a global warming potential of 21. This means that 1 g methane
have the same warming potential as 21 g carbon dioxide. The GWP is calculated respecting
efficiency of radiation adsorption over the complete lifetime of the compound. So burning of

unused methane makes sense, but usage of the gas would be preferable.[s]
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An alternative to pipeline construction or liquidation is transformation to methanol. The
energy density of methanol of 15.834 kJ/1 is comparable to LNG, and with a boiling point of
338 K methanol is liquid at standard conditions and no special cooling dispositions have to be
taken. The only inconveniences of methanol are the toxicity and the flammability, which exist
also for gasoline and crude oil. Therefore methanol is a perfect form for an energy carrier

based on methane.!¥

Unfortunately, up to now no direct processes to convert methane into methanol with high
yields are available. Methanol is currently produced from methane by a detour over carbon
monoxide. In this process methane is reformed with water to carbon monoxide and hydrogen
(syngas). In a second reaction step carbon monoxide is hydrogenated to methanol. This
conventional process needs large equipment and is therefore immobile. Also, this route over
carbon mono oxide leads to high energy demand, so that this process is not economic for

large methanol production, used as a gasoline substitute.!"

The most economic solution for converting methane to more convenient methanol is selective
methane oxidation. This process is therefore of high economic interest for the usage of natural

gas resources.
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1.2. C-H activation

1.2.1. C-H activation of alkanes

Activation of C-H bonds coupled to the functionalization of the carbon atom is one of the
most important and challenging elementary reaction steps in organic synthesis. The challenge
does not only lie in the homolytic or heterolytic cleavage of the bond itself, in most cases it
has to occur under as mild as possible conditions to allow the subsequent reactions to proceed
under very controlled conditions. As a result, highly active catalysts are needed and the
elementary steps in these reactions are dominated by single electron processes and homolytic
C-C bond cleavage, when oxygen is involved, while heterolytic C-H bond breaking is

observed only in the minority of cases.

The C-H bond activation and conversion of alkanes in refining processes are somewhat more
facile to realize, as the more robust target molecules allow for higher reaction temperatures.
Two activation principles dominate, i.e., homolytic cleavage of C-H bonds on metals leading
to elimination of hydrogen, a reaction, which is mostly equilibrated under reaction conditions
and the acid catalyzed addition of a proton to an alkane leading to a carbonium ion, which
decomposes spontaneously to smaller fragments and a carbenium ion as well as the
abstraction of a hydride leading directly to the formation of a carbenium ion. Thus, the
kinetically dominating C-H activation steps in refining are dominated by processes in which

the C-H activation occurs via an ionic bond separation.'® "

While it is hardly used for the synthesis of energy carriers, selective oxidation is one of the
key reactions in chemical industry. Rough estimated, the worth of chemicals produced by

catalytic oxidation processes lies between 20 and 40 billion USD in 1991."

Especially for the
synthesis of intermediates and fine chemicals the pressure to change the feedstock in the
chemical industry over the last decade arising from a combination of the limited availability
of conventional starting molecules and the pressure to shift to less expensive ones forced the
use of alkanes rather than alkenes in many of the selective oxidation routes to functionalized
chemicals. This has led in turn to an intense interest in selective oxidation, but has only
materialized in few heterogeneously catalyzed reactions among which butane to maleic

[9-11]

anhydride or the oxidation of propane to acrylic acid and the ammoxidation of propane to

acrylonitrile '*'¥ being the most prominent ones.
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Understanding the complexity of the catalysts and the multi-step multi-electron processes
during selective oxidation at an atomistic and molecular level poses a formidable challenge.
More than with any other type of catalytic reaction, it requires that the catalysts are
characterized chemically and structurally under realistic reaction conditions in order to be
able to draw meaningful conclusions with respect to the surface chemistry (operando
investigations). This is related to the fact that the sites active for catalysis are only present in
small concentrations and that the catalysts change their oxidation state and surface structure in
dependence of exogenic influences such as atmosphere, pressure or temperature. In addition,
especially alkanes are rather inactive interacting mostly through dispersion forces with oxide

surfaces.!"!

The reason for the inertness of alkanes is related to the situation that for carbon and hydrogen
the number of valence electrons is equal to the number of valence orbitals and only 6-bonds
are present. Reactive modification of these energetically low lying highest occupied
molecular orbitals or energetically high lying lowest unoccupied molecular orbitals requires
very reactive moieties such as radicals or high temperatures. Additionally, the tetrahedral
coordination of the carbons in sp3 -hybridization efficiently shields the carbon atoms and
complicates possible attacks together with the low polarity of the C-H bond. The primary
products after activation contain functional groups or hetero atoms and, however, are by far

more reactive and susceptible for further chemical reactions.

In consequence, the activation of the first C-H bond is the rate determining step and after
addition of the more electronegative substituent to the desired extent the reaction needs to be
kinetically stabilized to prevent total oxidation. Thus, achievable yields in these reactions are
strictly depending on the ratio of the rate constants for activation to (unwanted) further
oxidation (k;:k;). Maximum yields in a selective oxidation reaction for a model of two
consecutive first order reactions are shown as example in Figure 1.2. To reach yields above
70% k; needs to be at least one magnitude larger than k,, posing a major challenge for the

design of catalysts and the process environment.
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o o o =
N (<)} oo o
I I I ]

o
N
I

Max. yield intermediate

o
o

0.01 0.1 1 10 100
Ratio k;:k,

Figure 1.2: Maximum achievable yield versus
ratio of activation to (unwanted) further oxidation.

For this chapter we will limit ourselves to the discussion of the oxidative activation of the C-
H bond in alkanes. Model experiments, kinetic analysis of complex reactions and theoretical
studies will be combined to provide an overview on the current state of insight into the
processes as well as their potential and limitations. We will first discuss processes on oxide
clusters, followed by the influence of anions and cations on the activation mechanism and

finally cover bifunctional catalysts used to achieve oxidative functionalization.

1.2.2. Models of C-H bond activation over supported and unsupported
oxide clusters

We will first discuss the chemistry of small alkanes such as ethane, propane and butane
because of the easier C-H activation in these molecules and will treat methane activation as a
special point. This is done so as with all these molecules the activated alkanes are able to
eliminate hydrogen and may desorb, while this is not possible with methane. It should be
emphasized that except for the higher bond strength of the C-H bond of primary carbon
atoms, the other principal chemistry will be the same in the initial C-H bond breaking or

polarizing step.

Vanadium based clusters

C-H activation on catalysts containing vanadium oxide species is certainly the most widely

studied elementary reaction related to the wide variety of catalysts based on vanadia. The
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catalytic properties of the vanadium moieties are affiliated with the redox properties of
vanadium which changes its oxidation states between +III, +IV and +V 1O L6220 P dhitial
step of the C-H activation is so difficult to assess, because the precursor to the homolytic
cleavage does not necessarily involve polarization of the C-H or the V-O bonds. Thus, only

the final states of the first reaction would be accessible to the spectroscopic characterization.

Most of the experimental studies initially addressed were focused on supported monolayers of
vanadia clusters on oxide surfaces. Pioneering systematic studies came from the groups of
Wachs *? and Iglesia and Bell.'*! The surface geometry of these clusters was determined
with a multitude of indirect spectroscopic characterizations. Overall, it was suggested that
monomers, dimers and oligomers are present on the surface (see Figure 1.3) and that the

catalytic reactivity and the oxidation state

depends critically on the size of the

Low Surface Coverage High Surface Coverage surface cluster.*”! With increasing cluster
0 o o size of the surface bound vanadia the
! [o-{-o-{
/1N . . .
050 do & dbo reactivity towards alkanes increased. The
e $87 48 | |
same trend was observed with decreasing
Isolated Surface VO, Species Polymeric Surface VO, Species
electronegativity  of  the  support
V,0; Crystallites . .. .
s (according to Sanderson) indicating that a
o o o .
/'\}\/o\{l}/o\/{,'\ lower charge at the terminal oxygen
0 (oo i . .
[ 1T 9 71 facilitates C-H bond breaking in the
Oxide Support

. . [25] J .
Crystalline V,05 Nanoparticles Above Monolayer Surface Coverage activation of propane. It is 1nterest1ng

to note that the selective oxidation of
Figure 1.3: Supported vanadium

oxide catalysts methanol exhibits the reverse influence

of the support oxide, i.e., the catalysts

were more active as the charge at the lattice oxygen increased.!*®’

One of the central issues in these experimental studies concerned questions with respect to the
nature of the active oxygen species or more specific the functional group involved in breaking
the first C-H bond. In principle three V-O bonds can be distinguished, the terminal V=0
bond, the bridging V-O-V bond and the bridging V-O-support bond. For activation of ethane

127-2%) the V-O-V bond was concluded to be catalytically irrelevant as the turnover

and propane
frequency did not change with the coverage of the support by vanadia species, which should

increase the relative concentration of this species. Also the concentration of the V=0 groups
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did not influence the observed rate of alkane activation leaving the V-O-support bond to be

the only remaining oxygen, which was then also concluded to be catalytically active.

However, as this rationale is based on an indirect elimination following more plausibility than
rigorous proof, let us turn to model studies using well defined clusters in the gas phase
combined with modeling of the structures and barriers between the intermediates. These
clusters may be charged in order to increase their reactivity without changing the relative
reactivity of the oxygen atoms in the cluster. The first well defined case of such an approach
was a study of the oxidation of propane on a [V307]" cluster by the groups of Schwarz and
Sauer.”” *!Y The cluster was chosen, as it is the smallest polynuclearentity that formally
contains only V in +5 oxidation state. The oxidative dehydrogenation of propane involves the

reduction of the metal center, brought about by the addition of two hydrogen atoms.

Detailed DFT calculations show that after assuming a quite stable precursor state (AGygg = -63
kJ-mol™) the initial reaction of propane with the cluster is the abstraction of a hydrogen atom
with an energetic barrier of 102 + 5 kJ-mol™.** **! Formally, this sequence is initiated as the
double bond between vanadium and oxygen cleaves homolytically and forms radicals in the
transition state. In the first step, hydrogen is abstracted from C3;Hg by one of the O=V groups
and yields the C3H;» V30;H"e diradical, which recombines and forms a carbon vanadium
bond through a rebound mechanism.”” ***® From this stable adduct a second hydrogen
abstraction by a bridging oxygen is possible and leads directly to propene and V;O07H,". Also
a pathway forming a propyl cation that rebinds to a hydroxyl group under formation of i-

propanol can be found (see also Scheme 1.1).
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Scheme 1.1: Reaction pathways of propane with V;0;".
These experiments demonstrate unequivocally and in
agreement with the conclusions by Wachs et al. that V-O-V
H P
oxygen does not participate in the initial C-H bond activation. 5 Si"o‘/\\/
e 4. . . HO /70 P o}
The vanadyl group, however, is indicated in these studies as the Si’o‘sl'rH [
Si——0Q-|—Si
. . . . . . Hy \
decisive reactive oxygen containing group. However, this ?/o ? /o/ H
. Cq . . Si——O0—Si
cluster does not contain bridging oxygen to another oxide, i ¥

which has been concluded to be the active site. In order to
mimic such bridging oxygen between V and a support cation,
vanadium substituted silsequioxane cluster has been used

(Figure 1.4).%!

Figure 1.4: Vanadium
substituted silsequioxane.

The calculations show that also in this case the first hydrogen abstraction at the vanadyl group

is the rate determining step. This practically rules out the involvement of the oxygen link to

the surface as the oxygen initiating the overall reaction sequence. In passing it is interesting to

note that in a recent contribution also the generation of a peroxovanadate has been proposed

that could explain the much higher reactivity of oxygen compared to N>O (which cannot form

a peroxovanadate) in pulse experiments.Bg]

11



Chapter 1

This is in line with observation that
vanadium substituted zeolites are able to
activate the C-H bond at the primary
carbon atom in light alkanes, while this is
not possible with titanium substituted
materials.*" *'! In this case the peroxo-
V* site has been identified by EPR
spectroscopy. Alcohols are formed in the
presence of both substituents together

with H,O, (Scheme 1.2).1*%

It is presently unclear, why titanium
substituted zeolites are only able to
activate and oxidize (hydroxylate)
alkanes at the secondary carbon atom,
while vanadium substituted materials
oxidize the alkane at the primary carbon
atom. The catalytic cycle proposed is

described in Scheme 1.3.

One possibility to explain the high

selectivity for the activation of the C-H

S i Si
o) H,0 o} H,0 o)
SI_O\ |5+ +—>2 : Si— > I5+ —>2 SI_O\ I5+/O
5 /v\\O 5 /Y OOH 5 /v\cl)
si” si~”~ OH si”
S Si
o) H- é ) 0 Cf
Si O\\I/4+ Si O\\I/4 >
0" So-o o So—oH
si” si”
Si
Si—O0 CI)
1—0OJ
V& + HO—CZ
o Yo
si”
Scheme 1.2: Formation
of peroxo-V*° sites.
. R
! SiO, ) ~H
OS'  LHOOH SiO=Ti oy +RH SO
SIO—Ti—0si ——> si0 o —— séoo—/n\ _oH
OSi N '
—/Si—OH \S' OH
gim
/
h-OH +H0 l
SI0.© oR Si0© g
SIQ—/TI\ SIQ—/TI\ _OH
sio” "OH -— sio” "o
NG N ®
—/SI—OHZ _/SI_OH2

Scheme 1.3: Possible mechanism
for alkane activation of TS-1.

bond at the secondary carbon atom with Ti substituted zeolites could be the fact that the

alkane is dehydrogenated in a first step in analogy to the dehydrogenation observed with La**

exchanged zeolites [43]

and that subsequently the olefin is hydroxylated with the TiO, site as

discussed extensively in the literature. In this case the primary dehydrogenation will occur at a

C-H bond of a secondary (or tertiary) carbon atom and will determine so the selectivity of

hydroxylation. It is remarkable that in recently reported titanium rich MFI type zeolites, the

activity towards n-hexane was even higher than towards 1-hexene again only forming

products that are oxidized at the secondary carbon atom.*” Indeed, a detailed study with Ti-

MFI shows that activation at the primary carbon atom is about 100 times lower than that at

the secondary carbon position."*”! The mechanism speculated by Davis et al. would offer a

reasonable explanation that has not been contemplated, however, in the paper. It could be that
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the synergetic interaction between the (basic) oxygen at the SiIOH group and the accessible Ti
leads to a heterolytic cleavage of the C-H bond (which is significantly easier at the secondary
carbon atom) and the formation of a Ti-C bond as postulated. The subsequent B-hydride
elimination leads to the formation of an olefin, which in turn is rapidly hydroxylated on the

titanium sites. *%!

Molybdenum and Tungsten oxide clusters

While vanadium based transition metal oxide clusters are the most studied, other transition
metal oxides and in particular those based on molybdenum and tungsten also show
remarkable catalytic activity. It interesting to compare in this case the differences in the

particular surface chemistry induced by the metal cation and by the surface structure.

Similar to vanadium, molybdenum based oxides activate the C-H bond also via a homolytic
cleavage at a molybdenyl group. This is concluded from experimental and computational
studies linking the presence of the Mo=0 group to the activity of the catalytic material.!*” **!
As much as these results seem to emphasize the similarities to the supported vanadia
catalysts, important differences between the two systems exist. The rate normalized to the
accessible Mo at the surface increases drastically as the surface concentration of Mo increases
(note the contrast to the equal catalytic activity in a similar relation for vanadia clusters).
However, what is even more striking is the fact that the ratio of the rate constants between the
initial oxidative elimination of hydrogen from propane increases, while that of total oxidation
either from propane or from propene decreases. This suggests that the sites for the unselective
reactions have to be related to sites at the interface between the support (Al,O3 in the study
cited *!) and the molybdenum oxide species on the surface. The molybdenum oxide species
show overall a higher reducibility in H, with increasing
surface concentration. The rate of the supported
molybdenum oxide species reducibility (at 673 K) is directly
proportional to the rate of oxidative dehydrogenation and

hence to the rate of C-H activation, which constitutes the rate

determining step in oxidative dehydrogenation. DFT

calculations of the C-H activation in propane on trimeric Mo

) o ] ) Figure 1.5: Hydrogen
oxide clusters indicate that the lowest barrier exists for the gpstraction on Mo oxide cluster.
hydrogen abstraction from the secondary carbon atom of propane by one of the terminal

oxygen atoms in a one electron process (Figure 1.5).
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Reaction steps involving two electrons and acid-base type interactions have energetic barriers,
which are more than 50 kJ-mol” higher emphasizing the unlikeliness of such reaction
pathways.!*® Also pathways involving the simultaneous cleavage of two C-H bonds are
highly unlikely. Comparing the C-H activation of propane with that in methane one notes that
again the one electron process has the lowest energetic barrier, but that this barrier (according
to experiments and DFT calculations) is at least 60 kJ-mol™' higher than in case of propane

emphasizing the difficulty to break the C-H bond of methane on these catalysts."*"!

These experiments suggest that the cleavage of the C-H bond is a one electron process also
for Mo oxides and is the more facile the weaker the C-H bond is. Given the weaker C-H bond
in propene (compared to propane) one might ask if propene formed will not be immediately
consumed in a sequential activation/oxidation leading to very low selectivities. Let us analyze
the situation in this respect by comparing the simplest oxidative activation, the oxidative
dehydrogenation of propane with the further reaction of propene, the dominating primary
product. For the former reaction, the relative activities for between ZrO, supported vanadium,
molybdenum and tungsten oxides decrease in the order VOy/ZrO, < MoO/ZrO; < WO,/ZrO,,
while the corresponding apparent energies of activation increase in that order.”® This
indicates that the activities are inversely proportional to the C-H bond cleavage energies. The
activation energies of propane oxidative dehydrogenation are higher than for further total
oxidation of propene. The difference in the activation energies (48-61 kJ-mol™) is larger than
between bond dissociation enthalpies for the weakest C-H bond in propane and propene (40
kJ -mol'l). It increases in the sequence VO,/ZrO; < MoO,/ZrO, < WO/ZrO, suggesting that
relative rates also depend on the differences in the heat of sorption between propane and

propene, which will increase as the Lewis acidity (V" < Mo® < W®) increases.

Complex mixed oxides

So far the impact of different oxides and supports on the activity for C-H bond activation has
been discussed. In this context it has been noted that the primary activity for the one electron
cleavage depends on the ability of the oxide to be reduced and the strength of the C-H bond
involved. Any component of a complex oxide that would enhance the strength of the metal

oxygen bond is expected to decrease the activity of the reducible species.
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This has been shown for zirconia supported molybdenum oxide clusters upon addition of
alkali metals.”" The presence of alkali cations (Cs, K, Li) did not affect the structure of MoOy
domains, but influenced their electronic and catalytic properties. Propane C-H activation
decreased monotonically with increasing concentration of the alkali cation and for a given
concentration with increasing base strength of the corresponding alkali oxide. Also in this
case the subsequent oxidation of propene was slightly suppressed by weakening the acid

strength of Mo®* though the formation of a mixed oxide.””

The positive influence of the presence of a bridging oxygen between the active vanadium
cluster and the support on the selectivity of the oxidative dehydrogenation and the observation
that two vanadium atoms form an active site leads to the question whether it is possible to

positively influence the catalytic properties by combining two cations in the active phase.

The simplest conceptual scenario is given by the deposition of a vanadium oxide cluster on a
polymolybdate monolayer surface supported on alumina.””®! Without changing the mechanism
of the C-H bond activation, the combination enhances the rate of C-H bond activation, by
increasing the reducibility of the vanadium oxide clusters. The initial rate of oxidative
dehydrogenation (equivalent to the rate of C-H activation) increased proportional nearly up to
a monolayer of vanadium indicating a low sensitivity to the particular structure of the vanadia,
but was significantly higher if vanadia was supported on alumina. Most remarkably the ratio
of the rate constant for the further oxidation and of the primary formation of propene
decreased with increasing concentration of vanadia and was for the best catalyst drastically
lower than the corresponding ratio in the case of VO4/Al,Os. In line with the arguments used
above the presence of molybdenum are speculated to have reduced the interactions of propene
with the accessible cations. The retention of propene is concluded to be critical for the further

oxidation.

This effect is not confined to the system vanadia/molybdena though. A positive effect was
also observed for chromia decorated surfaces although the surface chemistry is more
complex.[54] In a similar strategy it was reported recently that the addition of oxides of varying
acid base properties could tune the selectivity and activity of a NiO catalyst for oxidative
dehydrogenation. The reasons for his positive effects were explained by a modification of the
reducibility of NiO, but neither the site of activity nor the detailed kinetics are currently

understood in the same detail as with the vanadia and molybdena systems.[ss]
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Very complex oxides based on MoVTeNbOy are currently
used for more demanding reactions such as the conversion
of propane to acrylic acid.!"® °* " The active phase in these
materials is a complex structure consisting of octahedra with
Mo and V oxides building up five, six and seven membered
channels in which Nb and Te oxides are coordinated. A

(0 0 1) surface of such a material is displayed in Figure 1.6.

Figure 1.6: Structural model
In these oxides the substitution of V for Mo leads to a of MoVTeNbO, M1 phase.

situation similar to the one described by the layered material
described above, i.e., single or paired vanadia units are embedded in a molybdenum matrix.

These vanadia octahedra have been identified as the active

sites ["® %% and the catalytic activity is proportional to the .
i; Y "{ ‘r

concentration of vanadium. However, the dependence is not Y ‘r >, h\_

. . . . . - B n‘ % “* m
straightforward and substantial differences in catalytic RV S v 4

. o : : g -3 B Yy - o k\!
activity of the vanadia units seem to exist depending on the % w 4 h% *
location of the substitution. Using the oxidative

dehydrogenation of ethane one notes a unique and Figure 1.7: Structural model
unparalleled selectivity to ethene with very low rate constants  of MoVTeNbO, M2 phase.

of the oxidation of ethane.!®! Also in this case the specific catalytic chemistry does not seem
to be confined to this particular structure, although a related structure the so called M2 phase

is not active for C-H bond activation (see Figure 1.7).

It is interesting to note that in this structure vanadium is only present in isolated sites, which
would be in line with the experimental and theoretical observation that pairs of vanadium
oxide units are needed for the initial C-H activation. Indeed several of such materials have
been reported to very active and selective for the oxidative dehydrogenation of propane.'®
Alternatively, the distortion of the V-O octahedron has been claimed to be responsible for its
high activity.”™> ®! It should be noted that the intense discussion on the site for the multi
electron oxidation process of propane to acrylic acid is not decisive for the current
contribution, as almost all authors agree that solely the vanadia unit is responsible for the
oxidative dehydrogenation of propane, which constitutes the first and in many cases also the

rate determining step.[64]
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Transition metal species in zeolites

The catalytic sites activating the C-H bond in the oxides discussed so far were primarily
terminal oxygen atoms (such as vanadyl groups), which are ideally suited for one electron
oxidation steps. Enzymes,®> ®! but also designed catalytic sites such as reducible cation pairs
at ion exchange sites in zeolites are able to activate alkanes via a bridging oxygen groups.[67]
Only few cations, such as Fe, Cu and Co show catalytic activity in such environment for
oxidation reactions. The reason for the existence of only few cations is related to the steric
limitations by the size of the hydrated metal cations (hindering larger cations to be
exchanged) during the ion exchange procedure and the probability that at least two aluminum
cations must be substituted in the zeolites structure at such close distances that the di- or

trivalent cation can bridge that distance forming e.g., a Cu-O-Cu moiety.*®!

There is a quite intense debate on the nature of these complexes involving Fe** and Cu**
cations which ended quite indecisive as seen in the recent example for Cu exchanged ZSM-
5.19) The site depicted in Figure 1.8 has been deduced from evidence using primarily
spectroscopy. Diffraction results that would allow for a
complete structural analysis are not available and will
be very difficult to obtain as all as faults in the zeolite

structure impede a precise structure determination. This

situation brings attention to the point that the structural

information on Cu monooxygenase begins only now to Figure 1.8: Bridging oxygen
between two divalent metal cations

reach a level that would permit to start to address the at exchange sites in zeolites.

mechanism of the oxygen activation. The current
understanding is that a single Cu cation site is located about 2 nm away from a Cu ion pair.

