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ABSTRACT

The Fe- and Ru-promoted vanadium phosphorus oXB©J catalysts were synthesized via the organic
route inisc-butanol to form the VPO precursor, VOHP@5H,O. The resulting precursor was then
activated in a stream of nitrogen to form an amoygsh(VO}P,O,, which crystallized after conditioning
in the reactor in the presencerslbutane. The promoted catalysts were synthesized &4, 0.3% and 1%
loading, pelletized and sieved to give a 300-660pellet size. The catalysts were tested in a fbed
continuous flow micro-reactor and the products waralyzed by GC’s equipped with a flame ionization
detector (FID) to monitor maleic anhydride amtbutane and a thermal conductivity detector (TGD) t

monitor the carbon oxides.

A range of characterization techniques were emplaye determine the influence of the promoting
elements on a VPO catalyst and to associate thepasition of the catalysts obtained from such
techniques with their performance. The charactgaraechniques used include X-ray diffraction (XRD
BET-surface area, ICP-OES, ED%NMR, TPR, redox titrations, ATR and SEM to deterenihe phase
composition of the catalysts, the surface area®fpromoted catalysts relative to the un-promote®y
elemental mole ratios, the reducibility of the tates, average vanadium oxidation state, deternainaf

the anions present in the surface of the catabststhe variations in the morphology of the catalys
respectively. Optimization of the system involwediation of the GHSV, the reactor temperature thied
promoter loading. (Activation of a 0.75%-butane in air mixture was performed at an optimum
temperature of 40C while varying the gas hourly space velocity ttabksh a range of feed conversions

and subsequently determine the activity of eacalygsttwith respect ta-butane conversion).

The promoted catalysts modified the morphologyhef tatalysts as evidenced by the scanning electron
microscopy and the X-ray diffraction patterns. Rartnore an improved conversion was obtained with
these catalysts. However, only the 0.1% iron-preuatatalyst improved maleic anhydride yield leading
to ca. 10% maleic anhydride yield increment. Yields of#@&nd 55% were obtained at GHSVs of 2573
and 1450 per hour respectively and a temperatud®@C. Electronic and structural modifications were
encountered leading to an improved catalytic peréorce. The performance of this catalyst is assmgtiat
with a vanadyl pyrophosphate phase (XRD), and atdinand controlled amount of°V/species as
illustrated in the TPR, and solid stdt® NMR data. Moreover, this modification can be idaed both
structural and electronic in nature as observethén SEM images and FTIR spectra of this catalyst.

Furthermore, this improved performance is possibleigher conversions 80 to 90% conversion.
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ABBREVIATIONS

ATR: attenuated total reflectance spectroscopy

AV:. average oxidation state

BET: Brenauer-Emmet-Teller

EDX: electron dispersive X-ray spectroscopy

FHWM: full widths at half maximum of reflection (gstal plane)
FID: flame ionization detector

GC: gas chromatograph

GC-MS: gas chromatography-mass spectroscopy

GHSV: gas hourly space velocity

ICP-OES: inductively coupled plasma-atomic emissipactroscopy
MA: maleic anhydride

ppm: parts per million

TAP: temporal analysis of products

TCD: thermal conductivity detector

TPR: temperature programmed reduction

VPD: VPO synthesis via the reduction of VOFZH,0

VPO: vanadium phosphorus oxide

XRD: X-ray diffraction



DEFINITIONS AND CALCULATIONS

Average vanadium oxidation state (AV) = 5 - (KMn@lume)/(Fe(NH)(SOy), volume)
Gas space hourly space velocity (GHSV) = flow (ate hr')/Volume of the catalyst bed
Percentage conversion wbutane = nr-butane in — out) x 100/m<putane in)
Percentage selectivity (MA) =4 xn MA x 100/1 O + 1 xn CQ+ 4 xn MA
Percentage yield (MA) = % selectivity (MA) x % cargion (-butane)/100

Carbon mass balance equation = 4 x n MA + n CQCOpnx 100/4 x n (-butane)
Specific activity = % conversiom{butane)/surface area of the catalyst ¢

Specific selectivity = % selectivity (MA)/surfaceea of the catalyst (hg™)
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CHAPTER 1

INTRODUCTION

1.1 Historical background of Maleic anhydride

Maleic anhydride (cis-butenedioic anhydride or lioxanhydride) is an organic compound with the
formula GH,O; It is available in its pure state as a white sulith an acrid odor and has a melting point
of 53°C. Maleic anhydride is a potent dienophile in Dialder reactions, hydrolyses to yield maleic acid
and it is also an excellent ligand for low-valergtaed complexes, e.g. Pt(PPHMA) and Fe(CO)YMA).
This versatile chemical intermediate has numeraghistrial uses and is of significant commercial
interest worldwide. It is mainly used for the mautfire of unsaturated polyester resirBhese
laminating resins, produced from maleic anhydrideehhigh structural strength and good dielectric
properties, have a variety of applications in auwbite bodies, building panels, molded boats, ligtight
pipes, bath tubs, etc. Other end products are wdgyrial chemicals, lubricating oil additives, spty
chemicals, paper reinforcement, lube additivesymhaeuticals and food additives among otRdrse
applications of maleic anhydride are tabulated &bl€1.1.The addition of maleic anhydride to drying
oils is also significant, where the required drytitlge is decreased and the coating quality of lacgjis
improved; dispersants derived from maleic anhydpdalong oil change intervals and improve the
efficiency of automotive engines. Agricultural aipptions of MA include its use as herbicides,

pesticides, and plant growth regulators.