The oxidation state of the three cations is not unequivocally settled yet.!®”!

Recent DFT calculations on the mechanism of the oxidative C-H activation in Cu-ZSMS5
suggest a possible way in which methane and higher alkanes can be activated.'®”’ Via this
route even methane can be converted at around 200 °C forming methoxy and hydroxy groups
with the simultaneous reduction from Cu*? to Cu*. The constraints in the zeolite and the
strong bonding hinder, however, desorption of the formed methoxy groups or methanol.
Similar to the surface chemistry described above the hydrogen of, e.g., methane is being
cleaved from methane in a one electron oxidation step. The resulting diradical will bind at the

newly formed bridging hydroxy group forming methanol. With respect to the inability to
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desorb this species one needs to emphasize that supported CuO oxide is an excellent steam
reforming catalyst that most likely decomposes the desorbing methanol.[””! Interestingly, Fe
exchanged zeolites need N,O to generate the active oxygen, while Cu and Co exchanged can

be activated in oxygen.
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1.2.3. Impact of anions on C-H activation

Vanadium pyrophosphate as catalyst for butane activation

Vanadium phosphates are currently the only large scale catalyst employed for the selective
oxidative process of alkanes, in specific for the oxidation of butane to maleic anhydride."
With vanadium as the main redox active element in the catalyst, it is critical to ask whether or
not the surface chemistry proceeds analogous to the activation discussed so far for supported

vanadia and complex mixed oxide catalysts.

Two interesting facts have been established early on. The HoHoH oM
H—C—C—C—C—H
. . ¥

catalysts develop readily the (1 0 0) surface in the process of BN
drying and conditioning for the reaction.””" This specific surface (o)

4+ \/5+
has been claimed to be responsible for catalytic action. While v +V
such a complex reaction involves a wide variety of sites,

d ; f 1 72 B3l th o
promoters and variants of catalysts (see e.g., ), the H—G—G=C—C—H
principal chemistry of the C-H activation from n-butane seems T

|
to be closely related to the vanadyl groups as discussed _ 9
V5+ V4+
above.”* ™ Scheme 1.4 shows the proposed mechanism for the
Scheme 1.4:

formation of 2-butene in this first step. One notes the schematic  Proposed mechanism
for the formation of 2-

nature of the proposed transition state along this route (a second butene

pathway involving alkoxy groups has also been proposed in ref.
1 above), but formally two vanadyl groups are involved, as discussed also later as the
probably dominating active site. It is striking that a kinetic analysis does not indicate butene
as an intermediate with marked concentration in the gas phase. This indicates that at least the

interaction between butene and the surface must be very strong.

If one explores the (1 0 0) surface of vanadium pyrophosphate using DFT calculations, the
termination by P=0 and V=0 groups, but also the existence of P-O-V bonds is notable.”® In
line with the arguments used above to explain the effect of metal cations on the catalytic
activity and selectivity of V=0 groups we would like to speculate that the presence of the
highly electronegative phosphorus enhances the reducibility of vanadium. Moreover the top
view in Figure 1.9 shows that neighboring V=0 groups exist, well separated by P=0 groups
indicating that the surface site that has been identified as required for the alkane activation is

also present on this material. As a word of caution though it should be mentioned, however,
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that the surface structure may quite disordered and may form over a much longer period
during operation as it had been thought originally.””! This is indeed reflected in the marked
influence the relative concentrations of vanadium and phosphorus have on the catalytic
activity.”® A dynamic equilibrium between several phases exists on the surface of the
vanadium pyrophosphates making it very difficult to identify more than the principal features
of the atoms involved. There has been, however, a recent elegant in situ study by 31p and 2V
solid state NMR spectroscopy to probe the phosphorus and vanadium species involved in the
oxidation reactions. 6-VOPQO,4 has been identified to be the phase most important for the
overall conversion of n-butane to maleic anhydride. Cycling though oxidation and reduction it
could be shown that P/V>*were pairs which were active for the overall reaction. Note that this,

unfortunately, does not provide the insight with respect to the initial C-H bond activation.

P-O, oxygen V-0-V oxygen
0. ¢ (%
P-O-P oxygen
—.¢_L,LL Lo o 6.\.&, Lx’. x
& W ‘
V=0 oxygen x"
P-O-V oxygen

Figure 1.9: Model of (VO),P,0, (1 0 0) surface.

Supported LiCl as catalyst for oxidative dehydrogenation of ethane to ethene

So far anions and cations were used and discussed as promoting species changing the
properties of the redox element to activate the C-H bond. In principle, however the anion
itself can undergo the redox step and is able to catalyze the oxidative dehydrogenation of

ethene (e.g. [79'81]).

The most remarkable catalysts in this respect are MgO supported alkali chlorides, which form
at reaction temperatures a melt covering the support surface. Dy,O3 has been found to be an
excellent promoter that is not interfering with the chemistry, but helps to maintain a
reasonably large specific surface area. The active sites are speculated to be hypochlorite
anions, which are formed only transiently in the presence of oxygen at the surface of the
liquid layer or dissolved in the catalysts. The catalyst is regenerated by eliminating water (see

Scheme 1.5).
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Mechanistic details are not evaluated, because of %0,

H,0

the transient nature of the catalytically active sites. (it

The presence of oxygen leads to the formation of

positively charged chlorine. It is speculated that [LEkH:Ol Hoct

the reaction proceeds via the electrophilic \ /%\ CaHe
substitution of hydrogen for chlorine followed by (LOR=HCI o,

an immediate elimination of HCI. Concerted

elimination of HCl would be very rapid under Scheme 1.5: Catalytic cycle of oxidative
these conditions, as the reaction temperature is dehydrogenation over LiCl catalysts.
typically above 823 K. Elimination of water would complete the catalytic reaction cycle and
restitute LiCl as catalyst. The catalytic reactivity is not limited to LiCl. Several pure and
mixed alkali and alkali earth chlorides showed promising catalytic properties. It should be
noted that the selectivity of the catalysts increased with decreasing melting point indicating
that the mobility at the surface leads to a dynamically restructuring material that avoids in this
way the formation of undercoordinated metal cations. Such accessible metal cations had been

identified as the key sites to adsorb olefins and to provide the required sorption locations for

total oxidation.

1.2.4. Indirect oxidation via electrophilic substitution — chlorination and

bromination

In the surface chemistry described so far, the C-H bond was activated by a homolytic
cleavage leading to a diradical species that can rebind. In case in which the cation may
polarize the C-H bond so far that the C-H bond is cleaved the hydrocarbon moiety will bind to
the metal cation and eventually form a carbon-metal bond (vide infra). The oxidative
elimination of the alkene via B-hydride elimination will then lead to the olefin. Here we will
describe an alternative approach using polarization and electrophilic substitution. Once
substituted the highly electronegative substituent will rearrange the electron distribution at the
carbon atom and lead so to oxidation. This is usually achieved via halogenation (chlorination

or bromination) of alkanes.

FeOCl,/Al,O3, TaOF3, NbOF3/Al,O3, ZrOF,/Al,0O3, SbOF3/Al, O3, SbFs/graphite and Nafion-

H/TaFs are known as catalysts for selective chlorination and bromination of methane.® The
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activation of methane is achieved under relatively mild conditions (543 K). The mechanism is
shown in Scheme 1.6. In the first step a Lewis acid site of the catalyst polarizes chlorine
leading to C1" and CI* bound to the catalyst. In the next step CI" is transferred into methane by
an electrophilic insertion. In the transition state carbon is five-coordinated by four methane-
hydrogen and one CI" in a cationic complex and finally CI" replaces hydrogen to form methyl
chloride together with hydrogen chloride from the negative polarized chloride. This is also the
rate determining step and the energy barrier and also the rate of the reaction is dependent on

the stability of the five-coordinated transition state.

X, + catalyst ~—===== [X*][catalyst-X] (X=Cl,Br)
+

H
[X*|[catalyst-X] + CH, === [HSC—(\ l [catalyst-X]
X

——» CHj-X + catalyst + HX

Scheme 1.6: Mechanism of selective methane chlorination over solid acids and Cls.

+ + + +
In the direct radical chlorination the H H H H
HyC— > [HXC—< >> |HX,C—< >>> | XgC—
X X X X

chlorinated products react as readily
as methane leading to unwanted Scheme 1.7: Stability of transition states
multiple chlorination steps. In the of selective methane chlorination.
electrophilic insertion the already chlorinated products pass also over a multi-chlorinated
transition state. In case of reaction with methyl chlorine two chlorine will be incorporated in
the five-coordinated transition state and due to the electron drawing effect of chlorine, the
stability of this cationic complex is lower than the corresponding transition state of the mono-
chlorinated reactant. In consequence, the energy barrier is higher for the second chlorine
insertion compared to the first insertion and the rate will be slower. The decreasing stability of
multiply chlorinated products (compare Scheme 1.7) leads to an order of reaction rates, in
which rate of formation decreases in parallel to the degree of substitution. If only one
equivalent of the chlorine is used, the mono chlorination is in this reaction strongly preferred.
Conversions of 34% and 96% selectivity to mono chlorinated product were realized in that
way. Thus, the role of the catalyst in the electrophilic substitution is to polarize chlorine and
stabilize the formed electrophilic chlorine. Indirectly the lower reactivity towards electrophilic

substitution leads to the decreased rates for higher substituted products.
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Catalytic activity for C-H activation reactions has also been reported for Lanthanum oxides
(LayO3) and chlorides (LaOCl, LaCls), if HCI is used for the chlorination under oxidizing

conditions at 400 — 500 °C. This would be a dramatic commercial benefit, as one mol of HCI

is generated for each Cl inserted, which has to be reoxidized to Cl, in a separate process.*>*!

It is interesting to note that the catalytic materials, La,0O3 and LaOCl, have been reported as

[86-89]

active catalysts for oxidative methane coupling, and for ethane oxidative

dehydrogenation.”® °"! LaCl; is known as a promoter in catalysts for the

[92]

oxydehydrochlorination and ethane conversion to vinyl chloride and is also used in

selective chlorination of methane.

(b) E Clo.12+

/ : J Lg0-53+

Clo.10+

/La0v55+

Figure 1.10: Mechanism of selective methane chlorination over LaOCI.

The active sites are hypochlorite OCI surface species having a formal oxidation state of
+1.%%) The active site is formed from LaCls by the reaction with molecular oxygen (see
Figure 1.10). In the next step methane forms a five-coordinated transition state with the
positive charged chlorine, which decomposes and leaves a surface hydroxyl group and methyl

chloride after decomposition. To close the catalytic cycle the catalyst hydrogen chloride forms
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water and a surface chloride that is oxidized with molecular oxygen to the original active

hypochloride species.[83]

Similarities of the two reaction mechanisms are obvious. Also in the latter case the rate
determining step proceeds over a five-coordinated carbon and the stability of this transitions
state should also decreasing with higher number of chlorine bound to carbon, increasing the
selectivity of the mono chlorinated product, but catalytic tests with stoichiometric mixtures of
CH,4 : HCI : O, 2:2:1 at 475 °C showing 65% methyl chloride and 25% methylene dichloride
(rest are oxidation products CO and CO;) at 27% conversion. Thus, this reaction is not as
selective as the previous describe catalysts and reasons for this are still under discussion. Even
changes in temperature between 450 — 550 °C showed no significant influence on the
selectivity of the methyl chloride, but it should also be noted that these temperatures are still

much higher than the temperature of the selective FeO,Cl,/Al,O3 catalysts (270 °C).

1.2.5. Oxidative C-H activation via activation with non-reducible cations

C-H Activation of alkanes by Li promoted MgO

Li,O/MgO is one of the most prominent examples for oxidative C-H activation relying on
defect sites at surfaces, well exemplified by the pioneering work of Lunsford et al..”> % The
active sites have been originally proposed to be [Li*O] sites, which are generated in an MgO
host lattice by substitution of divalent magnesium cation by Li*. This oxygen radical site " *>
%I catalyzes the abstraction of hydrogen from, e.g., ethane with formation of [Li*OH] and an

ethyl radical (Equation 1.1) in the rate determining step.

CoHg + [LITO]s — > CoHs® + [LiTOH, (Equation 1.1)
The initially formed ethyl radical is desorbed into gas phase, where free radical reactions

proceed. In the gas phase molecular oxygen abstracts a second hydrogen leading to ethane and

a hydroperoxy radical (Equation 1.2)

CoHs® + O, —> C,H, + HO, (Equation 1.2)
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This hydroperoxy radical can again remove a hydrogen atom from ethane under recreation of
an ethyl radical, forming a separate catalytic cycle in the gas phase. The formed hydrogen
peroxide decomposes to water and oxygen (Equation 1.3), but formation of two hydroxyl
radical by homolytic cleavage is also possible, also enabling the start of a new chain reaction.

HO,* + CoHg — > Hy0, + CoHg- — > CoHs: + H,0 + 120, (Equation 1.3)

Overall, ethane is oxidized to ethene by molecular oxygen. The role of the catalysts is to
catalytically supply of ethyl radicals needed in the radical cycle of the gas phase reaction

(Scheme 1.8).

0O, C,H,
Initiated by
catalytic surface ——> C,H,* Gas-phase HO,*
reaction
H,0 + 0.5 0, «— H,0, C,Hg

Scheme 1.8: Catalytic cycle in gas-phase after activation by [Li"O].

After initiation of the catalytic gas phase reaction, the active center on the surface of the
catalysts needs to be regenerated by reaction with oxygen. At high temperatures (700 °C),
regeneration of the surface [Li'OH] occurs under removal of lattice oxygen. At lower
temperature gas phase oxygen is needed for the regeneration, forming a hydroperoxy radical
under recreation of the active center [Li*O7]. The hydroperoxy radical can react to hydrogen
peroxide under regeneration of a second active center and finally after scission to two
hydroxyl radical regenerate two more active centers (Equation 1.4). Overall one oxygen

molecule is able to regenerate four active centers.

[Li*OH])s + O, — [Li*O]s + HO, -

[LI*OH]s + HO,» — [Li*Os + H20, (Equation 1.4)
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In contrast to the original proposal, surface science studies by the group of Goodman showed
that the concentration of [Li*O7] sites does not correlate with the activity for methane
activation.””! Instead, F° centers (oxygen vacancies containing two electrons) at or near the
surface of MgO have been established to be the sites inducing the C-H bond breaking. One
should note that such sites would correspond to such surface sites of low coordination, which
are in equilibrium with the near surface F centers. The presence of Li* substituted into the
MgO lattice induces a higher concentration of such sites. It is interesting to note also that the
[Li*O7] sites are mostly found in the bulk and not at the surface. A recent study of E” centers
on MgO (00 1) showed for the first time the quantitative measure of the high strength of
interaction between the tip of an AFM microscope and these sites giving reference to their

unusual reactivity.”®

It should be noted at this point that C-H activation can be also achieved on a wide variety of
non-reducible oxides (for an excellent review see ref. *”!). Most notable, C-H bond cleavage
can also be achieved over non-reducible oxides such as alumina on highly defect sites. In
contrast to the chemistry discussed above, the C-H bond cleavage involves the heterolytic
cleavage into a proton coordinating in the final state to oxygen at the site and a carbanion
which interacts with the metal cation."'®” Also several cases of cations in zeolites, such Ga™,
La®* and Zn®* exchanged zeolites have been found to activate C-H bonds in an analogous
way. In these cases a very high strength of interaction of the exposed cations "*" with the C-
H bonds leads to the heterolytic dissociation.'*> 192 While the final product, i.e., olefins in the
simplest case, represent an oxidation step with respect to the starting molecule, we will not
discuss this chemistry in detail here, as the C-H activation step is not typical for C-H

activation involving oxygen.

Bifunctional oxidative catalysis with main group cations at zeolite exchange sites

So far, we have discussed the role of specific catalytic sites involving also the metal oxygen
bonds and anionic species catalyzing the C-H bond separation. However, surprisingly only the
coordinating effect of a cation in a large electrostatic field is sufficient to induce C-H bond
transfer. This requires the confined space of, e.g., a zeolite that enforces the proximity
between an alkane and molecular oxygen. Exchangeable cations provide the high local field
apparently necessary to reduce the energy needed to excite the hydrocarbon oxygen charge-
transfer.'% Tt is remarkable, that for reactions in the gas phase the energy to perform such

charge transfer lies energetically much higher " than when both reaction partners are
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confined to a zeolite cage. The source of the energy to stimulate seems not to be critical, i.e.,

the reaction can be induced by visible light [105] [106]

as well as by thermal energy.
It appears, however, that the local geometry of the arrangement between oxygen the alkane
and the cation is critical and is strongly determined by the size and equilibration of ion

exchange of the cation.

This is best seen in the comparison between Ca** and Mg** and their interactions with the
alkane. The direct importance and accessibility of the alkaline earth metal cations has been
established by a series of ion exchange experiments which in essence showed that the catalyst
activity drastically increased, once the ion exchange level led to cations accessible by the
reacting molecules."” A more subtle local arrangement is important for the type of
interaction with the alkane (see Figure 1.11)."%) The small difference in the ionic radius of

Mg**and Ca®* leads to a deeper embedding of the

(a) n? (b n? () n*
former into the plane of the six-ring of the SII site R He

\/ ! SNV
in zeolite Y. In consequence, the DFT calculations / &H 4\ J‘

indicate that Mg”* interacts with alkanes mainly in @ @ @

n? mode, while with Ca**interaction with methane

Figure 1.11: Schematic representation

of possible conformations of light
while for propane even indications for adsorption alkanes to the exchanged cation.

and ethane leads preferentially to the n° mode,

in n' mode have been found. The larger cation
leads to more electrostatic contributions of the bonding, while the shielding of Mg2+ induces

contributions of directed hydrogen bonding to the oxygen of the zeolite lattice.

In situ IR spectroscopy reveals that indeed not only the alkane interacts with the cations, but
that also molecular oxygen forms an adsorption complex, the stretching frequency of which is
observable in the adsorbed state, because of the induction of a dipole by these interactions.'®
It should be noted that the interaction with the better shielded Mg”* is significantly weaker
than with Ca®* cations. Molecular oxygen and alkanes compete for the adsorption sites, but
indirect evidence exists that both are indeed adsorbed in the proximity of the cation. This
geminal adsorption on one cation would lead to a charge transfer intermediate, which would

take the form [C3Hs"O,."'” Proposed to be aided by protons, it rearranges eventually to

hydroperoxide, which decomposes for the case of propane to propan-2-ol or acetone.
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1.2.6 Conclusion and outlook

The discussed examples show that the catalyzed oxidative C-H activation proceeds in the
dominant number of cases via single electron processes induced, however, by a surprisingly
wide variety of catalytically active sites. These span from classic transition metal terminal or
bridging oxygen groups, exemplified best by vanadia, over transiently formed terminal
oxygen, such as in the Cu exchanged zeolite based catalysts, to the F centers in MgO type
catalysts and the facilitation of the formation of charge transfer complexes in zeolites by
exposed cations. Despite the homolytic cleavage of the C-H bond, the lability of the metal
oxygen bond and the polarizability of the C-H bond facilitate the reaction and appear to lower
the energies involved in the reaction pathways. The achievable selectivity remains a great
challenge, because most of the materials contain accessible metal cations and labile oxygen
providing also polar pathways to the subsequent oxidation of the intermediate once the C-H
bond has been cleaved in the first (rate determining) activation step. Certainly, less defects

and undercoordinated cations would help to improve the selectivity for a particular catalyst.

While impressive progress has been made in the characterization of such catalysts, the sites
active in the C-H bond cleavage are frequently minority sites constituting only a very small
fraction of the surface. Together with the fact that the surface of the oxides and the active sites
in zeolites are very sensitive to the reactive environment, this poses a formidable challenge to
characterize the sites. Such insight together with well-targeted synthesis approaches are,
however, the key to the next generation of catalysts for C-H activation and selective

functionalization.
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1.3. Acrylic acid as intermediate in chemical industry

1.3.1. Usage of acrylic acid

Acrylic acid is an important intermediate in chemical industry with a world production

M Acrylic acid is mainly used in form of acrylic

capacity of 3.4 million tons per year in 2004.
esters in polymers for lacquers, colorings and additives in paper and textile production.
Superabsorbent polymers are a relatively new product based on acrylate polymers. The
application varies from filtration and diapers to fire-retardant gels, and therefore the annual

growth rate of acrylic acid production of 5% is the highest of all unsaturated acids.

1.3.2. Historical production of acrylic acid

The first commercial process for acrylic acid production was the so called Ethylenecyan-
hydrin process which was developed by Rohm & Haas in Darmstadt in 1901. Ethylene oxide
and hydrogen cyanide are converted to hydroxyl propionitril in alkaline medium and further

hydrolyzed with diluted sulfuric acid to acrylic acid."’

This process shown in Scheme 1.9 was used until 1971.

H,SO
A Hon —= on zHo L N
¥ Ho” >\
- NH4HSO, !

Scheme 1.9: Ethylencyan-hydrin process for acryl acid production.

In the 1960’s and 1970’s the Reppe process was favored, where the catalyzed carbonylation
of acetylene takes place in the presence of water as shown in Scheme 1.10. As catalyst
nickel tetra carbonyl is usually used at conditions of about 100 bar and temperature between
490 to 510 K. A few modifications exist which are different in type and amount of the used

catalyst. The Reppe process was used by BASF until the 1990s.''"!
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OH

NiCO)y  F

Scheme 1.10: Reppe process for acrylic acid production.

The third commercial process starts with formaldehyde that is reacted with ketene in the
presence of a lewis acid (AICls;, ZnCl,, BF3) to B-propion lactone. In a second step -
propion lactone is decomposed at 410 —450 K and 25 — 250 bar with phosphoric acid and
copper as catalyst (Scheme 1.1 1.1

0
i | 0 oH
C
e P LA HsPO,/Cu A{
/N it > >
H H 7\ —0 o)
H* H

Scheme 1.11: Acrylic acid production from formaldehyde and ketene.

The last historical process that was used for industrial acrylic acid production based on the
hydrolysis of acrylonitrile with sulfuric acid and water. It is possible to gain directly an acryl
ester by using an alcohol instead of water in the second step. In this process stoichiometric

amounts of ammonium bisulfate are formed (Scheme 1.12).1"

/\ / NHQ o HQSO4
= C\\,\f HoSO4 + H,O0 — /ﬁ(
O
OR
+ ROH /
- NH4HSO4
(0]

Scheme 1.12: Acrylonitrile hydrolysis for acrylic acid production.
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All historical processes have in common that they use expensive starting materials (ethylene
oxide, acetylene, ketene or acrylonitrile) and also involve toxic chemicals for the reaction
(hydrogen cyanide, carbon monoxide, formaldehyde). Therefore the high expenses of these
procedures promoted the development of a more economic and environmentally friendly
process. With the increasing popularity of crude oil at the end of the oil crisis in 1979,
propene became more available through steam reforming and therefore the price of propene
was low compared to acetylene. As a result the selective oxidation of propylene to acrylic

acid became more and more interesting.

1.3.3. Selective oxidation of propene to acrylic acid

Currently, acrylic acid is produced by a two step oxidation from propene in a multi tubular
fixed bed reactor. In the first step a mixture of propene, steam and air is converted to acrolein
at a temperature of 600 — 650 K. The exothermic reaction is catalyzed by molybdenum based
metal oxides. The reaction products of the first step are transferred directly into the second
reactor, where further oxidation to acrylic acid takes place at temperatures between 520 and
580 K. Again, Molybdenum metal oxides are used to catalyze this step. The yield of the first
and second step is up to 90% and 97% respectively, resulting in an overall yield of 87% for

this process based on propene. Both reactions are shown in Scheme 1.13.1112

. H OH
MoBiOx = MoVOy F
—_— —_—
/\ o /\[( 5 /Y
600 - 650 K © 520 - 580 K O

Scheme 1.13: Selective two step oxidation of propene to acrylic acid.

Furthermore, acrylic acid can be obtained from a one step oxidation of propylene as described
in Scheme 1.14. In this case the oxidation of propylene to acrolein and the second oxidation
of acrolein to acrylic acid take place in the same reactor. But the yields of acrylic acid via this
process are significantly lower than that of the two step process. This can be explained by the
differences in the composition of the used catalysts in the two step process, which can be
optimized for each reaction. Furthermore, the different temperatures used for each step play

an important role. The activation of propene requires a higher reaction temperature than for
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acrolein. 600 — 630 K are necessary to obtain a sufficient propene conversion. At this
temperature acrolein is not only oxidized to acrylic acid. Total oxidation of acrolein and

acrylic acid takes place, leading to lower yields of the desired product and following to a large
[113]

OH
Catalyst /
—>
s

0]

amount of carbon oxides.

Scheme 1.14: One step oxidation of propene to acrylic acid.

1.3.4. Selective oxidation of propane to acrylic acid

Propane is a component of natural gas with an up to 10% fraction (compare chapter 1.1.1.).
Therefore it would be an economical preferred raw material based on its availability for the

oxidation to acrylic acid (Scheme 1.15).

OH
Catalyst /
—_—
/\ o /\[(

0]

Scheme 1.15: Selective oxidation of propane to acrylic acid.

In Figure 1.12 the development of propane and propene prices are shown between January
2007 and December 2008. The prices for the second term of 2008 are not representative due
to massive distortions of the financial markets and commodities prices. Therefore average
prices for propane and propene were calculated between January 2007 and July 2008. In this
period the average price per ton of propane and propene are 567 USD and 1093 USD,
resulting in a price difference of 526 USD per ton. From this data it is possible to estimate
minimum yields required for the selective oxidation of propane to acrylic acid, to be

competitive within the selective oxidation of propene on an economic level.
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propene

average: 1093 US-$

average: 567 US-$ propane

Price in US-$ per ton
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Date

Figure 1.12: Development propane and propene price for 2007 — 2008.

Starting from one ton propene 1.54 tons of acrylic acid are produced (for 90% yield), so
feedstock costs for one ton acrylic acid are 710 USD. The calculation based on propane
revealed that 49% yield is needed, to have similar feedstock costs. It should be noted that
processes are only changed if the profit opportunities exceed the expenses of operational
change and risk and therefore the yield of acrylic acid has to be higher than 49% to
compensate the change and additional risk. Therefore when yields exceed the range of 60 —
70%, the usage of propane for acrylic acid production would be preferred. Up to now highest

reported yield for selective oxidation of propane is 489 1114-116]

Nowadays selective oxidation of alkanes is realized only in case of n-butane oxidation to
maleic anhydride over VPO catalysts (Scheme 1.16). The yields for this process range
between 45 and 61% and further developments in reaction technology that separate the
oxygen from the substrate lead to yields higher 70%. Since the 1970’s this process is used
commercially and it replaced the oxidation of benzene to maleic anhydride (Scheme 1.17).
For a short time the oxidation of butene was also used, but rising prices for butene accelerated

the development of the n-butane oxidation.'" 117, 118]
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O
VPO
N ——» o)
O Q
(0]

Scheme 1.16: Selective oxidation of n-butane to maleic anhydride.!"

0
V;0
+450;, —22 O +2C0p+2H0
670 - 730 K
0

Scheme 1.17: Oxidation of benzene to maleic anhydride.™

Yields reachable in selective oxidation reactions can be estimated, based on a concept upon
the stability of the desired product. If the product is in relation to the reactant a very stable
molecule high selectivity is easy to reach, whereas for a very instable product high selectivity
is impossible, due to decomposition and further oxidation (compare also chapter 1.2.1). For
stability quantification the difference of the bond strength between the weakest C-H bond in
the reactant and the weakest C-H or C-C bond in the product molecule (AOHC_H seactant = AOHC_H

: 11
or C-C product) 18 calculated.!""™!

A plot of the bond energy difference and observed selectivity for 23 selective oxidation
reactions shows a clear correlation (Figure 1.13). Reactions with highly stable products like
ethylbenzene to styrene or 1-butene to butadiene are in Figure 1.13 in the upper left corner,
indicating high selectivities, whereas reactions with instable products like methane to

formaldehyde or isobutene to methacrolein are in the lower right corner.
If the bond energy difference is less than 30 kJ-mol' very high product selectivity is possible,

whereas higher energy difference leads to a fast decrease of the selectivity. For differences

greater than 70 kJ-mol ™" near zero product selectivity is observed.
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n-Butane - Maleic anhydride
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Figure 1.13: Correlation between bond energies and selectivity in oxidation reactions.

The selective oxidations of n-butane to maleic anhydride and propane to acrylic acid both
possess the fabulous situation that all bonds in the product molecule are stronger than the
weakest C-H bond of n-butane or propane. In this situation high selectivity should be
possible. The potential of the n-butane oxidation (green dot in Figure 1.13) is already
developed, indicated by the position near to the trend line, whereas for propane oxidation the
observed selectivity is heavily below the trend line. From this model further improvements for
the selective oxidation of propane to acrylic acid should be possible and might lead to a

catalyst that is capable for industrial usage.
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1.4. Selective oxidation of propane to acrylic acid

1.4.1. General mechanism

Today acrylic acid is prepared by selective oxidation of propene. Since complete oxidation of
organic compounds to CO, and water is extremely exothermic, deep oxidation is
thermodynamically favored. The production of partially oxidized hydrocarbons requires
precise kinetic control. “Achieving only partial oxidation of hydrocarbons is like toasting
marshmallows on a campfire. The trick is to find the perfect conditions near the red hot coals
and to allow just enough time to reach a nice gold-brown without burning them to a tasteless

black crisp”,“zo] such catalyst is needed which activates the inert propane molecule (compare

chapter 1.2.) and still keeps the selectivity of oxygenates high.[m]

Selective oxidation reactions on heterogeneous oxide catalysis proceed usually through a
Mars-van-Krevelen mechanism. In such mechanism, the active sites oxidize the reactant
molecules by creating lattice oxygen vacancies. In a second step the catalyst is re-oxidized by

gas phase oxygen.'?* %!

The selective oxidation of an alkane through the Mars-van-Krevelen mechanism is given in
Figure 1.14 a-e. In the first step propane is adsorbed on the surface of the catalyst and is
oxidized from lattice oxygen to propene and water (Figure 1.8 b). This C-H activation is the

rate determining step in this reaction (compare also with chapter 1.2.).

\ + Hzo

CH;CH,CH; CH;CHCH,
02— Mn+ 02- Mn+ 02— Mn+ 02— 02- M(ﬂ—l)+. M(n—1)+02— Mn+ 02—
o* o* o* o o o*
02- Mll+ 02- Ml’l+ 02- Mll+ 02- 02- MI'H' 02- Mll+ 02- Mn+ 02-
Figure 1.14 a: Adsorption of propane. Figure 1.14 b: Oxidation of propane to

propene and water.
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The oxidation product propene desorbs, leaving an oxygen vacancy that can migrate through
the catalysts (Figure 1.14 c). The re-oxidization occurs from oxygen from the gas phase

(Figure 1.14 d) and finally leads to a recovered catalyst (Figure 1.14 e).

CH;CHCH, /
/ 120,

0> M(n—l}. M(ml}. M™ OF 0> M™o* M(n—l)+. M™ O
o NS o o> 0> 0>
02- Ml’l+ 02- Mll+ 02- Ml’l+ 02- 02- Mll+ 02- Ml’l+ 02- Mll+ 02-
Figure 1.14 c: Desorption of propene Figure 1.14 d: Reoxidation from
and migration of oxygen vacancy. gaseous oxygen.

02- M+ 02- M+ 02- Ml’l+ 02-
0~ 0~ 0~
02- Mn+ 02— Mn+ 02- Mn+ 02—

Figure 1.14 e: Recoverd catalyst.

1.4.2. Vanadium pyrophosphate oxide catalysts (VPO)

For selective oxidation of propane to acrylic acid three different catalysts systems are
described in literature.!'*!! One of them are vanadium pyrophosphate type catalysts (VPO),
which have been used successfully in the industrial process of n-butane oxidation to maleic
anhydride. The VPO system shows high activity and selectivity in n-butane oxidation.
Reported yields of maleic anhydride vary from 45 to 61%  with
n-butane conversion of about 65% and selectivity to maleic anhydride ranging from 65% to
97%. However, VPO catalysts are not very effective in propane selective oxidation to acrylic
acid. Some examples for VPO catalysts are given in Table 1.2. The low yields of acrylic acid,
contrary to the maleic anhydride yields in n-butane oxidation, may suggest that VPO type

catalysts are rather specific towards the length of hydrocarbon chain. Moreover the stability of
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the partial oxidation products could play a role. Maleic anhydride is more stable than acrolein

and acrylic acid regarding to further oxidation.!'2+!2¢!

Table 1.2: Results for selective propane oxidation with VPO catalysts.

Catalyst T Propane Acrylic acid Selectivity
composition conversion yield

[K] [%] [%] [%]
VP 15T€0,10,150x 663 30 10.5 30 124
VP 050 658 37 14.4 39 [126]
VP, 0, 693 46 14.7 32 'l

1.4.3. Heteropoly compounds (HPC)

A further system for selective propane oxidation are heteropoly compounds (HPC). HPC refer
to inorganic, heteropoly acids and their corresponding salts. They have well defined cage-like
structures with a central cation and surrounding polyanions. The central cation are
heteroatoms like P, As, Si, Ge or B. The polyanions are often oxoanions of Mo or W. The
best known cage-like structures used as oxidation catalysts are the Keggin type compounds
with the general formula [X"*M;,040]®™". Here, X™" is the central cation surrounded by MO
octahedral polyanions. The negative charge of the HPC can be neutralized by protons, giving
HPC a strong acidity. Due to this property they have been used as acid catalysts in solution
for dehydration, esterification and alkylation. Table 1.3 shows examples of HPCs and their
conversions, selectivities and yields in propane oxidation to acrylic acid. While the simple
form of the Keggin compound H3PMO;,04 is inactive in propane oxidation, the conversion

can be improved by structural modification, such as treatment with ammonia or pyridine.!"*”

130]
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Table 1.3: Examples for HPC catalysts for selective oxidation of propane to acrylic acid.

Catalyst Feed T Propane Acrylic  Selectivity
composition conversion  acid yield

[K] [%] [%] [%]
H3PMO;20,40 Cy/O/H,ON, 613 0 0 o 127 1=
H; 26CS25F€006PVMO11049 CyO/N, 653 47 13 2g 'l
(NH4)sPMO 1,040 Cy/O/H:ON, 613 4.5 0 g 1127 129
(PyH)3sPMO1204 Cs/O/HO/N, 613 7.5 2 29 [127.129]

Note: C; = propane

1.4.4. Multi-component metal oxides (MMO)

The third class of catalysts for selective oxidation of propane to acrylic acid are multi-
component metal oxides (MMO), also known as complex mixed oxides (compare chapter
1.2.2.). These materials contain a mix of multiple crystal and amorphous phases and do not
have a well-defined primary structure, but MMOs are generally prepared through calcination
methods at high temperatures and thus have excellent thermal stability. MoVNb mixed oxides

131 and used for the oxidation of ethane to ethene and acetic

were developed in the 1970s
acid. These catalysts are also capable to activate propane with acetic acid, acetaldehyde and
carbon oxides as the only products. The application of MMOs in selective propane oxidation
started in the 1990s. All known MMO type catalysts contain molybdenum and the most of
them include also vanadium. The best results were achieved on catalysts which also contain
tellurium and niobium. Well known is the catalyst system of the type MoV TeNbOy which is
most promising regarding to propane conversion and acrylic acid selectivity. Recently studies
are attended to MMOs containing antimony instead of tellurium. The results of some
MoV (Te,Sb,Nb)Oy catalysts are shown in Table 1.4. Further description of the MoVTeNbOy

system is in chapter 1.5, .[!!4 115 132-138]

39



Chapter 1

Table 1.4: Multi component metal oxide catalysts for selective oxidation of propane.

Catalyst Feed T Propane Acrylic Selectivity
composition conversion acid yield

[K] [%] [%] [%]
MoVosTeozsNbo 20, Cafair/H,O 653 80 48 60 "
MoVosTeo2sNDg 20, Ca/Ox/H.O/He 623 23 14 61 1%
MoVo5Sbo1eNbosOx ~ Cs/air/H,O 653 50 16 32 %4
MoV3Sbo2sNDo 110 Ca/Oo/HO/N, 673 21 12 g1 1'%

Note: C; = propane
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1.5. Selective oxidation of propane to acrylic acid over MoVTeNb

oxides

1.5.1. Reaction pathways for selective propane oxidation

The oxidation of propane can be described by a complex reaction network that starts with
propane and ends with the deep oxidation product carbon dioxide. In the following model and
also in most literature carbon monoxide and carbon dioxide will not be distinguished. For

simplification reasons the sum of both components is described with CO.

The reaction network for the oxidation of propane is shown in Scheme 1.18. The activation of
propane leads to propene or iso-propanol. Elimination of iso-propanol opens a path to
propene, whereas the oxidation forms acetone. Propene can either be oxidized in allylic
position to acrolein or by oxo-insertion to acetone. Oxidation of acrolein leads to the wanted
product acrylic acid. Acetone reacts under C-C bond cleavage to acetic and finally both acids

can be further oxidized to carbon oxides.!!**144

/\»/\—»/YH—»/YOH\
O

? O
NN COx
OH 0 o /
PP N §
OH
Scheme 1.18: Reaction network for the selective oxidation of propane.

A third pathway from propane over 1-propanol, propanal and 1-propionic acid to carbon
oxides is also proposed, but it is only of low relevance and therefore it is in Scheme 1.18

neglected.!'?"

This reaction network is proposed for catalysts of the type MoVTeNbOy, but due to the
comparable structure it is postulated that this system is also valid for similar catalyst systems
like MoVSb(Nb)O,.""*! The development of standard formation enthalpies for the reaction
steps is shown in Figure 1.15. Each reaction step is exothermic. The dehydration of propane

to propene is in this reaction network exothermic (AHR” = -117 kJ-mol™), due to the coupling
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with the strong exothermic water formation (AHRO =-242 kJ-mol'l). In contrast the
dehydrogenation of propane without water formation 1is endothermic with

AHR’ = +125 kJ-mol™ and therefore suffers under poor conversions in chemical equilibrium
[121]

A
S
S
Oﬁh \/\

-104 —\‘/\
- 221 CHO
N oo
- 569 \\\

- 820

oo

3CO,
- 2150

Figure 1.15: Standard formation enthalpies of intermediates and products for propane oxidation.!'"!

The relative reactivities increase in the order: propane < acetic acid = acrylic acid <
propylene< acetone < acrolein = isopropanol. This sequence is based on the nature of the

radical mechanism and the decrease of C—H bonds strength for the oxygenates.m“
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1.5.2. Phases of MoV(Te,Sb)Nb oxide catalysts

Two phases containing all four metals are known. These two phases were found by
Mitsubishi Chemical Corporation in the early 1990°s and were named MI and M2 by
Ushikubo et al..!"'* !> 13%13¢ The 77 phase crystallizes in an orthorhombic system and can
be described as a corner sharing MOg octahedron arranged periodically in ¢ axis, where M can
be molybdenum or vanadium. The octahedron form channels perpendicular to the ab plane.
The channels are formed from five, six or seven octahedra (see also Figure 1.6).“46'152] The
tellurium cations are located in the hexagonal and heptagonal channels, whereas the niobium
cations occupy pentagonal bipyramidal sites in the channels formed from five octahedron."*”
146. 1531 The existence of different oxidation states of molybdenum (+V and +VI) and the
formation of channels with seven octahedron appears to be essential for the activity in
propane activation, due to distortion of the octahedron, resulting in a higher reactivity. It was
shown, that a M1 phase consisting of only molybdenum and vanadium is able to activate

propane.''>¥

The M2 phase is a hexagonal layered structure formed form octahedron with molybdenum,
vanadium and niobium centers (see also Figure 1.7.). Tellurium occupies in this structure the
hexagonal channels.!"*® The stoichiometric composition of the M1 phase is Te;OMyOs¢ (M =
Mo, V, Nb) and of the M2 phase TeM309 (M = Mo, V, Nb) (1551 Molybdenum, vanadium and
niobium can partly be exchanged against each other under preservation of the structure. The
synthesis procedure and most suitable reactants are still under discussion and the specific
effect of each preparation step on catalyst properties is debated.!'"*'%! The catalytic properties
of the different phases M1 and M2 are still under discussion, especially effects that result from
mixtures from M and M2 phases.[161] Also the exact nature of active sides as well their

reactivities are still under discussion, 4% 153 162. 1631

In the case of antimony containing catalysts also a phase is formed that is analogous to the
tellurium containing M1 phase, formed by corner sharing MOg octahedron. M corresponds to
molybdenum and vanadium in the same way as the tellurium containing catalysts. Antimony
like tellurium presents a lone pair of electrons and should be able to accommodate the same
types of coordination. The valence of antimony is three or five but the mainly present form is
Sb (V) as reported by Millet et al."®! The Sb (V) entities correspond to SbO, trigonal
bipyramids and form infinite chains of the type [Sb-O] in the hexagonal channels. The Sb
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(IIT) cations in the M1 phase should form SbO;E trigonal pyramid groups which correspond to
[Sb-O-Sb] dimers. The antimony cations and oxygen anions are occupying hexagonal
channels formed by the octahedron. Analogous to the tellurium containing catalysts there are
also pentagonal channels which are occupied by molybdenum and vanadium and heptagonal
channels which are empty. The formal stoichiometries can be written as (SbO)2M»00s6. M can

be molybdenum, vanadium and niobium, 16416

Also M2 phase can be formed from antimony containing materials. The mainly valence state
of antimony is III and following the Sb (III) cations should form SbO;E trigonal pyramid
groups. This result in [Sb-O-Sb] dimers formed in the hexagonal channels. Additionally Sb
(V) cations are present in the M2 phase, which cannot adopt a three-fold coordination. They
have at least four oxygen neighbours forming SbO,4 groups resulting in [Sb-O],, entities in the

hexagonal channels.!"®"
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1.5.3. Synthesis routes for MoV(Te,Sb)NbO, type catalysts

Several methods exist to prepare multi-component metal oxides of the type
MoV (Te,Sb)NbOy. All methods have in common, that a precursor is obtained from metal
salts, which is further calcined to obtain the final catalyst. The most common metal salts for
catalyst preparation are ammonium para molybdate ((NH4)sM070,4), telluric acid (HgTeOg),
vanadyl sulfate (VOSO; - x H,O), ammonium niobate oxalate ((NH4)NbO(C,04);) and
antimony (III) sulfate (Sby(SOy)3). 1137 138 1671721 Byrther  used metal oxides  are
tellurium dioxide (TeO,), vanadium (V) oxide (V,0s) and antimony (III) oxide (Sb,0O3) and

metallic tellurium !5 159 173175

The different synthesis methods are described in the following:

Dry-up (evaporation) method [157, 160, 176]

For the dry-up method all precursors are dissolved in water followed by the removal of water
by evaporation under decreased pressure (30 - 50 kPa) to obtain a precursor, that is calcined at
873 K in an inert atmosphere. Catalysts produced by this method often have phase impurities

that decrease the catalytic performance.

Freeze drying / Spray drying (177, 178]

The freeze drying and spray drying are synthesis methods similar to the dry-up method. The
water from the metal salt solution is in this case removed by freeze drying or by a spray dryer.
In both cases a solid precursor is obtained that is calcined to the final catalyst. Catalysts
obtained by both methods range from phase pure materials to materials with high fractions of
different phases depending on the exact parameters for the synthesis. Accordingly the

catalysts performances range from very good to no acrylic acid yield observable.
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Hydrothermal synthesis | 156, 1601

For the hydrothermal synthesis metal salts are dissolved in water and brought into a Teflon
lined autoclave. The autoclave is exposed to hydrothermal conditions (448 K) for a specific
time (1 — 10 days). The residue is separated with a suction filter and dried (353 K). The so
obtained precursor is calcined as described in the previous methods. Catalysts synthesized by
hydrothermal method have the advantage of very good phase purity. The disadvantage is the
effort in preparation and due to material loss in precursor separation is the yield of catalyst
lower than with the other methods.

Solid state synthesis '"** 1% 171

The solid state synthesis is done by grinding metal salts to a homogeneous mixture that is
calcined. This procedure needs the smallest effort for preparation, but good phase

compositions are rarely obtained.

The hydrothermal reaction method is the best synthesis route to prepare phase pure mixed
metal oxides for selective propane oxidation. Unfortunately it is also the most extensive

method, which is undesirable for industrial production.
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1.6. Scope of this thesis

Multi component mixed metal oxides are of great interest for the selective oxidation of
propane to acrylic acid. Up to now the yield for this reaction does not exceed 50% and

therefore this process is not competitive with the today’s used propene oxidation process.

The alkane C-H activation of the catalysts is also very low, complicating the use on an
industrial scale. Also the formations of side products like acetic acid or deep oxidation to
carbon dioxide lower the yields of acrylic acid. Understanding the effects of catalytic activity
of the different phases and the reaction pathways that lead to the observable product
distribution would be of great interest to synthesize catalysts that are competitive the today’s

propene oxidation systems on an economical base.

In this thesis the selective oxidation of propane to acrylic acid was investigated. The focus
was a profound understanding of the macrokinetics of the catalyst. Therefore detailed kinetic
measurements are the bases for developed models. Characterization was supplemented by a
variety of physicochemical techniques. From these results the conclusions were drawn and a
macrokinetic model was developed to describe the different processes on the catalyst. From
this model further conclusions on the nature of active site could be drawn. The experimental

specifications are described in chapter 2.

The phase formation of MoVTeNb oxides depending on the metal composition is described in
chapter 3. Catalysts with variation of the metal composition in the synthesis mixture were
synthesized and tested in the selective oxidation. Further characterization was done by XRD
for phase determination, ICP-AES for metal composition of the final catalysts and nitrogen

sorption for surface area determination.

Chapter 4 deals with the macrokinetics of the selective oxidation of propane over MoVTeNb
oxide catalysts. For this purpose the reaction kinetics of each intermediate in the reaction
network were determined and a macrokinetic model for the propane oxidation was developed
that explains the product distribution at different contact times. This model can also be used to
identify changes of the reaction kinetics caused by variations in synthesis. Together with
further characterization by XRD, ICP-AES and BET and conclusions on the active centers of

MoVTeND oxides for oxidation reaction could be drawn.
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Chapter 5 focuses on the exchange of tellurium by antimony in the multi component metal
oxides. For this purpose catalysts of the composition MoVSbOy were synthesized and tested
for the selective oxidation of propane. In addition to the previous described characterization
NH;-TPD were done to determine acid site concentrations to explain changes of the in the

reaction network of MoV Sb oxides in contrast to MoVTeNb oxide catalysts.

Chapter 6 gives a summary of the most important results and conclusions.
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2.1. Standard preparation of MoV(Te,Sb)Nb oxides

MoV (Te,Sb)Nb oxide catalysts were prepared with a hydrothermal method (compare chapter
1.5.3.). Used metal salts were ammonium para molybdate (NH4)sM070,4 - 4 H,O, telluric acid
H¢TeOg, vanadyl sulfate VOSO; - x H,O and ammonium niobium oxalat
(NH4)NbO(C;,04), - xH,O. All chemicals were from Aldrich or Fluka and were used as
received. For the calculation of stoichiometries the molecular weights of
ammonium para molybdate and telluric acid were used, whereas for vanadyl sulfate and
ammonium niobium oxalate this method was not possible, due to the unknown amount of
water. For calculation of the needed amount of vanadium and niobium salt the information of

the metal content from analysis available from the vendor was used.

The synthesis was done in a Teflon lined tube. In this way decanting of the synthesis gel was
not required. The tube was heated in an oil bath to 353 K. 50 ml ultra pure water was filled
into the teflon tube and the calculated amount of ammonium para molybdate was added under
magnetic stirring. Telluric acid was dissolved in approximately 10 ml water and was added to
the molybdate solution drop wise, resulting in a clear solution. Vanadylsulfate
VOSO; - x H,O was dissolved in 10 ml water. To improve solubility the solution was heated
on a hotplate to 353 K and then slowly (30 min) added into the teflon tube. In result the color
of the solution becomes black. The ammonium niobium oxalat (NH4)NbO(C,0,), - xH,O was
also added as a heated solution (353 K) within 5 minutes followed by 10 minutes stirring. The
solution turned from black over dark purple to olive green during this time. Dissolved oxygen
was removed by bubbling nitrogen for 2 minutes through the solution. Then the Teflon tube
was closed by a teflon cap (the magnetic stir bar was left in the tube during hydrothermal
treatment), mounted into a steel autoclave and heated to 448 K under autogenous pressure.
After a defined time, the autoclave was removed from the oven and cooled with water to room
temperature (approx. 15 min). The residue was filtrated, washed five times with ultra pure
water and dried at 353 K for 16 h. The material was calcined 2 h at 523 K in static air and
then 2 h at 873 K in nitrogen (heating rate 10 K/min).

Before testing the sample in the reaction set-up it was ground to powder and afterwards

pressed with 61 MPa (using a round stainless steel pressing device with a diameter of 2.5 cm

with a hydraulic press at 3 tons) and sieved to a particle size of 150 — 212 pm.
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Variations of this standard procedure are described in the particular chapter.

2.2. Catalytic testing

2.2.1. Experimental reactor set-up

Selective oxidation of propane was performed in a six-fold parallel continuous plug flow
reactor at atmospheric pressure. The reactors consist of steel tubes with an inner diameter of
4 mm and 18 cm length and were connected to the set-up by VCR screwings with copper
sealings. The reactors were equipped with a mantle of aluminum to enhance heat transfer

between reactor and oven.

The feed consist of propane, oxygen, steam and nitrogen as balance and were controlled by
Broonkhorst mass flow controllers. The evaporation of water was done with a commercial
available Wagner CEM system (controlled evaporator mixer). The flow in each reactor was
controlled by individual mass flow controllers, operated at elevated temperature. To stabilize
the inlet pressure of the reactor MFCs a buffer of 250 ml volume was mounted between the
feed system and the reactor MFCs. The reactor MFCs were calibrated at elevated temperature
to nitrogen. The flow of feed can be calculated from the density and heat capacity of the
relevant feed composition. Results for a feed composition of 5/10/65/25
(propane / O, / N, / H;O) are shown in Table 2.1 (mln are defined at 1013.25 hPa and
273.15 K).

Table 2.1: Conversion of N, - Feed flow: 5/ 10/ 65/ 25 (propane / O, / N» / H,0).

Nitrogen flow Feed flow
[mIn/min] [mIn/min]
20 17.24
15 12.90
10 8.61
5 4.32
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The set-up is build within a box of Macrolon® (plexi glas) and PU insulation, heated to 373 K
to prevent condensation of the water in the feed. The outlet of the reactors lead directly in to a
second box heated to 423 K, to prevent condensation of oxidation products like acrylic acid.
A 8-fold Valco valve was used to select the outlet of one reactor stream for GC analysis. The

process flow diagram is shown in Figure 2.1.

Reactor-MFC Reactors 8-port

H,0 Valve
100°C 150°C
o
\Waste
Evaporatqr
N, Buffer
e o
90°C :
to GC

Figure 2.1: Process flow diagram of reaction set-up.

The GC sample loops were placed in an oven at 473 K and connected to the set-up by a
heated 1/8 inch tube. The GC system was constructed by Shimadzu and is using two GCs for
analysis. The first GC is equipped with a 25 m FFAP-Column and a flame ionization detector
(FID). The high polarity of the column leads to a good separation of acetone, acrolein, acetic

acid, propionic acid and acrylic acid.

The second GC is equipped with a precolumn with back flush using a 10-fold valve. In
loading position the reactor flow is flushing to sample loop, carrier 1 goes onto the columns in
the GC oven and carrier 2 back-flushes the precolumn (2 m HayeSep Q 60/80 mesh). When
switching to dosing position, carrier 2 transports the sample from the sample loop over the
precolumn to the columns in the GC oven. When oxygen, nitrogen, CO, CO,, propane and
propene have passed the precolumn, the dosing valve is switched back to loading position and
all components remaining on the precolumn are back-flushed. For the separation are used a

1.5 m silica column (800/100 mesh) and a 2 m molesieve column (60/80 mesh) that can be
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connected in series to the silica column or bypassed. The analysis is performed by a TCD.

The process flow diagram of the sample loops are shown in Figure 2.2.

Sample loop TCD | from reactors
200°C
C
el | TN — | T
=
§ Carrier FID
o to FID
_l Samp|e |00p F|D FFAP'COlurnn (25 m)
— Silica
Carrier TCD Column (1,5|m)
to TCD Molesieve
Column

Figure 2.2: Flow scheme of GC analysis system.

The GC detectors were calibrated by using test gases with known compound concentrations.
For the liquid compounds solutions with definite concentrations of acetone, acrolein, acetic
acid, propionic acid and acrylic acid (fresh distilled) in pentane were evaporated in the
analysis system. An important premise for achieving reproducibility for the GC runs is to stop
the flow in the sample loops and waiting for 15 seconds before starting the GC run by

switching the sample loop valves.

The temperatures of the reactors were controlled by Eurotherm 2416 PID controller. The
boxes and the connection to the GC oven were controlled by Eurotherm 2131 PID controller.
To achieve a constant temperature distribution over the whole box, three ventilators were built
into the set-up. The MFCs are computer controlled with the interface program Bronkhorst
Flow DDE32. The GC can be started by computer with a Nudam relay device. The
Eurotherm 2416 are also computer controlled. Agilent VEE 8.0 was used as computer

language for control of the set-up during experiment.

59



Chapter 2

The reactors were filled with the catalysts in the VCR-Screwing
following way: The bottom of the steel tube was closed
with a 1 cm piece of quartz wool. A layer of 355 -
500 um silicon carbide was inserted, so that the catalyst
layer starts at the bottom of the aluminum mantle. The SiC-Layer
sieved catalyst particles were mixed with a ten-fold
amount of 210 —355 um SiC and were covered with a Catalyst-Layer

second layer of 355-500 um SiC to the top of the _
SiC-Layer
reactor (Figure 2.3). Quartz-wool
Thermocouple

VCR-Screwing
For testing of film diffusion all six reactors were filled
Figure 2.3: Reactor packing.
with different amounts of catalysts and operated at same
contact time and temperature. The results show that for flow rates higher than 4 mIn/min no
significant effects of mass transfer can be observed. Testing for pore diffusion can be

neglected due to the absence of pores in mixed metal oxides.

2.2.2. Evaluation of kinetic data

In the oxidation reactions starting from propane, the mole number changes. Due to the fact
that the sample loops of the GCs have a constant volume, measured concentrations have to be
corrected by a normalizing factor. Because nitrogen is not involved in the reaction, the N,
concentration can be used as an internal standard to obtain the normalizing factor NF
(Equation 2.1). Feed concentrations are marked with a subscript index 0, concentrations from
a reaction are marked with a subscript index R.

N, |
N, |5

For low conversions and therefore small changes of the nitrogen concentration, the

NF = (Equation 2.1)

normalizing factor can also be calculated from the amount of products formed, based on the

stoichiometry for each reaction (Equation 2.2).
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[0.] +[N,], +[COls +[CO, 1, +[Prls +[Pels +[Acels +[Acr]s +[AcAl, +[Pr Al, +[AA],

100
NF =
C.]s N, [cOls 9 [CO.Jx 6 [Prla  [Peln 3 [Acel,  [Acrl, 5 [AcAl, 6 [Pral, 5 [AAl
100 100 100 14 100 7 100 100 4 100 100 6 100 5 100 4 100

(Equation 2.2)

The calculation from the nitrogen concentration is preferred for high conversions, because of
high changes of the volume, whereas the second formula is more suitable for low conversions.
The normalizing factor NF' was used for normalizing the concentrations as shown by Equation

2.3. Normalized concentrations are marked with a subscript index N.
[component],, = NF - [component], (Equation 2.3)

To verify the measurement the carbon-, hydrogen- and oxygen balance are calculated

(Equation 2.4 —2.6)

[col, +[co,], +3-[Acely +3-[Acr], +2-[AcA], +3-[Pr A], +3-[AA],
[col, +[co,], +3-[Pr), +3-[Pel, +3-[Ace], +3-[Acr], +2-[AcA], +3-[Pr A], +3-[AA],

(Equation 2.4)

C — Balance =

2:[0,], +[caly +2:[co,], +[Acely +[Acr]y +2-[AcAl, +2:[Pr A, +2-[AA], + (100 - Y components,))

O-Bal. =
aance=5. [0,], +[col, +2:[CO, ], +[Acel, +[Acr], +2-[AcAl, +2-[Pr A, +2:[AA], + (100 - > components, )
(Equation 2.5)
b Batance & [Pr], +6-[Pel, +6[Acel, +4-[Acr], + 4 [AcAl, +6[Pr A], +4-[AA], +2-(100 - > components,,)

8:[Prl, +6-[Pel, +6-[Acel, + 4-[Acr], +4-[AcAl, +6-[Pr A], + 4-[AA], +2- (100 - Y components, )

(Equation 2.6)

All balances should be between 97% and 103%. Higher deviations indicate wrong component

calibrations or errors during measurement.

The conversion is defined in the following way (Equation 2.7):

[Pr], - [Pr], (Equation 2.7)

Prl,
For low conversions the determination of the difference of the propane concentration is

getting difficult and therefore the conversion can also be calculated from the formation of the
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formed products that can by measured with a higher accuracy. For this calculation Equation

2.8 is used:

B AlCO)+A[CO,|+3- AlPe]+3- AlAce]+3- A[Acr]+2- A[AcA]+3- AlPr Al+3- A[AA]
"~ A[cO]+A[CO, ]+3-[Pr], +3- A[Pe]+3- A[Ace]+3- AlAcr]+2- A[AcA]+ 3 AlPr A]+3- A[AA]

with Alcomponent]= [component ], — [component], (Equation 2.8)

The selectivities are defined by Equation 2.9:

5o [compone[nt}N —[[co]mponenz‘](J V component (Equation 2.9)
Prl, —[Prly 3

WIth Veomponent 18 the number of carbon atoms of the component molecule

For low conversions the error of the propane measurement is higher, a calculation of the

selectivity can also be done from the concentrations of formed products (Equation 2.10):

[component],, - [component], Y component
3

S=
@ + % +A[Pe]+ AlAce]+ A[Acr]+§ - A[AcA]+ AlPr A]+ A[AA]

with Alcomponent] = [component], —[component}, and (Equation 2.10)

Veomponent 1S the number of carbon atoms of component

Yields are defined in the following way (Equation 2.11):

_ [component], —[component], Veomponent (Equation 2.11)

4 Prl, 3

WIth Veomponen: 18 the number of carbon atoms of component molecule

Analog to the calculations of the selectivity for low propane conversions, yields can also be

calculated from product formation (Equation 2.12):

[component],, - [component], Y component

S=
+[Pr]+ A[Pe]+ Al Ace]+ A[Acr]+§ - A[AcA]+ AlPr A]+ A[AA] 8

AlCO]  AlCO, |
T3 3
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with Alcomponent|=[component], —[component], and (Equation 2.12)

Veomponent 1S the number of carbon atoms of component

2.3. Characterization of catalysts

X-ray diffraction patterns were collected on a Philips X pert instrument at the energy of the
Cu K,-line. A Ni-filter was installed to remove the Cu Kg-line. The XRD were measured
between 20 angles of 5 and 70 ° with a step size of 0.017 ° and a scan speed of 115 s per step

with a X’Cellerator semiconductor detector.

BET surface areas were determined by N, adsorption—desorption at 77 K using a Sorptomatic

1990 Series instrument after activation of the sample in vacuum at 523 K.

ICP-AES was measured with a Spectroflame Module. The samples were decomposed by
heating 50 mg catalysts with 250 mg Soda — potash mixture in a ceramic crucible to red heat
for 15 minutes. After cool down the melt is dissolved in water, 1 ml concentrated nitric acid
and 1 ml 15% hydrofluoric acid and stirred for one hour. The solution is transferred to a
100 ml flask filled half with ultra pure water with an addition of 5 ml conc. HNO;. The
crucible is rinsed again with 1 ml conc. HNOj; and the flask is filled up with ultra pure water.
Calibrations were done with commercial available ICP multi-element standard dilutions in

1 N HNOs3 with additional 0.15% HF.

Ammonia-TPD was measured with a six-fold vacuum TPD system, with one hour activation
at 523 K, one hour ammonia loading at 1 mbar and two hour outgasing. TPD was carried out
with a heating rate of 7 K/min up to 573 K for tellurium containing materials respectively
773 K for antimony containing materials. The desorbed species were detected by MS. A H-

MFI zeolite with an acid site concentration of 360 pmol/g was used as internal standard.
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Chapter 3

Phase Formation and selective Oxidation of
Propane over MoVTeNbO, Catalysts with

varying Compositions

Abstract

The selective oxidation of propane to acrylic acid on MoVTeNbOy catalysts with varying
concentrations of vanadium, tellurium and niobium was investigated. Catalysts containing M1
phase were obtained over the compositional range of MoV 14.022T€0.1-02Nbg 1.0.20x.
Vanadium containing sites in the M1 phase are drastically more active for propane activation
than in other materials studied. The catalytic activity is directly correlated to its fraction in the
overall material and in particular the M1 phase. High concentrations of tellurium induce the
formation of the M2 phase decreasing so the overall activity of the catalysts. The intrinsic
activity of the M1 phase is, however, independent of the tellurium concentration. Although
the presence of the M1 phase is not a stringent requirement for the oxidative dehydrogenation
of propane to propene, it is required to oxidize the intermediately formed propene with high
selectivity to acrylic acid. The active sites for propane activation and propene oxidation are
structurally coupled, because the ratio between the rates of the two reactions was always
1 :25. Oxygen defect sites in mixed oxides seem to enhance interaction with acrylic acid and

lead to decarboxylation and total oxidation.
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3.1. Introduction

Acrylic acid is widely used as monomer for special application in polymers and its demand
grows steadily at a high rate. A direct route from propane to acrylic acid is, therefore, of
potential economic interest in order to replace the currently used two step oxidation from
propene to acrylic acid."! The balance between high activity in the activation of the C-H
bond of propane required for the transformation to propene and high selectivity in the
conversion of propene to acrylic acid in order to prevent side product formation or deep
oxidation to COy, are the boundary conditions required for a catalyst in a process that has
sufficient productivity and selectivity to compete with the current technology. In the
conventional oxidation of propene to acrylic acid these demands are addressed by using a
two-step process applying different catalysts and reaction temperatures for the oxidation of
propene (BiMo oxide at 600 K) and the subsequent oxidation of acrolein into acrylic acid

(MoVW oxide at 520 K).>#

Multi-component mixed metal oxides of the type MoVTeNbOy have been reported to be the
most promising catalysts for the direct oxidation of propane to acrylic acid. Yields up to 48%
at temperatures between 620 and 720 K have been documented in the open literature.'” ®
Even considering that the yields could be significantly higher in proprietary industrial
experiments, the productivity and yield are far below the current process. Thus, it is important
to understand the kinetic limitations to envisage a catalyst design able to reach the required

productivity for a single strep process.

Two crystalline phases of MoVTeNbOy catalysts, known as M1 and M2 phases, are
intensively discussed with respect to their rates in the oxidation of propane to acrylic acid.””!
Depending upon preparation conditions, the final catalyst crystallizes in the M1 or M2 phase
or as a phase mixture.'”’ The M1 phase consists of octahedra with molybdenum and vanadium
centers connected via corner sharing oxygen atoms that form a structure with periodic layers
and channels perpendicular to the ab plane (see Figure 3.1). Niobium is located inside the
smallest channels, formed from five octahedra, whereas tellurium occupies channels formed
from six or seven octahedra.!'” The existence of metals in a reduced oxidation state (V4+ or
Mo™*) in MoVTeNbO, crystallite appears to be essential for reaching a high activity for the
propane activation.'"! It was shown that a catalyst (Mo-V-O) consisting of crystalline

orthorhombic phase formed by molybdenum and vanadium is also able to activate propane.[m
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However, it is less selective for the formation of acrylic acid yielding large amounts of acetic

acid and CO,.

The M2 phase consists of periodic layers formed from oxygen terminated octahedra with
molybdenum, vanadium and niobium centers. Tellurium occupies positions in the hexagonal
channels. The stoichiometric composition of the M1 phase is Te;OMy0s¢ (M = Mo, V, Nb)
and of the M2 phase TeM3;0O9 (M = Mo, V, Nb). Details of the synthesis procedure and most
suitable reactants/precursors for the synthesis are still under discussion."*'”! The effects of
each preparation step on the specific catalytic properties of the M1 and M2 phases and
especially effects resulting from mixtures between both 18] as well as the details of the active

sites and their reactivities have been discussed in the recent literature.'"’
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Figure 3.1: Structural models of orthorhombic M1 phase (left; red: Mo®*, orange: Mo®*, white: Mo or V)

and pseudo hexagonal M2 phase (right; white: Mo/V, green: Mo/Nb) of MoVTeNbO, catalysts.

The reaction network proposed for the oxidation of propane to acrylic acid is shown in
Scheme 3.1.”! Oxidative dehydrogenation of propane to propene is the first step followed by
two parallel pathways. The first one (pathway A) proceeds over acrolein to acrylic acid, the
second one (pathway B) over acetone to acetic acid. The final products of both pathways are
the deep oxidation products CO and CO, (denoted in the following with COy). Acrylic acid

can also be further oxidized to acetic acid and COy by functionalizing the C=C double bond
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followed by elimination of CO or CO,. Note that direct reaction pathways to COy caused by
the presence of unselective catalytic sites, also exist for propane and all intermediates (not

shown in Scheme 3.1 due to clarity of the figure).

y A Scho —> /\COOH\
> CHsCOOH

Scheme 3.1: Proposed reaction network in the selective oxidation of

propane over MoVTeNbO, catalysts.

As a first step towards understanding the kinetic limitations of the selective oxidation of
propane to acrylic acid, we explore here the influence of vanadium, niobium and tellurium on
the phase formation and the quantitative and qualitative aspects of the catalytic properties

using a series of catalysts with a controlled variation of the composition.
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3.2. Experimental

3.2.1. Catalyst preparation

Ammonium heptamolybdate, (NH4)sM070,4 - 4H,0, was dissolved together with telluric acid,
HeTeOg,in 50 ml bidistilled water and the solution was dried at 353 K for 24 h. The resulting
white molybdotellurate complex was mixed with 50 ml water and heated to 353 K. A solution
of vanadyl sulfate, VOSO4 x H,O, (10 ml) was added drop wise within 30 min resulting in a
black solution. Ammonium niobium oxalate (NH4)NbO(C,0,), -xH,O was added as solution
and after 15 min of stirring the slurry was transferred to a PTFE lined autoclave and heated to
448 K under autogenous pressure. After 72 h the autoclave was removed from the oven and
cooled with water to room temperature. The residue was filtered, washed five times with
bidistilled water and dried at 353 K for 16 h. The material was calcined for 2 h at 523 K in
static air and then for 2 h at 873 K in N, (heating rate 10 K/min). Before reaction, the sample
was ground and the fraction of particles with a size between 150 and 212 um was used. All
precursors were obtained from Sigma-Aldrich or Fluka and were used without further

purification.

3.2.2. Catalyst characterization

X-ray diffraction patterns were collected on a Philips X’pert instrument using the Cu K,-line.
A Ni-filter was installed to remove the Cu Kg-line. XRD were measured between 20 angles of
5 and 70 ° with a step size of 0.017 ° and a scan speed of 115 s per step. Phase formations
were determined due to measured 260 angles reflexes and relative signals. The fraction of M1
phase was calculated by integration of the major M1 reflexes using the concentration of the
M1 phase in entry No. 4 of Table 1 as external standard (the composition in that sample has

been determined by Rietveld analysis).

The BET surface areas were determined by N, adsorption - desorption at 77 K using a
Sorptomatic 1990 Series instrument after activation of the sample in vacuum at 523 K.
The chemical composition was measured by ICP-AES with a Spectroflame Instrument after

decomposition of the materials by heating with Soda — potash.
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The composition and structural properties of the catalysts are compiled in Table 3.1. In

column Catalyst is shown the used metal composition in the synthesis mixture. It should be

noted that the measured composition by ICP-AES are bulk composition and surface

composition may differ, but changes metal ratios in the bulk material should also lead to

changes of the metal ratios on the surface.

Table 3.1: Chemical compositions and characterizations of MoVTeNbO, catalysts.

No. Fraction of metal Fraction of metal Spec. M1 Phase Phases present
cations in synthesis cations in sample surf. area content
mixture measured bylCP m2g™] [%]
MoV 2oNbg 1Oy
1 MoV .07Te0.17Nbg 104 MoV 13Teg.27Nbg 3504 1.5 0 V.95M0g 9705,
amorphous material
MoVTeNbO,-M1,
2 MoV 14Te17Nbo 1Oy MoV 16Teq.17Nbg 240y 5.9 64 .
amorphous material
MoV, 2:Nbg 1Oy,
3 MOVo,gngojox MOV0_21 Nbo_11ox 18.8 0
Vo.65M0g 9705
4 MOV0'22T60_1 Nbo,1OX MOV0'24Teo_ongo'110x 10.2 88.4 MOVTerOX'NH
MoVTeNbO,-M1,
5 MoV 22Teg.17Nbg 10y MoV 20Teq.1sNbg 170y 11.4 69 .
amorphous material
6 MoVossTeosNbo:Ox  MoVoasTeo1sNbg 160 9.7 52 MoVTeNbO, M,
0 e X (0] . e . . X "
0.22 0.2 0.1 0.29 0.15 0.10 MoVTerOX-MZ
MoVTeNbO,-M1,
7 MoV 22Teg 2Nbg 20y MoV 23Teq.17Nbg 2204 12.4 78 .
amorphous material
8 MoV 2o Teg 2Nbg 50 MoV 17T Nbg 520 6.6 13 amorphous material,
o} e o} e .
0.22 0.2 0.3\Yx 0.17 0.14 0.32x MOVTerOX-NH
9 MoV 25TeosNbo1Ox  MoVo 20Teo 31Nbg 160 9.8 24 MoVTeNbO, Mz,
o} e o} e .
0.22 0.3 0.1\Yx 0.20 0.31 0.19Vx MOVTerOX-NH
MoVTeNbO,-M2,
10 MoVy2:TegsNby 1Oy MoV 14Teg 50NDbg 120 1.5 1

TeMO5016

70



Chapter 3

3.2.3. Catalytic activity

The catalytic activity was investigated in a six-fold parallel reactor using 100 mg of catalyst in
all experiments. Reaction temperature was 653 K with the feed flow varied between 3.75 and
17.24 ml-min”" under standard temperature and pressure. Contact times were calculated by the
quotient of catalyst mass to volume flow at reaction conditions. The flow of the gaseous
components of the feed consisting of propane (5%), oxygen (10%) and nitrogen (65%) were
controlled by Bronkhorst mass flow controllers, the fraction of steam (20%) was controlled
with a Bronkhorst liquid water mass flow controller. A Wagner CEM system (controlled
evaporator mixer) was used for the evaporation of the water. The four components were
mixed and fed to the reactors using individual heated mass flow controllers for each reactor.
The reactors were 1/4“ stainless steel tubes. The products were analyzed using two gas
chromatographs (Shimadzu) equipped with TCD (columns: silica/molsieve) and FID
(column: FFAP) detectors. At the beginning of the analysis the silica and molsieve column
were used in consecutive mode for the analysis of oxygen, nitrogen and carbon monoxide. For
the analysis of carbon dioxide, propane and propene the molsieve column was bypassed and
the separation was done on the silica column only. The silica and the molsieve column were
protected from organic acids by a pre-column (HayeSep Q) using a back flush configuration.
Acetic acid and acrylic acid were separated on the FFAP column and analyzed by FID. The

average carbon balance was 99.9% with a deviation of 1% between single measurements.
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3.3. Results

3.3.1. Variation of tellurium content in the synthesis gel

The tellurium concentration of the catalysts was varied in the range of MoV TeyNbg 0«
with y = 0.0 to 0.5. The XRD patterns of the samples are shown in Figure 3.2, the chemical

compositions and the specific surface areas are compiled in Table 3.1.
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Figure 3.2: XRD of MoV, ,,Te,Nb, ;O with x = 0.0, 0.1, 0.17, 0.2, 0.3, and 0.5 (from bottom to top).
M1 phase, indicated by (e),M2 phase indicated by 0, V.45M0g.9705 and (Nbg osM0g 91)s014 indicated by
(*) and TeMosO4¢ indicated by (o).

The concentration of M1 phase was determined by integration of the XRD signals using entry
4 in Table 3.1 as standard. The tellurium free sample (MoV,Nby 10y, Entry No. 3 in Table
3.1) consisted of the phases V(9sMo0g 9705 and (Nbg9Mo0g91)sO14 (20 = 7.8, 8.7, 25.1, 31.6,
32.7 and 33.7°, marked with * in Figure 3.2), while the presence of M1 phase was not
observed. Addition of telluric acid into the synthesis gel led to the formation of MoVTeNbOy
M1 phase with peaks at 20 = 7.9, 9.1 and 27.3 (indicated by e). For the synthesis
compositions MoV 2,Te 1Nbg 1O« (Entry No. 4) and MoV 2,Te( 17Nbg 1O« (Entry No. 5) 88.4
and 69% of M1 was observed. Other phases in MoVTegNby Ox were M2 (6.7%),
Mo;gO0s; (3.1%) and TeMosO;6 (1.8%). For the latter sample the remaining part was
concluded to be amorphous mixed metal oxide phase. Higher concentrations of tellurium led
to the formation of mixtures between the M1 and M2 phases (20 = 28.3 and 36.3, marked ¢ in

Figure 3.2). With increasing tellurium concentrations the intensities of the M1 phase
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decreased, until a mixture of the M2 phase and TeMosO;s (20 = 22.0, 24.9, 26.4, 26.8,
indicated by © in Figure 3.2) was observed for the highest concentration of tellurium in the
synthesis gel (MoVj2,TeysNby O, Entry No. 10). The specific surface areas of these

materials were between 2 and 19 m*-g" and decreased with increasing tellurium content.

Conversion levels of up to 55% were e MoVossTe,Nbo O
. . / N
observed for the oxidation of propane. Due 0.10 1 / N
N\
to the decrease of the surface areas with & ] AN
‘s 0.08 1 \
increasing tellurium concentration, the =, | N
.. . 'S { A
initial rates were normalized to the surface g 006 : AN
= ! N
areas and plotted versus the tellurium § 0.04 * e
N\
concentration (Figure 3.3). The presence of 0.02 ¢ \\\
. . .. e \
Te leads to a sharp increase in the activity, '

L . . 0.00 ; | ; ; ¢
which is attributed to the formation of the 0.0 o1 0.0 03 04 05
M1 phase. A further increase in the Te content
tellurium content results in a decrease of the Figure 3.3: Normalized rates of

. . . propane conversion for
activity due to the formation of the M2 MoV 25Te,Nbo 1Oy, y = 0.0 - 0.5.

phase and of TeMosO;s, which did not

show activity in propane activation.

Propene yields as a function of the propane conversion are shown in Figure 3.4 (black labels)
for MoV22TeyNbg 1Oy catalysts with y = 0.0 — 0.5. As expected propene is an intermediate
product, which reacts further in a reaction with a higher rate constant and the yields are
constant over a large range of conversion. At extremely short contact times (0.2% propane
conversion) propene selectivities up to 95% were observed proving that propene is the major
primary product of propane. Interestingly, the propene selectivities did not depend on the
catalyst composition even for the material MoV 2,Nby ;O (Entry No. 3 in Table 3.1), which
does not contain the M1 phase, whereas the yields to acrylic acid show large differences
between the catalysts (Figure 3.4, grey labels). Acrylic acid yields of 15 - 30% were observed
for the catalysts containing M1 phase, whereas the other materials showed poor yields (< 5%).
The decrease of the yields to acrylic acid indicates that it is a secondary, but instable product
that can be further oxidized to COy. The yields of the main products (propene, acrylic acid
and COy) as function of the propane conversion for MoV, Teq 17Nbg 10« (Entry No. 5 in

Table 3.1) are shown in Figure 3.5.
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Figure 3.4 (left): Yield to propene (black labels) and acrylic acid (gray labels) for MoV, 2.TeyNbg 1Oy,
y = 0.0-0.5.

Figure 3.5 (right): Yield of propene, acrylic acid andCO, as function of conversion for
MoV .22Teg 17Nbg 1Oy,

As carbon oxides are the final product of the reaction network (Scheme 3.1), their yield
increased with increasing conversion of propane. Selectivities to acetic acid were between 2 -
12% for the M1 phase containing catalysts and increased with conversion of propane, whereas
MoV2oNby 1O (Entry No. 3) showed 18% acetic acid selectivity at low conversion, which

decreased with conversion (Figure sup 3.1f in the Supplementary Material).

3.3.2. Variation of the vanadium content in the synthesis gel

Catalysts of the formulations MoV, Te 17Nby ;Ox withy = 0.07, 0.14 and 0.22 were studied for
the effect of the vanadium concentration on the catalytic properties. The chemical

compositions and specific surface areas are compiled in Table 3.1.

For the catalyst with lowest vanadium content (MoV¢7Teo.17Nbg 1O, Entry No. 1 in Table
3.1) only weak peaks of (NbgpyMo0p91)sO16 (20 = 7.9, 8.7, 25.1) were observed, while the
catalysts with higher concentration of vanadium (y= 0.14 and 0.22) consisted of M1 phase

(See Figure sup 3.2 in the Supplementary Material). The specific surface areas increased with
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the concentration of vanadium in the synthesis gel. It is interesting to note that for a synthesis
gel mixture corresponding to MoV g7Te 17Nbp 1O the final material had a composition of
MoV.13Tep27Nbg 330« indicating that a significant fraction of molybdenum is not
incorporated in the final material, which consists mostly of amorphous material without

MoVTeNbOx M1 phase.

- 0.09
The activity of these catalysts for propane MoV, Teo ;:Nby 1O,
. . . . 0.08 - /
conversion increased linearly with the ,
0.07 A /
vanadium content (Figure 3.6), which "
o o g 0.06 - /
indicates that vanadium is the key element - 0.05 /
2 0.05 /
for propane activation. It should be g | /
5 0.04 J

mentioned at this point, however, that the ﬁ 0.03 - //
intersection of this linear relation with the 0.02 - /

/
x-axis indicates that not all vanadium 0.01 - *

/
cations contribute to the catalytic activity. 0.00 ‘/ ‘
0.0 0.1 0.2 0.3
V content [mol V/mol Mo]

Comparable to the results of the tellurium Figure 3.6: Surface normalized rates

for propane conversion of

content variation, the selectivities to
MOVyTeo_17Nb0_1OX, y= 0.07 - 0.22.

propene of all catalysts reached identical

values at same propane conversion (see Figure sup 3.3 in the Supplementary Material).
Sympathetically, the selectivities to the products with inserted oxygen, i.e., acrylic and acetic
acid also increased and are on the same trend lines for all catalysts. Differences between the
catalysts are only observed in the selectivity-conversion plot of COy, showing a higher

selectivity to COx for the catalysts with the lowest vanadium content (Figure sup 3.3e).

3.3.3. Variation of niobium-content in the synthesis gel

The influence of the niobium concentration on the catalytic properties was studied with
catalysts of the formulations MoV 2Teo2NbyOx (y = 0.1, 0.2 and 0.3). Specific surface areas
and chemical compositions are compiled in Table 3.1. All samples showed only XRD peaks
of the M1 phase, but quantitative analysis indicates that its concentration varied between 13

and 78% (Figure sup 3.4). Therefore, a large fraction of material is concluded to be X-ray
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amorphous. For MoV ,Tep2Nbp30x (Entry No. 8 in Table 3.1) the concentration of M1
phase is the lowest, (see the weak signals and the peak broadening in the region from 22 -
30 °) indicating the presence of small crystalline domains of the M1 phase. Interestingly, the
specific surface areas were higher for the samples containing a higher fraction of M1 phase,
ie., 9.7 and 12.4 mz-g'1 compared to the samples with a larger fraction of X-ray diffraction
amorphous material having only 6.6m2-g'1. The chemical compositions of the material with
the highest content of M1 phase agrees best with the composition of the synthesis mixture,
whereas the differences between the compositions of the synthesis mixture and the final
catalysts increased for the materials with lower content of M1 phase. Especially the
concentration of vanadium in the final materials decreased with higher niobium concentration

in the synthesis mixture.

All catalysts showed similar activities and selectivities to propene. The selectivities to acrylic
acid for MoV 2, Tep2Nbg 1O« (Entry No. 6) and MoV, Tep2Nby 20O« (Entry No. 7) were both
in the range of 50 - 70%, whereas the selectivity to acrylic acid of MoV 2,Te2Nbg 304 (Entry
No. 8) was much lower (< 40%). In contrast, high selectivities to COx and acetic acid were

observed for the catalysts that showed lower selectivity to acrylic acid (Figure sup 3.5).

3.4. Discussion

3.4.1. Influence of chemical composition upon phase concentrations

The resulting phase composition depends on the concentration of tellurium in the synthesis
mixture. Mainly M1 phase is formed with low concentrations of tellurium, whereas high
concentrations lead to the formation of M2 phase in accordance with the literature.”"! Note
that this is also in line with the composition of the pure phases (M1: Te;OM;¢Os6; M2:
TeM30y) indicating that excess of tellurium cannot be accommodated in the M1 phase.
Theoretically the M1 phase can contain up to 27 at.% tellurium compared to molybdenum,
assuming that half of the tetrahedral sites (available for V or Mo) are occupied by Mo (see
also Figure 3.1). However M2 phase is formed in samples with a tellurium concentration
higher than 20 at.%, showing that M2 phase formation is initiated before the M1 phase is
saturated with tellurium. A minimum concentration of vanadium is, however, required for the
formation of the M1 phase. The M1 phase was formed with V : Mo ratios higher than 0.14,

while with lower concentrations of vanadium only led to (Nbgp9Mo0g91)sO16. For all niobium
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concentrations explored the M1 phase was formed. For the highest concentration of niobium
the concentration of M1 phase is lower, while the concentration of X-ray amorphous materials
higher than in the other materials of the series. Thus, the concentration of niobium in the
synthesis mixture is not relevant for the formation of the M1 phase, as long as a minimum of
niobium is contained in the synthesis mixture (Nb: Mo ratio > 0.1). Synthesis without
niobium did not show M1 phase (results not included here). It is also interesting that too high
or too low concentrations of tellurium and vanadium led to the formation other phases than

M1, whereas in the case of niobium the M1 phase is partly substituted by amorphous material.

Differences in the chemical compositions of the synthesis mixtures and in the final materials
were observed for catalysts with lower content of M1 phase. Therefore, during M1 formation
all metals are incorporated into the solid phase according to their concentration in the
synthesis mixture over the compositional range of MoV 14022T€0.1.02Nbo.1.020«. For the
synthesis composition MoV 7Tep17Nbp O« the final material showed the composition of
MoV.13Te27Nbg 330, with only weak signals of (NbgyMo0g91)sO16 in the XRD indicating
that also a high amount of non-crystalline amorphous material is present with an enriched
concentration of vanadium, tellurium and especially niobium compared to the synthesis
mixture. Even for the synthesis composition MoV 14Teg 17Nbg 10« showing 64% M1 phase
for the final material, the observed composition was MoV 16T 17Nbg240«. The deviation of
the final material from the synthesis composition is much lower, but still the niobium
concentration is higher in the final material. Thus, we conclude that niobium is preferential
incorporated into amorphous material. Also for the synthesis compositions
MoV2,Tep2Nby30x and MoV 2, Tep3Nby O« higher concentrations of niobium are found in

the final material supporting the conclusions on preferred niobium incorporation.

The M1 phase is constructed from octahedra with molybdenum or vanadium surrounded by
oxygen. Niobium is located in channels constructed from five octahedra and is not in the
center of the octahedra. The amorphous material should, therefore, consist of octahedra
without sufficient long range order. More sites comparable to the small channels in the M1
phase will be present to host niobium and will lead to higher niobium concentration in the
material. This might also be the reason that high niobium concentrations cause the formation
of a higher fraction of amorphous material, but do not change the relative composition of the
other phases. The high concentrations of niobium favor the formation of such host ensembles

and disrupt formation of the M1 structure.
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3.4.2. Catalytic activity, phase composition and chemical composition

For materials containing M1 phase up to five times higher activities were observed than with
other materials. The initial addition of tellurium, for example, leads to the formation of M1
phase causing a strong increase in activity. Further increase of the tellurium concentration,
however, leads to the formation of the less active M2 phase and to TeMosO;¢ inducing a
decrease in activity. Note in this context that the activity normalized to the surface area and
the fraction of M1 phase varies only slightly (shown in Figure 3.7), indicating that lower
activities are associated with the dilution of the M1 phase with less active. The rate of propane
conversion increases with increasing concentration of vanadium suggesting that vanadium is a
key element in the active sites of the M1 phase.m] The reason why vanadium is so efficient in

this phase remains unclear.
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Figure 3.7: Rates of propane activation of MoV, 2. Tey,Nbg 1O, containing mixtures

of M1 and M2 phase corrected to surface area and M1 phase content.

The content of niobium did not affect the catalyst activity (see also ref. ), which indicates
that niobium is not part of an active site, but a crucial concentration (MoVTeNb,Oy; y > 0.1)
is needed for formation and stabilization of the M1 phase. It has also been suggested that Nb
does not play a significant role in propane activation, but helps stabilizing the acrylic acid
formed on the catalyst surface and/or preventing further oxidation by weakening the

interaction between the oxide surface and the product and reactant molecules.?*!
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The yields to propene show a maximum for all catalysts and stay on a constant level at higher
conversions. This is typical for a primary product, which is rapidly converted in a subsequent
reaction. The activation of propane can be described by a first order reaction equation.”™ For
propene also a first order reaction (Equation 3.1) is used, which permits to estimate the
pseudo first order rate constants consisting of the product of the adsorption and the reaction

constant using the variation in the overall rate of formation of propene.

d[ propene)

& =k, -[ propane] -k, -[ propene]

(Equation 3.1)

Remarkably, the concentration of propene in the products varied in an identical way with the

conversion for all catalysts regardless of metal and phase composition (see Figure 3.8). This

agrees will the proposed reaction orders,

10
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Figure 3.8: Observed propene yields as a
function of propane conversion on
MoVTeNbO, catalysts. The dashed line
indicates the results of the kinetic fit; all
points are experimental results.

indicates that the ratio of the kinetic
constant for the first C-H abstraction (k;, in
general assumed to be the rate determining
step of the ODH reaction) and the first
addition of oxygen into the propyl cation (k,, generally assumed to be the rate determining
step in the oxygen addition processes) is constant for all catalysts. The fact that k; : k; is
1 : 25 indicates that the oxygen addition to propene is a drastically more facile reaction than
the oxidative dehydrogenation. This is tentatively explained by the fact that the presence of a

double bond leads to weaker C-H bonds in propene than in propane.**

It is important to note that also MoV 2Nbg ;O (Entry 3 in Table 3.1), which does not contain

the M1 phase obeys this correlation. Its rate of propane activation was very low, but the ratio
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of propene formation and propene consumption was also 1:25. This indicates that the
relative concentration of active sites for the oxidative dehydrogenation of propane and
propene oxidation is constant for the catalysts, regardless the selectivity in propene oxidation.
In consequence, we conclude that the active sites for propane activation and oxo-
functionalization are structurally linked to the extent that the concentration of both sites varies
sympathetically. In turn the selectivity depends markedly on different properties of the
catalysts among which the weak interaction between the formed products and the catalyst
surface seems to be the most important one. Note that it also indicates that the sites for
propane activation are not exclusive to the M1 phase, but that the M1 phase has a particularly

high concentration of it.

Only for materials containing the M1 phase yields higher than 40% of acrylic acid were
observed. To understand this, let us discuss the possible reaction pathways after propene is
formed. Acrylic acid is formed from propene with acrolein as intermediate. However, propene
can also be oxidized to acetone, leading to acetic acid. Therefore, the obtained yield of acrylic
acid depends on the ratio of the reaction pathways A : B (Scheme 3.1). With k; : k, being
constant, k is higher for the M1 phase containing materials. Thus, the increase of the acrylic
acid yield is attributed to the fact that on the M1 phase the rate on pathway A is selectively
more increased than pathway B. It is speculated that it is associated with the lower
stabilization of a propyl carbenium ion on the M1 phase as well as with the enhancement of
the rate of a-H abstraction. The latter reaction step is to be promoted in the presence of
tellurium cations, as the Te**-O site is suggested to be the active for the a-H abstraction and

acrolein/acrylic acid formation."”!

The MoV2,Tep17Nby O« catalyst showed a higher yield to acrylic acid than the
MoV2,Tep 1Nby 1Oy catalyst although the phase purity is higher for the latter one. This is
attributed to the fact that a full saturation of the M1 phase with tellurium was not achieved for
Mo 2Teo 1Nbg 10x reducing the rate of a-H abstraction and consequently the acrylic acid

formation.

The role of amorphous mixed oxide phases can best be illustrated through the materials with
varying niobium content. The variation of niobium showed the formation of M1 phase for all
catalysts, but also a fraction of material without long range order for the materials with the

highest concentration of niobium in the synthesis mixture (Entry 8, Table 3.1). The catalysts
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with higher concentration of M1 phase showed selectivities to acrylic acid between 50 and
60%, whereas the catalyst with the highest fraction of amorphous mixed oxides shows only
selectivity to acrylic acid of 30 to 40%. This indicates that the amorphous phase contains sites
that increase the oxidation of the acrylic acid. We speculate at present that these sites are
Lewis acid sites, which are able to strongly bind propene and the polar products and
intermediates resulting in a higher residence that leads to an unselective conversion of the

polar products.

3.5. Conclusions

The M1 phase possesses by far the most efficient catalytically active surface. Synthesis of
mainly Ml phase was possible in the range of
MoVo.14020Te0.1.02Nbg.1.020x. Without vanadium, tellurium or niobium in the synthesis
mixture formation of M1 phase was not observed, while too high concentration of tellurium
led to the substitution of M1 by inactive M2 phase. High concentrations of niobium in
synthesis still lead to M1 phase, but with an increased amount of amorphous material, because
niobium changes the arrangement of the octahedra in the structure to increase the formation of

small channels for hosting niobium.

The catalytic activity was proportional to the concentration of vanadium incorporated in the
catalysts proving that vanadium is a key element in the activation of propane, but the results

also show that not all vanadium atoms are active in the M1 phase.

Analysis of the kinetic data shows that the cleavage of the first C-H bond is the rate
determining step, i.e., the reaction step has the slowest rate constant in the forward direction.
It should be noted again that we compare here only pseudo rate constants that contain a
contribution of the adsorption constants. A simple model of the reaction network shows that
the ratio between propene formation and the oxygen insertion is 1 : 25. It is important to note
that this ratio holds true for all tested catalysts, i.e., the reaction rate of the first oxygen

insertion was indifferent between selective and unselective catalysts despite the fact that very
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different rate determining steps could be involved. In the absence of a fortuitous
compensation, it shows that the ratio of the sites active for C-H cleavage and the oxygen
insertion is constant. We speculate at present that this is achieved as both functions are part of
the same site or the sites are structurally coupled.

In all cases in which a significant fraction of an X-ray amorphous phase is present, the
selectivities to acrylic acid was lower. The lower selectivity is attributed to the presence of
distorted octahedra and higher concentration of metals cations not surrounded by oxygen
(mainly niobium) leading to increased surface residence time with these materials caused by

the strong interactions with the reacting molecules.
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3.8. Supplementary material
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Chapter 4

On the Role of the Vanadium Distribution in
MoVTeNbO, mixed Oxides for the selective
catalytic Oxidation of Propane

Abstract

The selective oxidation of propane to acrylic acid is studied over a series of nearly pure M-
phase MoVTeNbOy catalysts. Quantitative analysis of the reaction network shows that the
ratio of the rate constants for propane oxidative dehydrogenation to propene and for the
further oxidation of propene is constant. The rates towards acrylic acid and acetone, however,
vary subtly with the concentration of vanadium and the location of its substitution. The
reaction of acrylic acid to acetic acid and carbon oxides, associated with accessible metal
cations, contributes two thirds towards the non-selective pathway. The other third is
associated with acetone formation. Vanadium is first substituted selectively at sites that are
inactive for propane activation. Depending on the selectivity of this substitution two groups of
materials have been identified, which show a distinctly different dependence on the
concentration of vanadium. Statistic distribution of vanadium in the M1 phase appears to be
the most promising strategy to improve the performance of MoVTeNbOy catalysts for a given

vanadium concentration.
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4.1. Introduction

The selective oxidation of alkanes such as ethane and propane to alkenes or acrylic
components as well as the oxidation of n-butane to maleic anhydride are conceptually
economically favorable routes to oxygenates. Among these reactions only the oxidation of n-
butane is used on an industrial scale, whereas all other processes are still not competitive to
conventional processes, such as the two step oxidation of propene to acrylic acid."* The two
major challenges are related to the fact that the alkanes are species difficult to activate and
that the target molecules are thermodynamically metastable, while the most stable product is

carbon dioxide.

For the oxidation of propane to acrylic acid multicomponent molybdates of the compositional
type MoVTeNbOy have been introduced by Mitsubishi in the early 90s allowing up to 48%
yield of acrylic acid. Also the ammoxidation is catalyzed by these mixed oxides with yields of
58%.1% © Such materials have the potential to replace the currently used two step oxidation
process using propene as feed material.”’”" Two crystallographic phases containing all four

metals, named M/ and M2 phase, were reported for these oxides (15, 16]

and it is generally
accepted that only the MI phase is active for the C-H activation of propane.'” ' The
stoichiometric composition of the M1 phase is (Te,0);M»00Os¢ with M = Mo, V, Nb. It
consists of molybdenum and vanadium octahedra with corner sharing oxygen atoms
containing channels of five, six and seven octahedra perpendicular to the ab plane. The
structure is periodically repeated along the ¢ axis. Niobium is located in the pentagonal
channels, whereas tellurium occupies the hexagonal and heptagonal channels. The M2 phase
((TeO);M¢O1g) contains only hexagonal channels, formed from octahedra with molybdenum,

vanadium and niobium centers. Tellurium is occupying position in the hexagonal channels.!"*"

21]

While the presence of the M1 phase appears to be essential for alkane activation, the effect of
mixtures between the M1 and M2 phase on the catalytic activity is still under discussion. It
was reported that the M2 phase enhances the selectivity to oxygenates, while it is not able to
catalyze the oxidation of propane to propene. The M2 phase was also reported to serve as a

tellurium reservoir for the M1 phase.m’ 31 The effects of different preparation methods, '

[24-26]

synthesis conditions and precursors used 2?*! are also only fragmentary known. Well-

defined synthesis procedures allow the synthesis of materials with reproducible catalytic
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properties, but variations in the procedure still lead to catalysts with so far unpredictable

catalytic properties.

One approach to better understand the impact of these subtle variations is to analyze the
individual reaction steps of the network in relation to the composition of the M1 phase, i.e.,
the phase that is able to characterize all reaction steps. The reaction network for the oxidation
of propane to acrylic acid, containing possible side reactions to acetic acid and COy was first
reported on a qualitative level by Lin et al. (Figure 4.1).°” Propene was found as the only
primary product from propane oxidation, which is subsequently oxidized either to acrolein
and subsequently to acrylic acid, or to acetone, followed by acetic acid formation. Both
pathways lead to CO and CO; (in the following summed up as COy) as products of the total
oxidation.”" **! In addition, the oxidation of acrylic to acetic acid and the deep oxidation of

propane and all other intermediates to COx was observed.

)
l
)

/i' Z cho — Z cooH
S '

—» CH3;COOH

Figure 4.1: Reaction network of propane oxidation over MoVTeNb oxides.

The first quantitative kinetic description of the reaction network was reported by Luo et al.
with an initial selectivity of propene to acrylic acid of 67% (pathway 1) and to acetone of 17%
(pathway ii).”* In 2004 Balcells reported the kinetics of a simplified network containing
propane, propene, acrylic acid and other by-products. The results reported indicated that the
oxidative dehydrogenation is the slowest reaction and, therefore, the rate determining step for
the acrylic acid formation, while the rate for the oxidation of acrylic acid is comparable to the

oxidative dehydro genatiOH'[31-33]

In the M1 structure a total number of 36 octahedrons are present. 24 of them are occupied by
molybdenum, whereas 12 could be occupied by vanadium or molybdenum.m] Therefore, the
maximum possible V/Mo ratio is 0.5. The ratio between V/Mo may vary, but it is in most

cases close to 0.3, whereas the Nb/Mo ratio is typically 0.1.1'"- 1!
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Vanadium sites adjacent to heptagonal channels are proposed to be the active sites for the
oxidative dehydrogenation of propane.[34’ 31 This is in agreement with the activity of an M/
phase consisting only of MoVOy, which is active for propane conversion. However, it should
also be noted that only the M1 phase contains adjacent vanadium octahedra, which have been
shown to be the site of alkane activation in supported vanadium oxides."® DFT calculations
suggest that the activation of propane occurs on vanadyl centers via a radical mechanism.™>
37l Sequential steps such as the oxo-insertion of propene to acetone, in turn, is proposed to be
catalyzed by Brgnsted acid sites, which was confirmed by temperature programmed
desorption of ammonia and sorption of pyridine on MoVTeNbOy and MoVSbNbOy

catalysts.Bg]

131 while the effect of

As described before vanadium is the key element for propane activation,
tellurium and niobium is still under discussion.***' It appears that tellurium plays an
important role in the oxidation of propene to acrylic acid and in the stabilization of acrylic
acid against further oxidation, as only for tellurium containing catalysts high selectivities to
acrylic acid were observed, whereas tellurium-free catalysts with M/-phase showed mainly
COy as product. Niobium, on the other hand, stabilizes the formation of the M]—phase,[39] and

in addition, it enhances selectivity to acrylic acid, but the effect is not so strong as for

tellurium.

In this work, we address, therefore, the synthesis of MoVTeNbOy catalysts consisting mainly
of M1 phase with variations of the vanadium to molybdenum ratio and the catalytic properties
of these materials for the oxidation of propane to acrylic acid. We use a detailed kinetic
analysis of the reaction network to identify the reaction pathways and relate them to two

apparent modes of vanadium substitution in the M1 phase.
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4.2. Experimental

4.2.1. Catalyst preparation

The catalysts were prepared by hydrothermal synthesis, the composition of the precursor
mixtures and the conditions of the hydrothermal treatment are shown in Table 4.1.
Ammonium para molybdate (NH4)¢Mo070,4 - 4 H;O was dissolved in 50 ml bidistilled water
at 353 K in a Teflon tube followed by the addition of telluric acid dissolved in water.
Vanadyl sulfate VOSO, - x H;O was added as aqueous solution drop wise within 30 min,
resulting in a black solution. Ammonium niobate oxalate (NH4)NbO(C,04), - x HO was
added as solution and after 10 min further stirring the mixture turned olive green. All
precursors were purchased from Sigma-Aldrich or Fluka and were used without further
purification. Oxygen dissolved in the mixture was removed by bubbling nitrogen through the
liquid for 5 min. The tube was closed with a Teflon cap and mounted into a steel autoclave.
Hydrothermal synthesis was carried out at 448 K under autogenous pressure for the duration
given in Table 4.1. The autoclave was cooled with water to room temperature. The residue
was filtered, washed five times with bidistilled water and dried 16 h at 353 K. The material
was calcined for 2 h at 523 K in static air and then for 2 h at temperatures up to 873 K in
nitrogen (heating rate 10 K/min). Before reaction, the sample was ground and pressed to a

particle size 150 — 212 pm.

Table 4.1: Composition and synthesis time for MoVTeNbO, catalysts.

No. Synthesis AHM Te(OH)s VOSO, ANO Hydrothermal
Composition [a] [a] [a] [a] time [h]
1 MoV, 14T€o.17Nbg 1Oy 8.63 1.86 1.59 2.24 72
2 MoV, 25 Teg 17Nbg 1Oy 8.26 1.78 2.29 2.14 72
3 MoV 22 Teg 2Nbg 2Oy 7.58 1.97 2.10 3.93 72
4 MoV, 3Teg 1Nbg 1Oy 8.74 1.14 3.58 2.27 24
5 MoV, 3Teg 1Nbg 1Oy 8.74 1.14 3.58 2.27 48
6 MoV, 3Teg 1Nbg 1Oy 8.74 1.14 3.58 2.27 120
7 MoV, 3Teg 17Nbg 1Oy 8.26 1.78 3.58 2.14 72

AHM: Ammonium para molybdate (NH;)¢Mo07024 - 4 HO
ANO: Ammonium niobat oxalat (NH;)NbO(C,O,), - x H.O
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Table 4.2: Characterization and catalytic activity for the MoVTeNbO, catalysts.

No. Composition BET surface Phase Rate Initial rate of
area composition constant propane
[m%g™] (XRD) propane activation
activation [umol-m?2.s™
[ml-g™s7] (M1)]
1 MoVo,16T€0.17Nbg 2405 5.9 M1 (97.8%) 0.24 0.037
M2 ( 2.2%)
2 MoV 20T €0.15Nbg 1704 11.4 M1 (97.7%) 0.75 0.063
M2 ( 2.3%)
3 MoV 23T€0.17Nbg 2004 12.4 M1 (94.1%) 0.45 0.034
M2 ( 5.9%)
4 MoV 23T €0 10NDg 1104 16.0 M1 (98.0%) 1.36 0.081
M2 ( 2.0%)
5 MoV, 26 Te€o 11Nbg 100y 18.1 M1 (97.2%) 1.31 0.070
M2 ( 2.8%)
6 MoV 25T €0 10NDg 100x 17.0 M1 (96.5%) 1.45 0.082
M2 ( 3.5%)
7 MoV 27T€g.17Nbg 1204 11.4 M1 (90%) 0.55 0.050
M2 (10%)

4.2.2. Catalyst characterization

X-ray diffraction patterns were collected on a Philips X’pert instrument using the Cu K-line.
(A Ni-filter was installed to remove the Cu Kg-line). XRD were measured between 20 angles
of 5 and 70 ° with a step size of 0.017 °© and a scan speed of 115 s per step. The phase

composition was determined by Rietveld analysis using Bruker TOPAS 3.0 software.

The BET surface areas were determined by N, sorption at 77 K using a Sorptomatic 1990
Series instrument after activation of the sample in vacuum at 523 K. The chemical
composition was measured by ICP-AES with a Spectroflame Instrument after decomposition
of the materials by heating with soda — potash. The composition and structural properties of

the catalysts are compiled in Table 4.2.
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4.2.3. Catalytic activity

The catalytic activity was investigated in a six-fold parallel reactor using 100 mg of catalyst
diluted with silicon carbide. The reaction temperature was 653 K at atmospheric pressure. The
total feed flow was varied between 3.75 and 17.24 ml-min”'. The composition of the feed was
5% propane or propene, 10% oxygen and 65% nitrogen (controlled with Bronkhorst mass
flow controller) and of 20% steam (controlled with a Bronkhorst liquid mass flow controller).
A Wagner CEM system (controlled evaporator mixer) was used for evaporating and adding
water. The four components were mixed and fed to the 1/4* stainless steel tube reactors using
individually heated mass flow controllers for each reactor. The products were analyzed using
two gas chromatographs (Shimadzu) equipped with TCD (columns: silica/molsieve) and FID
(column: FFAP) detectors. At the beginning of the analysis, the silica and molsieve column
were used in consecutive mode for the analysis of oxygen, nitrogen and carbon monoxide. For
the analysis of carbon dioxide, propane, and propene, the molsieve column was bypassed and
the separation was done on the silica column only. The silica and the molsieve columns were
protected from organic acids by a pre-column (HayeSep Q) using a back flush configuration.
Acetic acid and acrylic acid were separated on the FFAP column and analyzed by FID. The

average carbon balance was 99.9% with a deviation of 1% between single measurements.

Reactions with intermediates including acetone, acetic acid, and acrylic acid were carried out
on a single reactor. The organic component was mixed with water and evaporated. The feed
compositions were: acetone (4%); acetic acid (4%) or acrylic acid (0.5%), oxygen (10%),
steam (20%) and nitrogen as balance. The average carbon balance for acetone and acetic acid

were 99% and for acrylic acid 90% with a deviation of 2% for a single measurement.
The rate of propane activation was described by a first order reaction with respect to the
propane concentration Cpropane [43] (Equation 4.1) with ¢ being the contact time of the reactant
over the catalyst.

dcCpropane = - ki * Cpropane - dt (Equation 4.1)
The contact time was calculated by the quotient of the catalyst weight [in g] and the feed flow

[in ml/s] resulting in a unit for k of ml-g'l .s|. Rate constants for reactions with acetone, acetic

acid and acrylic acid were calculated analogously. For comparison between different
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catalysts, the calculated rate constant k was normalized to the surface area and to the fraction

of M1 phase present in the catalysts.

For propene, acrylic acid, acetone, acetic acid and carbon oxides analogous kinetic equations

were used (Equation 4.2 — 4.6):

dCpropene = K1 * Cpropane - dt - (ka + k3) + Cpropene - dt (Equation 4.2)
dCacrylic acid = k2 * Cpropene - dt - (kg + ks) + Cacryiic acia * dt (Equation 4.3)
dcacetone = k3 * Cpropene * dt - (ks + k7) - Cacetone - dt (Equation 4.4)
dCacetic acid = k4 + Cacrylic acid = dt + ke * Cacetone - At - ks * Cacetic acia * dt (Equation 4.5)

chOx = (k4 + 3 k5) Cacrylic acid * dt + (k6 + 3 k7) * Cacetone dt + 2 - k8 * Cacetic acid * dt

(Equation 4.6)
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4.3. Results

Based on X-ray diffraction, the catalysts 1 — 6 showed mainly diffraction peaks of the M]
phase (Figure 4.2). In catalysts 7 the largest concentration of M2 phase (~10 %) was present
besides the M1 phase. The fractions of M1 and M2 phases, determined by Rietveld analysis,

are compiled in Table 4.2.

7

§ _ M
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Figure 4.2: XRD from catalysts no. 1 - 7.

The chemical compositions of all samples are in good agreement with the composition used in
the synthesis of the catalysts. The BET surface areas were between 6 and 18 mz-g'1 and

increased with the vanadium concentration of the samples.

The quantitative reaction network at 653 K of catalyst 7 was determined using each

) 397 a5 feed molecule.

intermediate of the reaction network proposed by Lin et al. (see Fig. 4.1
The kinetics was modeled using first order rate equations for all reactants. The order was
experimentally verified (reaction order with respect to propane was 0.88 and with respect to
0, 0.06 ) and agrees well with results from literature.[**

Starting with the reaction leading to COy formation, i.e., the oxidation of acetic and acrylic
acid, and following the pathway towards the reactant (propane), the rate constants were

derived for each step experimentally and calculated using the rates of the previously measured
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reaction step for the further reactions of the intermediates formed. The rate constant for the

conversion of acetic acid to COy was determined to be kg = 3.2 ml- g'l-s'l.

1.0 30% B
0.9 1 MoV, 27 Teg 17Nbg 120 RS
: @ Acetic acid ’,’
] 25% W COy ,
— 0.8 P ,
3 o 653 K 7 7
E 074 ™ & =
£ e 20% e "
2 06 . o
9 ‘0.‘ ,‘ s
) . -
S 05 *. S 15% - o A
c KX = 4 m
) . £
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€ Tl o/, | )
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Figure 4.3: Concentration as function of contact time (left) and yield as function of conversion (right) of
the acetone oxidation over MoV, 57 Teg.17Nbg 120y.

Following the same procedure the rate constants for the oxidation of acetone (Figure 4.3) to
acetic acid (kg =19.2 ml-g'l-s'l) and carbon oxides (kg =3.6 ml-g'l-s'l) as well as for the
oxidation of propene to acrylic acid (k,= 8.9 ml-g'l-s'l) and to acetone (k;=2.2 ml-g"-s"") were
derived. For the initial step, the oxidative dehydrogenation of propane to propene, a rate

constant of k;= 0.57 ml'g'l-s'1 was obtained.

k>>10

—
/\CHO /\COOH
kzy ke = 0.31¢ \kﬁi‘w

kg =3.2
— CHsCOOH + COy —» 3 COx

Figure 4.4: Reaction network and rate constants for MoV, 27 Teg.17Nbg 120, at 653 K
derived from experiments with single reactants. (rate constants in ml-g™-s™).

Using the rate constants derived from the individual reactions with propene and the reaction

intermediates to calculate the kinetic network of parallel and consecutive reactions a fair
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agreement between the calculated concentrations (solid lines Fig. 4.5 left) and the measured
concentrations of reactor educts was reached. Using these values to start, a simultaneous fit of
all rate constants was performed in order to better adapt the derived values to the
experimentally determined concentrations. This resulted in a very good agreement of the
experimental and fitted data points (Figure 4.5 right). While the number of constants to be
fitted is large, the deviation from the rate constants determined experimentally with the
individual reactants allows estimating the impact of the reaction conditions for the individual
reaction steps in the sequential reaction. Table 4.3 compiles the comparison of rate constants
from single experiments and from the fitting. The differences are attributed to the variations in
the state of the surface between the situation of a single reactant and the complex reaction

mixture as well as the simultaneous presence of a larger variety of molecules at once.

/- ’
0.14 | | = Acrylic acid : 0.4 { | = Acrylic acid )
e Propene e Propene //
= 0121 | wcoX = 0127 | mcox , ,/
e + Aceton e © + Aceton . g
E 010 o € 0.10 1 ' /
,§, Acetic acid £ Acetic acid , /
c
S 008+ / S 0.08- P ,/
E L] /m E L] /‘
‘€ 0.06 - £ 0.06 1 7/
: : s
/ ’
S S 0.04- » ,
o o n 4
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Contact time [s-g/ml]

Contact time [s-g/ml]

Figure 4.5: Concentration of products as function of contact time for propane oxidation over
MoV, .27 Teg 17Nbg 120y (left: rate constants from single experiments; right: simultaneous fit).
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Table 4.3: Comparison of rate constants from single experiments and simultaneous fit.

Rate Rate constants Rate constant Difference
constant single experiments simultaneous fit

[ml-g™.s™] [ml-g™.s™] [%]
k4 0.57 0.56 -1.8
() 8.9 12.6 +57.5
ks 2.2 1.9 -13.6
K4 0.31 0.41 +32.3
ks 0.40 0.25 -37.5
Ks 19.2 57.5 +200
k7 3.6 23.6 +555
ks 3.2 3.00 -6.3

While the rate constant for the oxidative dehydrogenation of propane to propene was fairly
constant in both approaches, the rate constant for the oxidation of propene to acrolein (k») was
markedly higher, whereas the rate constant for the parallel oxidation to acetone (kz) was
lower. The reactions to acetic acid (k4 and k¢) were much faster than observed in the
individual reactions indicating that under the chosen reaction conditions the oxidative
decarbonylation is a more substantial reaction than the full oxidation. Notably, however, also
the total oxidation of acetone (k) is enhanced suggesting that it is bound stronger than in the

case of the reaction with the single components.

On the basis of the kinetic model presented, the maximum yield of acrylic acid and the main
pathways for lowering the acrylic acid yield can be calculated. For the catalyst described the
highest possible yield of acrylic acid is 26% at a conversion of propane of 63%. At this point
yields are as follow: propene: 2%, acetic acid: 3%, COx: 32%. From the yield data only, it is
not possible to determine the loss by each pathway. Integral calculations, however, show that
11% of all molecules are converted along the propene — acetone — acetic acid - COy reaction
path and are, therefore, lost for acrylic acid formation. The same calculation indicates that

22% of all molecules converted to acrylic acid are further oxidized to carbon oxides.

The yields of propene and acrylic acid in the oxidation of propane at 653 K over
MoVTeNbOx-M1 catalysts observed for the series of phase pure catalysts 1 — 6 are shown in
Figure 4.6. Remarkably, the yields of propene show the same trend for all six catalysts,

whereas the yields for acrylic acid differ significantly at high conversions.
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Figure 4.6: Propene (black) and acrylic acid yields (gray) of catalysts no. 1 — 6.

The initial rates of propane conversion (normalized to surface area and to the concentration of

M1 phase present) as function of the 0,25

vanadium fraction substituted for
catalysts 1-6 are shown in Figure 4.7. = 0,20 1
Within each group, the activity :“E., ois Imersecton
appears to be a linear function of the ,:E ’ I
(7]
vanadium concentration substituted for ?Eg 010
molybdenum, but none of the two %‘ A
functions passes through the origin. o 0,05 -
Intersection . Intersection
x=009 x=0.162
These two subgroups of catalysts seem 0,00 f ' '
C . 0 0,1 0,2 0,3
also to have distinctively different Vanadium [mol V/(mol Mo + mol V) (ICP)]

catalytic properties. The yields of Figure 4.7: Initial rates of propane

acrylic acid at high conversions conversion normalized to surface area
and fraction of M1 phase (same markers

obtained for the first group of used as in Figure 4.3).

catalysts, i.e., catalysts 2 and 4, are
much higher than those of the second group, i.e., 5 and 6. Note that for catalysts 1 and 3 the
relative yield conversion curve cannot be assessed with certainty, because of the low activity

of the material.
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4.4. Discussion

The catalytic conversion of propane to acrylic acid is one of the most complex reactions that
are intended to be implemented on a large scale over one type of catalyst. Neither the type of
active site nor the complete mechanism is currently unequivocally accepted despite 15 years
of intense experimental and theoretical research. This is related to the complex nature of the
catalysts, the not less complex transformations, these catalysts undergo when in operation and
a network of parallel and sequential reaction that inevitably take place, which are markedly
influenced by the local concentrations of reactants and products. This complexity in mind, we
limit the present contribution to establishing a network of kinetic equations and to show how
the concentration of vanadium substituted into positions of molybdenum in the lattice changes

the activity and selectivity of the catalysts.

Let us first discuss the relative rates of the reaction steps in the overall sequence by exploring
the intermediates in the overall network. Using propene, acetone, acrolein, and acrylic acid as
the most abundant reactive intermediates, we have completed the reaction network of Lin et
al. ®% by two additional pathways, i.e., the oxidation of acetone and the conversion of acrylic
acid to acetic acid, which contribute markedly to the overall reaction. All reactions are first
order with respect to the carbon species and zero order with respect to oxygen, which is

typical for a Mars-van-Krevelen mechanism with a fast re-oxidation step of the surface.!*"

B the oxidative dehydrogenation of propane is found to be

In agreement with the literature,
the slowest step in the reaction path. The yield conversion plot shows that propene (see Fig.
4.5) is the only primary product, while the direct oxidation of propane to carbon oxides is
hardly observed (< 1%). Surprisingly, the overall rate of the propene oxidation via the two
parallel pathways to acrolein and subsequently acrylic acid and to acetone was approximately
19 times higher than the rate for propane conversion to propene, which is slightly lower than
the value of 25 reported by us in ref.,'*” but the ratio increased to 26 for the simultaneous fit
of all reactions. This constant ratio has two kinetic consequences, i.e., it indicates that that the
two reaction channels complement and compensate each other and that also for the second
step the adsorption of propene must be primarily controlled by dispersion forces and is hence
independent of the nature of the specific surface.

The relative rates to acrolein and acetone depend upon the presence of Brgnsted acid sites."*"!

The importance of the latter pathway is proportional to the concentration of Brgnsted acid
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sites, which form a secondary propyl carbenium ion from propene. The ground state of this
carbenium ion, the alkoxy group, is able to donate a proton to another oxygen atom, while
maintaining and strengthening the C-O bond. The required ability to donate a proton
(stabilization of at least the transition state to a carbenium ion) and the ability to accept the
proton suggests that the reaction will occur with the highest rate on a material with modest
Brgnsted acid strength. Without being able to determine the concentration of Brgnsted acid
sites under reaction conditions, the selectivity to acrolein was higher for materials with lower
concentrations of vanadium or with the vanadium being substituted more selectively into

positions contributing to the alkane activation (see below).

Acetone formed, reacts with the by far highest rate to acetic acid and COx. It is speculated that
this occurs by cleavage of the C-C bond and full oxidation of the surface methoxy group. This
cleavage must be preceded by a strong interaction of the basic surface oxygen with the carbon
atom of the carbonyl group generating a carboxylate precursor. Similar surface species have

been spectroscopically observed in mixed oxides by IR spectroscopy.*”!

Acrolein was clearly identified as intermediate, but even at short contact times, it was not
possible to achieve selectivities to acrolein higher than 17% and the rates and their variations
will not be discussed in detail. Like acetone, acrylic acid reacted in parallel to acetic acid and
COy with comparable rates. Materials that showed an enhanced conversion of propene to
acetone also showed a higher rate from acrylic acid to acetic acid and to full oxidation,

lowering so the overall achievable yield to acrylic acid.

The much higher stability of acrylic acid (and also of acetic acid) points to the pronounced
surface cracking of acetone as one of the major reasons for its high reactivity. In contrast, the
decarboxylation of the acid involves a more demanding oxygen insertion for further
oxidation. It is interesting to note that deep oxidation to COy observed for acrylic acid and for
acetone is associated with a higher polarity of the partly oxidized molecules, which enhances
the interaction with mixed oxide surface. This stronger adsorption also increases the effective
residence time in the reactor, enhancing in this way the probability to react. We would like to
exclude “strongly adsorbing unselective sites” as the reason for total oxidation, because in
such a scenario a pronounced concentration of such sites should also catalyze the total

oxidation of propane and propene.
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Because of its higher abundance, the sequential oxidation of acrylic acid to COx is twice as
negative as the formation of acetone for the overall yield. For optimizing the catalyst,
enhancing the rate of propane conversion to acrylic acid relative to the rate of the further
conversion of acrylic acid has, therefore, a higher priority than decreasing the acetone
formation rate. If propene oxidation and the further oxidation of acrylic acid are catalyzed by
the same active site, an improvement of the catalytic properties is very challenging, while

improvements are more feasible, if the reactions are catalyzed by different sites.

It is interesting to note, that the oxygen concentration does not influence the rate, as long as it
does not fall below 1 vol.%. In this case the rate of re-oxidation becomes very low and the
overall rate starts to depend on the oxygen concentration. Under such conditions also the
formation of COy and acetic acid was enhanced indicating that accessible Lewis acid sites
may be the reason for the enhanced adsorption of intermediates and total oxidation. It should
also be noted that under these conditions the concentration of vanadyl groups will be lower
than in the presence of a high partial pressure of oxygen. This should in turn decrease the

oxidative dehydrogenation of propane to propene.

Overall, literature suggests that the presence of vanadium substituted for molybdenum in the
mixed oxide is responsible for the activation of the alkane and for the oxygen insertion. A
comparison of the catalytic activity for materials studied in the present paper shows that this is
not the case despite the fact that all samples consisted predominantly of the M1 phase.
Assuming that the materials contain a surface concentration of vanadium, which is similar to
the concentration of bulk, we rule out that only one active site associated with vanadium
exists. In the present case two groups of mixed oxides appear to be clustered, if the
concentration of vanadium substituted into molybdenum sites of the M1 phase is used as a
basis for comparing the overall activity (see Figure 4.7). For both groups of mixed oxides
separate linear correlations between the overall rate of the catalytic conversion and the
vanadium concentration were found. Both correlations do not pass through the origin

indicating that not all vanadium is part of the catalytically active sites.
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In order to better understand the possible nature of active and inactive sites containing
vanadium let us consider the structure of the
MoVTeNbOx-M1 phase (see Figure 4.8), which
consists of metal-oxygen octahedra linked via
oxygen atoms. The octahedra marked in red
contain in their center molybdenum in the
oxidation state +VI and the orange octahedra
molybdenum in the oxidation state +V. Each
unit cell contains 36 octahedra out of which
twelve contain molybdenum or vanadium in

their center (indicated as white octahedra).

These can be further grouped into four types
Figure 4.8: Structure of MoVTeNbO,-M1
phase (red octahedra Mo*"", orange
that only these octahedra are located between octahedra Mo™ and white octahedra

molybdenum or vanadium).

characterized by their local surrounding. Note

the 7 and 6 membered ring channels, while all

other octahedra are part of at least one 5 membered ring channel.

The four different molybdenum/vanadium centers are marked with circles in Figure 4.9. The
sites marked with dashed circles (Type 1) are located between two six ring channels. Each
unit cell contains two centers of this type. Those marked with a dotted line (Type 2) are
located between six and seven ring channels and are in direct proximity to the vanadium
centers of Type 1. Each unit cell contains four centers of this type. The centers marked with a
triple line (Type 3) are also located between a six and a seven ring channel, but these are
isolated from other vanadium centers. The vanadium centers marked with a full line (Type 4)

are also isolated and located between two seven ring channels with two centers per unit cell.
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Figure 4.9: Number of vanadium centers in MoVTeNbO,-M1 phase.

Assuming that the activity of the vanadium sites depends on the surrounding structure, we
speculate that each of these types of sites shows a different activity. Not all potentially
exchangeable sites are occupied with vanadium at the ratio of vanadium to molybdenum
between 0.16 - 0.28 (all sites would be occupied at a V/Mo ratio of 0.5). It is likely that the
substitution energy for vanadium into these sites will vary leading to a preferential occupation
with the different sizes of vanadium and molybdenum ions (Pauling radii are 59 pm vs. 62
pm) should have a significant effect on the substitution energy.

The surface and structural models of Grasselli et al. and Ueda et al. % 3!

suggest that
vanadium atoms located in octahedra adjacent to a seven-membered channel are active in
propane activation. If the larger ring is more flexible, the larger metal cations (i.e., Mo) will
be preferentially incorporated. Thus, we speculate that the structurally more confined Mo
positions at the six ring channels having low (or no) catalytic activity will be substituted first
by vanadium. This renders a substantial fraction of sites at low vanadium concentrations to be
(nearly) inactive. In case of small differences in substitution energy at the different sites

vanadium will be randomly distributed, which should lead to a linear correlation through the

origin.
The data presented in Fig. 4.7 suggest that two groups of materials exist, which contain

different fractions of vanadium in position leading to low catalytic activity. More specific, the

offset at the x-axis at V/(Mo+V) = 0.096 can be related to the incorporation of the first four
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vanadium atoms per unit cell into sites having no activity for the propane activation (i.e., 4:36
=0.111) followed by the occupation of active sites. For the other series of catalysts (trend line
crossing the x-axis at V/(Mo+V) = 0.162 = 0.167 = 6:36) six vanadium centers per unit cell
showing no significant activity were occupied first. The two trend lines intersect at V/(Mo+V)
= (0.261, which is close to 0.278 = 10:36, indicating that two sites will not be occupied with
vanadium. It should be noted that within the present accuracy an intersection at 0.33 = 12:36
can also be assumed, which can be related to the maximum concentration of vanadium in the
M I-structure, i.e., a situation in which all potentially substitutable molybdenum sites are

occupied by vanadium.

Combining the classification of vanadium sites on the basal plane of the M1 phase with the
attributions of active sites by Grasselli et al. and the probability to substitute molybdenum
with vanadium, it appears tempting to suggest that first the sites of Type 1 and Type 2 are
occupied first by vanadium. We would like to emphasize at this moment, however, that such

an attribution would be premature.

It is interesting to note however, that the materials with the higher fraction of vanadium
substituted into inactive sites show a higher tendency towards formation of acetone and acetic
acid as well as towards full oxidation. As we have associated this with a higher degree of
accessibility of metal cations, we would like to speculate that substitution into the inactive

locations results also in a tendency to a lower oxidation state (partial reduction).

For a given vanadium concentration the constituents of group A (filled marks in Figure 4.7)
show higher activities in propane oxidative dehydrogenation and selective oxidation than
those of group B. Also the rates for oxygen insertion differ between group A and B type
catalysts (for a comparison of the rate constants between group A and B see Table 4.4). The
formation rate constant towards acetone was higher for group B type catalysts and increased
within a group of catalysts with the concentration of vanadium. Similarly, the formation rate
constant for acetic acid from acrylic acid (oxygen insertion at the acrylic acid double bond)

with subsequent decarboxylation and the total oxidation to COx increased in that order.
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Table 4.4: Comparison of rate constants from simultaneous fit for catalysts of group A and B.

Catalyst Nr 4 Catalyst Nr 5 Catalyst Nr 6
Group A B B
Theoretical yield [%] 38 26 20
Observed yield [%] 37 27 20
Rate constants
[ml-g™-s™]
k4 1.5 1.4 1.6
ks 29.5 26.6 28.4
ks 2.8 3.7 5.6
kg 0.5 1.4 2.3
ks 0.6 0.8 1.1
ke ~ b5 ~ 55 ~ 55
ks ~ 60 ~ 60 ~ 60
kg ~ 3 ~ 3 ~ 3

The model proposed here assumes that the mixed oxide crystal terminates with a well-defined
crystalline surface. Such an assumption has been severely challenged by the results of
electron microscopy as well as electron spectroscopy notably by Schlogl et al..""® The authors
present convincing evidence that an amorphous overlayer covers the crystalline phase, which
has a distinctively different chemical composition than the bulk phase. It is important to note,
however, that also in this case, the activities can be grouped into two clusters, which show a
similar correlation with the vanadium concentration, as the materials discussed here. Further

work is, however, needed to substantiate a correlation beyond this first attempt.
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4.5. Conclusions

The analysis of the overall reaction network suggests that although the first C-H bond
activation appears to be the most important effect determining the activity of the catalysts,
subtle variations in the chemical composition and the location of the substitution of vanadium
are able to exert an important influence on activity and selectivity. Two groups of mixed
oxide catalysts have been identified that show two separate individual linear relations to the
concentration of vanadium substituted for molybdenum. The grouping and the dependence on
vanadium concentration in each group suggest that not only different substitution patterns for
vanadium exist, but also that not all of these sites are catalytically active. We speculate that
the preferential substitution and the inactivity of some substituted vanadium cations are

related to their location at six membered rings on the basal plane of the M1 phase.

The constant ratio of propane oxidative dehydrogenation and the sum of the rates towards
oxygenates suggest that not only propane, but also propene, adsorb mainly via dispersion
forces. The selectivity to acrolein decreases from group A to B. The increased rates of acetone
and acetic acid formation suggest a higher degree of accessibility of metal cations in the latter
group of materials. These sites, not active in alkane activation, may contribute to oxygen

insertion reactions and C-C bond cleavage.

The oxidation of acrylic acid to COy has been identified as the key factor limiting the yield of
the selective oxidation of propane to acrylic acid. Approximately two-thirds of the losses in
acrylic acid yields result from the oxidation and one third from acetone formation. The other
possible side product, acetone, which subsequently oxidizes to acetic acid and finally to COy
contributes only about one third towards lowering the yield of acrylic acid. This second

pathway can be limited by the removal of all Brgnsted acid sites in the catalysts.
As the current set of samples suggests that vanadium is first preferentially substituted into

sites not active for the target reaction, statistical distributed of vanadium substitution is

expected not only to lead to more active catalysts, but also to higher yields of acrylic acid.
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Chapter 5

Synthesis and Acid Properties of MoVSb and
MoVTeNb Oxides for the selective Oxidation of
Propane to Acrylic Acid

Abstract

The synthesis of MoVSb oxides with MI phase and mixture of M/ and M2 phase are
described. Pure M1 phase was obtained with hydrogen peroxide treatment after calcination.
Results in selective oxidation of propane showed highest yield of acrylic acid for the pure M/
phase catalysts. Reactions with propene were used to determine the ratio between acrylic acid
and acetone formation. Mixtures of M/ and M2 phase form a higher fraction of acetone than
the phase pure catalyst. TPD techniques were used to determine the amount of Brgnsted and
Lewis acid sites. All MoVSb oxides contain mainly Brgnsted acid sites, but the amount of
acid sites is lowest for the pure M1 phase catalysts. As it is already reported in literature,
Brgnsted acid sites catalyze the formation of acetone. For comparison the acid sites of a
MoVTeNbOy MI-phase catalyst were also determined, showing besides Brgnsted acid sites a

high amount of Lewis acid sites.
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5.1. Introduction

The selective oxidation of alkanes to oxygenates has been a topic of high interest for the last
decades, nevertheless only the oxidation of n-butane to maleic anhydride has been developed
into an industrial process."' For the oxidation of propane to acrylic acid complex multi metal
oxides are promising catalysts. Especially MoVTeNb oxides that were developed in the 90s
by Mitsubishi showed yields up to 48%.* On the technical scale, however, acrylic acid is still
produced in a two step process starting from propene with acrolein as intermediate using
molybdenum based catalysts. For both steps the catalysts are optimized and yields exceed
90%, which lead to an overall yield of acrylic acid of 87% based on propene.” ® Economical
estimations reveal that the direct process starting from propane might become favorable in

costs when the yield exceeds 60%.

For MoVTeND oxides two phases containing all four metals are known, called M/ and M2.
The M1 phase is an orthorhombic structure with periodic layers, consisting of metal-oxygen
octahedrons with molybdenum and vanadium centers. These octahedrons form channels
perpendicular to the ab plane of the unit cell. The smallest channels consist of five
octahedrons and accommodate niobium, whereas the larger channels of six or seven
octahedrons host tellurium. The M2 phase is a hexagonal structure with periodic layers
consisting also of metal-oxygen octahedrons, but forming only channels from six
octahedrons. ! Tt is generally accepted that the MI phase contains the active centers for
alkane activation. The proposed centers for alkane activation are vanadium sites located
adjacent to a seven octahedron ring. This structure leads to distortion of the octahedron
causing the activity for alkane activation and due to the missing of such a structural element

the M2 phase shows no activity in alkane activation.!'* !

Beside compositions containing molybdenum, vanadium, tellurium and niobium, several
other metal mixtures have been tested for selective oxidation reactions."*'® Multi metal
oxides from molybdenum, vanadium and antimony showed high activity in the oxidative
dehydrogenation which is the first and rate determining step in the selective oxidation of
propane.m] It was reported that in MoVSb oxides the same structures are existent as in
MoVTeNb oxides. The MoVSbOy-M1I structure is analogous to the MoVTeNbOs-M]
structure with Tellurium replaced by Antimony. The stoichiometry is (SbO);M5Os¢ (M =

Mo, V). Antimony with an oxidation state of +V forms infinite [Sb-O], chains in the
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hexagonal channels. The Sb-M2 phase is also analogous to the Te-M2 phase, a hexagonal
layer structure. Here Antimony is located inside the channel with an oxidation state of +III

and forms [Sb-O-Sb] dimmers. The stoichiometries for this phase is (Sb20)M6018.“8]

The reaction network and intermediates of propane oxidation over MoVTeNb oxides is well
described """ and from products observed over MoVSbNb oxides it appears that the

reaction proceed via the same pathway (Figure 5.1).1%

oo > 7 coon
e ~a

SN T COx
e

\ )
)K —»  CH3COOH

Figure 5.1: Reaction network of propane oxidation over MoVTe(Sb)Nb oxide catalysts.

The first step is the oxidative dehydrogenation of propane to propene, which can either be
oxidized in ally position leading to acrolein or oxidized to acetone by oxo-insertion. Acetone
is rapidly oxidized to acetic acid and carbon dioxide via C—C bond scission. Therefore, each
molecule that undergoes the acetone pathway does not contribute to the yield of acrylic acid,
because the C—C scission is irreversible. Oxo-insertion is catalyzed by Brgnsted acid sites, >
and it was reported several times that the yield of acrylic acid can be increased by potassium
doping of MoVSb oxides,'**?* which reduces the amount of Brgnsted acid sites active for the

oxo-insertion and acetone formation.

In this paper we present the preparation of MoV SbOy catalysts consisting of pure M1 phase
and M1 / M2 mixtures, followed by a correlation of the acid site concentration and type with
the selectivity to acrylic acid in selective oxidation of propane. For comparison, acid site

concentrations of MoVTeNb oxides were also determined.
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5.2. Experimental

5.2.1. Catalyst preparation

Catalysts of the composition MoV(26Sbg140x were prepared by dissolving 9.28 g
ammounium para molybdate in 30 ml ultra pure water at a temperature of 353 K in a Teflon
tube. Antimony sulfate (1.06 g) was slowly added to the clear, colorless solution during a time
period of 15 min. The color of the reaction mixture changed to dark green during this step.
Stirring was continued for further 15 min. 3.46 g vanadyl sulfate hydrate was dissolved in
15 ml ultra pure water water at 353 K and added to the reaction mixture within 20 minutes.
During this step the mixture turned to black. After further stirring for 15 min the mixture was
diluted with ultra pure water to 100 ml and the dissolved oxygen was removed by nitrogen
flow through the solution for five minutes. The Teflon tube was closed and placed in a steel
autoclave where the hydrothermal synthesis was carried out for 24 hour at a temperature of
448 K. After cooling, the black slurry was filtered, washed five times with water and dried at

353 K for 16 hours. The catalyst was calcined for 2 hours at 873 K in nitrogen.

To dissolve the M2-phase the catalysts were stirred in 15% hydrogen peroxide solution for
four hours. This treatment was done before (named: MoVSbO,_H,0,_1) and after (named:

MoVSbO,_H,0,_2) the calcination step.

MoVTeNbOy was prepared according to the following procedure. 8.74¢g
Ammonium para molybdate (NH4)sMo070,4 - 4 HyO was dissolved in 50 ml ultra pure water
water at 353 K in a Teflon tube followed by addition of 1.14 g telluric acid dissolved in water.
3.58 g Vanadyl sulfate VOSO, - x H;O was added as aqueous solution dropwise within
30 min, resulting in a  black solution. 2.27g  Ammonium niobat oxalat
(NH4)NbO(C,0,); - x HO was added as solution and after 10 min further stirring the mixture
turned olive green. Dissolved oxygen was removed by bubbling nitrogen through the mixture
for 5 min. The tube was closed with a Teflon cap and mounted into a steel autoclave.
Hydrothermal synthesis was done at 448 K for a duration of 48 hours. The autoclave was
cooled with water to room temperature. The precipitate was filtered off, washed five times
with water and dried 16 h at 353 K. The material was calcined 2 h at 523 K in static air and
then 2 h at 873 K in nitrogen (heating rate 10 K/min).
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5.2.2. Catalyst characterization

X-ray diffraction patterns were collected on a Philips X pert instrument at the energy of the
Cu K,-line. A Ni-filter was installed for removal of the Cu Kg-line. The XRD were measured
between 20 angles of 5 and 70 ° with a step size of 0.017 ° and a scan speed of 115 s per step.

BET surface areas were determined by N, adsorption—desorption at 77 K using a Sorptomatic

1990 Series instrument after activation of the sample in vacuum at 523 K.

ICP-AES was measured with a Spectroflame Module after decomposition of the materials by

heating with Soda — potash.

Ammonia-TPD was measured with a six-fold vacuum TPD system, with one hour activation
at 573 K, one hour ammonia loading at 1 mbar and two hours outgasing. TPD was carried out
with a heating rate of 7 K/min up to 873 K, using an mass spectrometer to detected the
desorbing species. A H-MFI zeolite with an acid site concentration of 360 pmol/g was used as
standard. Brgnsted acid sites were determined with TPD after ion exchange with ammonia

nitrate (NH4sNO3). Desorbed ammonia was detected with a mass spectrometer using M = 15.

The chemical compositions determined by ICP-AES, the specific surface areas and the yields

from synthesis are presented in Table 5.1.

Table 5.1: Characterization data of MoVq26Sbg 14 OXxide catalysts.

ICP-AES BET surface area .
Catalyst . 2 Catalysts yield
composition [m“/g]
MoV 24Sbg 140y MoV, 27Sbg 060« 8.7 87%
MOV0_24Sbo,1 4OX_H20L1 MOV0,27Sb0_060X 14.0 54%
MOV0_24Sbo,14OX_H20L2 MOVo,QGSbo_osox 19.0 39%
MoV, 3Teo 1Nbg 1O MoV 26 Teg.11Nbg 100y 18.1 78%
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5.2.3. Catalytic activity

Catalytic activity of the catalysts for propane and propene conversion was investigated in a
six-fold-parallel reactor. The feed consisted of propane or propene (5%), oxygen (10%),
nitrogen (65%) and steam (20%) and was controlled by Broonkhorst mass flow controllers.
The evaporation of water was done with a Wagner CEM system (controlled evaporator
mixer). The four components were mixed and fed to the reactors using individual heated mass
flow controllers for each reactor. The reactors were 1/4* stainless steel tubes. Products were
analyzed using two gas chromatographs (Shimatzu) equipped with TCD (columns:
silica/molsieve) and FID (column: FFAP) detectors. The average carbon balance was 99%

with a deviation of 1% for a single measurement.
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5.3. Results

XRD pattern of the MoVSbOy samples are shown in Figure 5.2. The material synthesized
without hydrogen peroxide treatment consists of a mixture of the M/ and M2 phase.
Hydrogen peroxide treatment before calcination yields in a mixture of M/ and M2 phase with
a lower amount of M2 phase, clearly visible by the decrease of peak intensity at 28°. Only for
the catalysts treated with H,O, after calcination (MoVSbOx_H,0,_2) pure M1 phase was
observed in the XRD.

MoVSbO,_H.0, 2

>
=
@ .
]
2 .
= .o ol . . =  MoVvsbO, H0, 1
. ]
o n
o n n MoV.26SD0.140x
o®® ° oo °
5 15 25 35 45 55 65

2 Theta

Figure 5.2: XRD of MoVSb oxide catalysts (M1: o, M2: =).

Temperature programmed desorption techniques were used for determination of acid site
concentrations. While NH3-TPD can be used to detect Brgnsted and Lewis acid sites, a prior
ion exchange with an ammonia salt (NH4sNO3) followed by a TPD without ammonia
adsorption will only detect Brgnsted acid sites. In Figure 5.3 is shown the recorded ion
current of the mass spectrometer for both measurements with MoVSbO,_H,O,_1. The results
show nearly the same amount of acid sites after ion exchange with NH4sNO; as with ammonia

TPD, meaning that the majority of centers are Brgnsted acid sites.
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Figure 5.3: Results from TPD-Experiments for MoVSbO,_H,0, 1.

The concentrations of acid sites, measured by NH3;-TPD (Brgnsted + Lewis sites) are
summarized in Table 5.2. Results from TPD after ion exchange are shown in Table 5.3 (only

Brgnsted sites). Calculation of Lewis acid sites from both TPD results are in Table 5.4.

Table 5.2: Results NH;-TPD measurements.

L Acid site Desorption peak
Acid sites . .
concentration maximum
[umol/g] 2
[umol/m?] Temperature [K]
MoVSbO, 27.8 3.2 477
MoVSbO, H,0, 1 45.4 3.2 473
MoVSbO, H,O, 2 31.4 1.7 466
MOV0_3T90_1Nb0_1OX 57.4 3.2 477
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Table 5.3: Results TPD measurements with (NH;)NO3 exchange (Bronstedt sites).

L Acid site Desorption peak
Acid sites . .
concentration maximum
[umol/g] 2
[umol/m?] Temperature [K]
MoVSbO, 255 2.9 484
MoVSbO, H,O, 1 414 3.0 478
MoVSbO, H,O, 2 22.0 1.2 467
MoV, .3Te0.1Nb0.10, 24.2 1.3 478
Table 5.4: Calculated amount of Lewis acid sites.
Acid site
Acid sites .
[ Val concentration
mo
HmoYg [umol/m?]
MoVSbO, 2.4 0.3
MoVSbO, H,0O, 1 4.0 0.3
MoVSbO, H,0O, 2 9.4 0.5
MoV, .3Te0.1Nb0.10, 33.2 1.8

For all MoVSb oxides mainly Bronstedt acid sites were observed. The total acid site

concentration for mixtures of M1 and M2 phase is 3.2 umol/m? for both catalysts, whereas for

pure MoVSbO-MI phase only 1.7 pmol/m® is observed. For comparison, acid site

concentrations of a MI-MoVTeNb oxide of the composition MoV(3Te;Nby;Ox were

determined, showing 3.2 umol/m?as total acid site concentration, but with a higher fraction

(58%) of Lewis acid sites (Figure 5.4).
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Figure 5.4: Acid site concentrations of MoVSbO, and MoVTeNbO, by TPD techniques.

The product yields for the oxidation of propane are shown in Figure 5.5 a - d. No significant
differences between propene yields were observed among the MoVSb and MoVTeNb oxides,
whereas the yields to acrylic acid, acetic acid and COx dependend on metal composition and
on the catalysts phase composition for the MoVSb oxides. Both hydrogen peroxide treated
catalysts showed higher yields to acrylic acid compared to the untreated catalyst and in
particular, the pure MoV Sb-M1 catalyst showed the highest formation of acrylic acid among
all MoVSb oxides. The yield to acrylic acid for MoVTeNbOy-M1 is much higher than for
MoVSbOy-M1, but also at higher conversion. Therefore selectivities to acrylic acid of pure
M1 - MoVSb and MoV TeND oxides are comparable. For COy and acetic acid, observed yields
are lowest for the pure M1-MoV SbOy catalyst.
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Figure 5.5 a-d: Product yields over MoVSb and MoVTeNb oxides in propane oxidation.

In agreement with the described reaction network propene is formed as a primary product,
whereas acrylic acid, acetic acid and COy are secondary products. To study the formation of
these products in detail propene was used as reactant. Yields for propene oxidation are shown
Figure 5.6 a - d. As expected acrylic acid and acetone are primary and acetic acid and carbon
oxides are secondary products. For the pure MI-MoVSbOx (MoVSbO4_H;0,_2) and
MoVTeNbOy selectivities of 70% acrylic acid were observed, whereas the untreated
MoVSbOy catalyst shows only 25% selectivity to acrylic acid, but a higher selectivity to

acetone.
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Figure 5.6 a-d: Product yields over MoVSb and MoVTeNb oxides in propene oxidation.

Between M1-MoVSbOy and M1-MoVTeNbOy no significant differences in product yields of
all intermediates were observed. Yield-Conversion-Plots are nearly identical, but the activity
of MoVTeNbOx-M1 is much higher. In contrast catalysts containing M2-MoVSbOy phase
show higher selectivity to acetone and also to acetic acid, whereas the selectivity to acrylic

acid is reduced.
The kinetics of the first three reactions in the network were fitted using first order kinetics

(Equations 5.1 — 5.3). The contact times ¢ were calculated using the quotient of catalyst mass

[g] to feed flow in [ml - s'l]. Therefore the unit of the rate constant is [ml - g'1 . s'l]. Acrolein

124



Chapter 5

is neglected in this model because it is rapidly further oxidized and can only be observed in

traces. The results of k; show comparable values for all MoVSb oxides, whereas the activity

of MoVTeNbOy is approximately three times higher (Table 5.5). For comparison of acrylic

acid and acetone formation the dimensionless ratio of ko/k; is used. For MoVSbOy without

H,0, treatment the ratio is 0.5, meaning that formation of acetone is twice as high as acrylic

acid. For the catalysts with H,O, treatment the ratio increases up to 7.1 for the MoVSbO-M1

catalysts and is comparable to ky/k; = 7.2 observed for MoVTeNbOy.

dc propane =

- k] * Cpropane * dt

dcpropene =- (k2 + k3) * Cpropene * dt

kZ /k3 = Cacrylic acid/cacetone

Equation 5.1

Equation 5.2

Equation 5.3

Table 5.5: Rate constants for MoVSb and MoVTeNb oxide catalyst.

Catalysts k4 ks ks Kao/ks
MoV.26Sbo.14 0.44 4.5 8.2 0.5
MoV.26Sbg.14_H205-1 0.37 5.0 4.5 1.1
MoV.26Sbg.14_H205-2 0.36 71 1.0 71
MoVTeNbO 1.43 26.6 3.7 7.2
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5.4. Discussion

As already reported in literature, the M/ and M2 phase of MoVTeNbOy can also be
synthesized, with Antimony replacing Tellurium in the structure.'”! The synthesis of mixtures
of M1 and M2 phase was successful with the described method, whereas the synthesis of
phase pure M1-MoVSbOy was not possible, like it can be done for MoVTeNbOy. Phase pure
M1-MoVSbOy can only be obtained by synthesis of a M1/M?2 phase mixture and removal of
the M2 phase by hydrogen peroxide treatment.”” Hydrogen peroxide treatment after
calcinations yields phase pure M/-MoVSbOy. The same treatment of the synthesis product
followed by calcination at 873 K results in a M1/M?2 mixture, but with a decreased fraction of
M2 phase. This indicates that M phase is partially transformed into M2 phase during
calcination and therefore, a phase pure catalyst can only be obtained by H,0O, treatment after

calcination.

Only the catalyst consisting of pure MoVSbOy-M1 phase showed high selectivity to acrylic
acid, whereas the presence of MoVSbOs-M2 phase rapidly decreased selectivity. This
behavior is different to catalysts of the composition MoVTeNbOy. In this system large M2
fractions does not decrease the selectivity to acrylic acid and it was observed that mixtures of
M1 and M2 phase resulted in higher selectivity than M/ phase alone.”® Two effects can
decrease the yield of acrylic acid according to the reaction network (Figure 5.1): (1)
Formation of acetone from propene instead acrolein/acrylic acid and (2) further oxidation of

acrylic acid to carbon oxides.

Using propene as feed the ratio of acrolein/acrylic acid and acetone formation can directly be
observed. The calculated rate constants and the ratio of acrylic acid to acetone formation are
shown in Table 5.5. Acrolein is neglected in the fit of the reaction network, due to its high
reactivity it will instantly be further oxidized and only traces can be observed. The rate
constants were calculate assuming a first order reaction with respect to the carbon containing

species as it is also reported in literature.*

Results with propene were used as feed confirmed the reaction network. Acrylic acid and
acetone were formed as primary products for all catalysts, however, the initial selectivities (at
0% conversion) varied for the different H,O, treated catalysts. The reactivity in propane

activation (k;) is similar for all three catalysts, but for the subsequent oxidation of propene
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large differences were observed. The catalysts consisting of the MoVSbO-M1 phase only
showed predominantly the formation of acrylic acid from propene and only small
concentrations of acetone (ky/ks = 7.1), whereas for the H,O,-untreated catalyst containing
MoVSbOx-M1 and MoVSbOx-M2 phase higher formation of acetone was observed (ko/ks =
0.5). The catalyst with the hydrogen peroxide treatment before calcination and therefore lower
M2 content shows a ratio of ko/ks = 1.1. Therefore the effect of acetone formation in presence
of M2 phase is a continuous effect and higher contents of M2 phase lead to higher selectivity

of actone.

Pure MoV SbOx-M1 phase showed acrylic acid selectivity up to 35% and mixtures of M/ and
M?2 phase only 15%. Interestingly, mixtures of M and M2 phase of MoVTeNb oxides
showed no significant effect on the selectivity on acrylic acid. In previous experiments phase
mixtures of MoVTeNb oxides showed same selectivity and only activity of propane activation

was reduced, due to the inability of the M2 phase in propane activation.*”

A significant difference between MoVSb and MoVTeND oxides are the acidity and also the
different types of acidity. The results from TPD experiments revealed that MoVSb oxides
contain a high amount of Brgnsted acid sites and hardly any Lewis acid sites. For the pure
MoVSb-M1 oxide the amount of Brgnsted acid sites is decreased approximately by factor two
in comparison to the mixture of M/ and M2 phase. In contrast, MoVTeNbOy contains a
similar amount of Brgnsted acid sites, but also a high amount of Lewis acid sites. A
significant higher amount of acid sites is for MoVSbO, is already reported in literature,”” but
our results show that in MoVSbOy catalysts with M2 phase Brgnsted acid sites are the major
fraction. Therefore we propose that the M2 phase contains the major amount of Brgnsted acid

sites and is therefore selective for acetone formation.

Brgnsted acid sites catalyze the oxo-insertion of propene to acetone.'>! Through hydrogen
transfer a secondary carbenium ion is formed from propene, followed by an insertion of O,
leading to acetone. As a result the antimony containing catalysts show higher selectivity to
acetone. Treatment of MoV Sb oxides with hydrogen peroxide dissolved the MoV SbO-M2
phase, thereby leading to lower amounts of Brgnsted acid sites and improved catalytic

performance. Therefore the MoV SbOy-M2 phase is the major source of Brgnsted acid sites.
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MoVTeNbOy-M1 phase showed a higher amount of Lewis acid sites and also a higher activity
than MoVSbOy catalysts, but this is not proof that the activity is correlated to the amount of
Lewis acid sites. If the amount of Lewis acid sites were be the key factor for propane activity,
the activity of the MoVSbOy catalysts must be worse, in comparison to the observed results,
due to their low amount of Lewis acid sites. Therefore it seems that Lewis acid sites are not
involved in the C-H activation. This is also in line with DFT calculations of the C-H

activation, showing vanadyl groups as the active center.
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5.5. Conclusions

For MoVSb oxide phases with similar structure to M/ and M2 phases of MoVTeNb oxides
can be synthesized, but pure M/ phase for MoV Sb oxides were only observed when the M2
phase was dissolved in hydrogen peroxide as the last step of the synthesis. Calcination of a
H,0; treated material lead to less M2 phase than in the untreated material, but no phase purity
was obtained. Therefore under calcination conditions (873 K in nitrogen) M1 phase

transforms partly to M2 phase.

The catalysts consisting of pure M1-MoVSbO, phase showed up to 37% selectivity to acrylic
acid, whereas for the mixture of M/ and M2 phase only 15% selectivity was observed.
Detailed kinetics of the catalysts showed that the ability for propane activation is for all
MoVSbOy catalysts similar, but the phase composition is important for the further oxidation
of propene. Mixtures of M1 and M2 phase from preferentially acetone form propene, whereas

for pure MoVSbOy-M1 phase acrylic acid is the major product.

Reason for the changed selectivities are the acid sites of the material. MoV Sb oxides mainly
contain Brgnsted acid sites that catalyze oxo-insertation to acetone, whereas the concentration
of acid sites is lower for pure MoVSbOx-M1 phase compared to the mixture of M/ and M2
phase. In comparison MoVTeNbO-M1 phase showed a Brgnsted acid site concentration
comparable to MoVSbOy-M1 phase, but also a higher amount of Lewis acid sites, which have

no function in the selective oxidation of propane.

129



Chapter 5

5.6. Acknowledgements

The authors thank Xaver Hecht and Florian Schuessler for the support with the BET and TPD
measurements and are grateful for the financial support from the European Union in the
framework of the Integrated Project Topcombi (NMP2-CT-2005-515792-2) and from the
Bayerisches Staatsministerium fiir Wissenschaft, Forschung und Kunst within the Nanocat
project. Discussions within the network of excellence IDECAT are also gratefully

acknowledged.

130



Chapter 5

5.7. References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]

[13]
[14]

F. Cavani, F. Trifiro, Catalysis Today 1999, 51, 561.

B. Grzybowska-Swierkosz, Topics in Catalysis 2000, 11, 23.

J. M. L. Nieto, Topics in Catalysis 2006, 41, 3.

T. Ushikubo, H. Nakamura, Y. Koyasu, S. Wajiki, US Patent 5,380,933, 1995.

M. M. Lin, Applied Catalysis A 2001, 207, 1.

W. Nojiri, Y. Sakai, Y. Watanabe, Catalysis Reviews Science and Engineering 1995,
37, 145.

J. N. Al-Saeedi, V. K. Vasudevan, V. V. Guliants, Catalysis Communications 2003, 4,
537.

P. Botella, E. Garcia-Gonzalez, J. M. L. Nieto, J. M. Gonzalez-Calbet, Solid State
Sciences 2005, 7, 507.

P. DeSanto, D. J. Buttrey, R. K. Grasselli, C. G. Lugmair, A. F. Volpe, B. H. Toby, T.
Vogt, Zeitschrift Fiir Kristallographie 2004, 219, 152.

P. DeSanto, D. J. Buttrey, R. K. Grasselli, C. G. Lugmair, A. F. Volpe, B. H. Toby, T.
Vogt, Topics in Catalysis 2003, 23, 23.

H. Murayama, D. Vitry, W. Ueda, G. Fuchs, M. Anne, J. L. Dubois, Applied Catalysis
A 2007, 318, 137.

R. K. Grasselli, D. J. Buttrey, J. D. Burrington, A. Andersson, J. Holmberg, W. Ueda,
J. Kubo, C. G. Lugmair, A. F. Volpe, Topics in Catalysis 2006, 38, 7.

T. Katou, D. Vitry, W. Ueda, Catalysis Today 2004, 91-92, 237.

S. Bergh, P. J. Cong, B. Ehnebuske, S. H. Guan, A. Hagemeyer, H. Lin, Y. M. Liu, C.
G. Lugmair, H. W. Turner, A. F. Volpe, W. H. Weinberg, L. Woo, J. Zysk, Topics in
Catalysis 2003, 23, 65.

V. H. Rane, U. Rodemerck, M. Baerns, Journal of Molecular Catalysis A 2006, 245,
161.

W. Ueda, K. Oshihara, Applied Catalysis A 2000, 200, 135.

W. Ueda, K. Oshihara, D. Vitry, T. Hisano, Y. Kayashima, Catalysis Surveys from
Japan 2002, 6, 33.

J. M. M. Millet, M. Baca, A. Pigamo, D. Vitry, W. Ueda, J. L. Dubois, Applied
Catalysis A 2003, 244, 359.

E. Balcells, F. Borgmeier, 1. Grisstede, H. G. Lintz, Catalysis Letters 2003, 87, 195.
E. Balcells, F. Borgmeier, 1. Grisstede, H. G. Lintz, F. Rosowski, Applied Catalysis A
2004, 266, 211.

M. H. Lin, T. B. Desai, F. W. Kaiser, P. D. Klugherz, Catalysis Today 2000, 61, 223.
E. K. Novakova, J. C. Vedrine, E. G. Derouane, Journal of Catalysis 2002, 211, 226.
M. M. Bettahar, G. Costentin, L. Savary, J. C. Lavalley, Applied Catalysis A 1996,
145, 1.

T. Blasco, P. Botella, P. Concepcion, J. M. L. Nieto, A. Martinez-Arias, C. Prieto,
Journal of Catalysis 2004, 228, 362.

P. Botella, P. Concepcion, J. M. L. Nieto, B. Solsona, Catalysis Letters 2003, 89, 249.
W. Ueda, Y. Endo, N. Watanabe, Topics in Catalysis 2006, 38, 261.

M. Baca, J. M. M. Millet, Applied Catalysis A 2005, 279, 67.

M. Baca, M. Aouine, J. L. Dubois, J. M. M. Millet, Journal of Catalysis 2005, 233,
234,

F. N. Naraschewski, C. P. Kumar, A. Jentys, J. A. Lercher, Applied Catalysis A 2011,
391, 63.

131



Chapter 5

[30] M. Baca, A. Pigamo, J. L. Dubois, J. M. M. Millet, Catalysis Communications 2005,
6, 215.

132



Chapter 6

Chapter 6

Summary

133



Chapter 6

6.1. Summary

Selective oxidation of propane to acrylic acid is a promising route to convert an abundantly
available feedstock within a single step into a highly demanded chemical. Multi mixed oxides
of the composition MoVTeNbOy have given up to 48% yield of acrylic acid in this reaction,
but this is still not sufficient to be competitive with the conventional process of propene
oxidation. For this reason there is great interest in understanding the processes and
interactions within the catalytic reactions of the selective oxidation. This knowledge will help
to synthesize improved catalysts that enable the use of propane as feedstock instead of

propene.

The aim of this thesis was to gain detailed insights into the reaction processes and active
center properties of mixed metal oxide catalysts for selective oxidation of propane. In the first
chapter an introduction to acrylic acid production processes and selective oxidation over
MoVTeNbOy catalysts are given. Additionally, a review of C-H activation mechanisms over
oxide catalysts presents details of various catalytic systems. The C-H activation of alkanes is
the rate determining step in selective oxidation reactions and therefore of high importance for
the design of highly active and selective catalysts. Experimental methods and synthesis

procedures are described in detail in chapter 2.

In chapter 3, the phase formation and catalytic activity of MoVTeNb oxides with varying
concentration of vanadium, tellurium and niobium in the synthesis mixture was investigated.
Pure M1 phase catalysts were obtained with hydrothermal synthesis in the range of
MoV 14022Te0.1.02Nb.1.020x. The materials were tested in selective oxidation of propane at
653 K in a plug flow reactor. Vanadium containing sites in the M1 phase are drastically more
active for propane activation than in other materials studied. The catalytic activity is directly
correlated to the fraction of vanadium in the overall material and in particular the M1 phase.
High concentrations of tellurium induce the formation of the M2 phase, decreasing the overall
activity of the catalysts. The intrinsic activity of the M1 phase is, however, independent of the
tellurium concentration. Although the presence of the M1 phase is not a stringent requirement
for the oxidative dehydrogenation of propane to propene, it is required to oxidize the
intermediately formed propene with high selectivity to acrylic acid. The active sites for

propane activation and propene oxidation are structurally coupled, because the ratio between
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the rates of the two reactions was always 1 : 25. Oxygen defect sites in mixed oxides seem to

enhance interaction with acrylic acid and lead to decarboxylation and total oxidation.

A detailed kinetic study on MoVTeNbOx M1-phase is described in chapter 4. The selective
oxidation of propane to acrylic acid is studied over a series of nearly pure MI-phase
MoVTeNbOy catalysts. Quantitative analysis of the reaction network shows that the ratio of
the rate constants for propane oxidative dehydrogenation to propene and for further oxidation
of propene is constant. The rates towards acrylic acid and acetone, however, vary subtly with
the concentration of vanadium and the location of its substitution. The reaction of acrylic acid
to acetic acid and carbon oxides, associated with accessible metal cations, contributes two
thirds towards the non-selective pathway. The other third is associated with acetone
formation. Vanadium is first substituted selectively at sites that are inactive for propane
activation. Depending on the selectivity of this substitution two groups of materials have been
identified, which show a distinctly different dependence on the concentration of vanadium.
Statistic distribution of vanadium in the M1 phase appears to be the most promising strategy

to improve the performance of MoVTeNbOy catalysts for a given vanadium concentration.

Catalysts of the type MoVSbOy and acid sites properties are discussed in chapter 5. Pure M1
phase of MoVSbOx was obtained by hydrogen peroxide treatment after calcination and
showed higher yields of acrylic acid than mixtures of MoVSbOyx M1 / M2 phase. Reactions
with propene were used to determine the ratio between acrylic acid and acetone formation.
Mixtures of M1 and M2 phase form more acetone than the phase pure catalyst. TPD
techniques were used to determine the amount of Brgnsted and Lewis acid sites. All MoVSb
oxides contain mainly Brgnsted acid sites, but the amount of acid sites is lowest for the pure
M| phase catalysts, proving that acetone formation is catalyzed by Brgnsted acid sites, as it is

already reported in literature.

The presented results show that MoVTeNb and MoVSb oxides are interesting catalysts for the
selective oxidation of propane to acrylic acid. The improved understanding of the kinetic
network, the phase formation and metal distribution are important factors for new synthesis of
high performance catalysts. Especially the distribution of vanadium seems to be one of the
most important factors determining the achievable yield of acrylic acid. Further research in

this area is needed to understand, how the vanadium distribution can be adjusted to control the
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activity and selectivity of the material and finally to archive catalysts suitable for industrial

usage.

6.2. Zusammenfassung

Selektive Oxidation von Propan zu Acrylsdure ist ein vielversprechender Weg, um einen
leicht verfiigbaren Rohstoff in einem einzigen Prozessschritt zu einem dringend benétigten
Zwischenprodukt der chemischen Industrie umzusetzen. Mischmetalloxide des Typs
MoVTeNbOy haben bereits bis zu 48% Ausbeute von Acrylsdure in dieser Reaktion gezeigt,
jedoch ist diese Ausbeute noch nicht ausreichend, um den konventionellen zwei-stufigen
Prozess der Propenoxidation, der aktuell in chemischen Industrie genutzt wird, zu ersetzen.
Ein tiefgehendes Verstindnis der Vorgidnge am Katalysator ist daher von groftem Interesse,
um mit diesem Wissen verbesserte Katalysatoren zu entwickeln und schlielich Propen durch

Propan in der Acrylsdureproduktion ersetzen zu konnen.

Das Ziel dieser Arbeit war es, ein detailliertes Verstdndnis iiber die Vorginge an der
Katalysatoroberfldache und iiber die Natur der aktiven Zentren von Mischmetalloxiden fiir die
Selektivoxidation von Propan zu erlangen. Das erste Kapitel gibt eine Einfiihrung in die
Verwendung und Produktion von Acrylsdure. Daneben wird eine Literaturiibersicht tiber C-H
Aktivierungsmechanismen verschiedener heterogerner Katalysatoren gegeben. Die
Aktivierung der C-H Bindung ist in Alkanen bei Selektivoxidationen der
geschwindigkeitsbestimmende Schritt und daher von grofter Bedeutung fiir die Entwicklung
von aktiven und zugleich selektiven Katalysatoren. Genaue Beschreibungen der

experimentallen Aufbauten und Synthesevorschriften sind in Kapitel 2 enthalten.
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In Kapitel 3 wurde die Phasenbildung und katalytische Aktivitdt von MoVTeNb Oxiden mit
variierendem Gehalt an Vanadium, Tellur und Niob untersucht. Reine M1 Phase wurde
mittels Hydrothermalsynthese innerhalb der Komposition MoV 4.022T€0.1-02Nbg.1.020x
erzielt. Die Katalysatoren wurden in der Selektivoxidation von Propan bei 653 K im
Festbettreaktor getestet. Vanadium ist in der M/ Phase deutlich aktiver als in allen anderen
untersuchten Materialen. Die katalytische Aktivitdt war dabei direkt abhidngig vom
Vanadiumgehalt. Hohe Konzentrationen an Tellur fiihrten zur Bildung von M2 Phase,
wodurch die Gesamtaktivitdt der Katalysatoren verringert wurde. Die intrinsische Aktivitit
der M1 Phase ist jedoch unabhidngig vom Tellurgehalt. Obwohl die oxidative Dehydrierung
von Propan auch ohne M1 Phase beobachtet wird, ist diese zwingend erforderlich, um das
Zwischenprodukt Propen mit groBler Selektivitit zu Acrylsdure umzusetzen. Weiterhin zeigte
sich, dass die aktiven Zentren fiir die Propanaktivierung und die Propenoxidation strukturell
gekoppelt sein miissen, da die Raten beider Reaktionen immer im festen Verhiltnis 1 : 25

standen.

Eine detaillierte Kinetik an MoVTeNbOy MI-Phase wird in Kapitel 4 vorgestellt. Die
Selektivoxidation von Propan zu Acrylsdure wurde dafiir mit phasenreinen M/-MoVTeNbOy
untersucht. Die quantitative Analyse des Reaktionsnetzwerkes zeigte, dass das Verhiltnis von
Propanaktivierung zu Propenoxidation konstant ist. Die Weiteroxidation von Acrylsdure zu
Essigsdure und COy ist verantwortlich fiir zwei Drittel der Nebenproduktbildung, wéhrend das
letzte Drittel durch Acetonbildung aus Propene verursacht wird. Die Verringerung der
Weiterreaktion von Acrylsdure ist daher ein wichtiger Ansatzpunkt fiir die Verbesserung der
Katalysatorleistung. Bei der Verteilung des Vanadiums im Katalysator zeigt sich, dass zuerst
die fiir Propanaktivierung inaktiven Zentren besetzt werden. Insgesamt wurden zwei
verschiedenen Materialien identifiziert, die sich durch verschiedene Vanadiumverteilungen im
Katalysator unterscheiden. Eine moglichst statistische Verteilung des Vanadiums scheint die

beste Moglichkeit zu sein, die Aktivitit der M[-Phase zu erhohen.

Katalysatoren des Typs MoVSbOy werden in Kapitel 5 diskutiert. Reine M/ Phase von
MoVSbOy konnte nur durch eine Behandlung der Katalysatoren mit Wasserstoffperoxid nach
dem Calcinieren gewonnen werden. Diese Katalysatoren zeigten deutlich groere Ausbeuten
von Acrylsdure als Mischungen aus MoVSbOyx M1 und M2 Phase. Umsetzungen mit Propen
wurden angewendet, um das Verhéltnis zwischen Acrylsdure und Aceton Bildung direkt

bestimmen zu koOnnen. Dabei zeigten MI / M2 Mischungen eine deutlich hohere
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Acetonbildung als die reine M/ Phase. Die Anzahl Brgnsted und Lewissdurezentren wurden
mittels TPD Techniken bestimmen. Alle MoVSbO, Materialen besaflen vor allem Brgnsted
Saurezentren, wobei die Konzentration bei M/-MoVSbOy am niedrigsten war. Dies zeigt,
dass Brgnsted Sdurezentren die Acetonbildung katalysieren, was zu einer Verringerung der

Acrylsdureausbeute fiihrt.

Die gezeigten Resultate belegen, dass MoVTeNb und MoVSb Oxide dulerst interessante
Katalysatoren fiir die Selektivoxidation von Propan zu Acrylsdure sind. Das Verstdandnis der
Kinetik, der Phasenbildung bei der Synthese und der Metallverteilung im Katalysator ist
wichtig fiir die Synthese von verbesserten Materialien. Besonders die Vanadiumverteilung im
Katalysator scheint ein entscheidender Faktor fiir die Aktivitit und damit auch fiir die
erzielbare Ausbeute an Acrylsdure zu sein. Weitere Forschung ist notwendig, um zu
verstehen, wie die Vanadiumverteilung wihrend der Synthese beeinflusst werden kann, um
auf diese Weise die Aktivitit und Selektivitit der Materialen einstellen zu kdnnen und

schlieBlich zu kommerziell nutzbaren Katalysator zu gelangen.
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