The production of maleic anhydride is by mainly\mpor phase oxidation of n-butane. Apart from this
way of production, maleic anhydride can also bedpced as an intermediate from 1,4 butanediol, where
it can be used in its crude unrefined state. Theash for this highly functional molecule continues
grow due to its diverse applications, hence thaleeresearch to improve the existing technologpes

further optimize production.



1.2 Maleic anhydride products

Table.1.1: The applications of maleic anhydride.

Product family Applications

Unsaturated polyester resins Boats, synthetic rarbl automotive
components, building panels, corrosipn
resistant products, aircraft/aerospdace

components and bath fixtures.

Food/ pharmaceutical Fumaric, malic and succiniédsac papef|
sizing, alkyl resins and animal feed.

Personal care Copolymer resins, hair spray, adbgsiloor
polishes, oil well treating, textile sizing apd
printing ink.

Oil additives Ashless dispersants.

Paper/water/intermediate chemicals Surfactantsle sicénibitors, 1,4- butanedio,

THF and -butyrolactone.

Detergents Phosphate builder replacements, andret
deposition agents.

Agricultural/ pesticides Insecticides, fungicideslgrowth regulators.

Other Applications Artificial sweeteners, ready puxconcrete ang
epoxy hardeners

1.3  The selective oxidation of hydrocarbons

The selective oxidation of hydrocarbons is a wids{ploited means of producing more valuable praluct
from alkenes, aromatics and some saturated hydvonsr The need to develop suitable catalysts for
these transformations is of utmost importance. &liea necessity for the particular catalyst table to
transform those hydrocarbons in a single step agtien with molecular oxygen, into partially oxidit
products.

These can, in turn, be transformed into other Kigémanded chemicals. As an example the
classification of catalyzed hydrocarbon reactiotith wxygen are given in Table.1.2 with an illusirat
example for each class of reaction. For class Cttimas, where the hydrocarbon is oxidized by

dehydrogenation, the process can only become sfattlgsapplied if thermodynamics can allow the use



of a lower temperature to prevent complete oxidatad the reactants directly to carbon dioxide.
However, the oxidation of a hydrocarbon to give a@rensaturated molecule (and water) is a
thermodynamically favored reaction, due to the hegthalpy of formation of water, hence the necegssit
to employ a suitable catalyst. As an example, endkidative dehydrogenation reactionrebutene with
air, butadiene could be selectively formed in goggelds at lower temperatures than what could be
obtained in direct dehydrogenation. In class Ictiems, where oxygen atoms are to be incorporatexd i
an unsaturated molecule while preserving the urei@da point, the carbon-hydrogen bond on the niethy
group adjacent to the unsaturation point is acidatia the formation of an allyl-radical, followég the
dehydration and re-oxidation as the final stepghéncatalytic cycle.

Table.1.2: Classification of catalyzed reactiontyrfrocarbons with oxygen

CLASS | Oxidative dehydrogenation
1. Dimerization of propene to hexadiene or benzene
2. Dehydrogenation of butane or butene to butadiene

3. Dehydrocyclization of hexane to cyclohexane

CLASS I Formation of oxygenated products withoaitbon-carbon bond fission
1. Oxirane / and acetaldehyde from ethene
2. Acrolein, acetone, allyl alcohol, and acryliédaitom propene

3. Maleic anhydride from butadiene; phthalic anidelfromo-xylene

CLASS Il Formation of oxygenated products withlmam-carbon bond fission
1. Acetaldehyde and acetic acid from propene

2. Maleic anhydride from benzene; Phthalic anhyfidm naphthalene

CLASS IV Complete oxidation

The formation of a stable-allyl radical in order to preserve the unsaturai®applicable to propene and
higher hydrocarbons, whereas in the case of ethibaeselective oxidation takes place either byatire
insertion of an oxygen atom in the double bondyfdomation of a temporary chemisorbed complex (as

in the synthesis of vinyl acetate on palladium lyata)?



Class Il reactions involve the direct oxidationtlaé double bond, in order to favor the formatidrao
desired product. This class of reaction, howewesults in lower selectivities, and it is also acpamied
by carbon loss, e.g. in benzene oxidation to malelydride one-third of the six carbon atoms ase ds
carbon oxides. The last class (IV) is most applieab atmospheric pollution control, whereby carbon
monoxide and hydrocarbons can be oxidized to cadimtide on noble metal, or oxide catalyts.

1.4 The selective oxidation and transformation of 4#butane

Light alkanes have continued to attract tremendesgarch interest in their catalytic transformation
more valuable chemicals in both the petroleum agtdophemical industries. The value of products that
have undergone this type of transformation coule&temated to approximately $40 billion world-wide
per annun.An industrially significant and successful processch falls within these classes of catalytic
transformations is the 14-electron selective oxitabf n-butane to MA over vanadium phosphorus
mixed oxide catalystsThis reaction has been considered the only suadessfustrial process of a
selective vapour phase oxidation that uses dioxygEme process of producing maleic anhydride
originated in the early 1930s where the transfoionavas based on benzene feed-stock oy&s¥100;

catalysts. The transformation is illustrated in.Eidy

O

J
+or0, v20500s CO + H0 4 2C0,

\
o

Fig.1.1: Selective oxidation of benzene ofO¥MoQO;catalysts.

The production from benzene feed-stock became arntajncern following the environmental issues
associated with this feed-stock. This led to thteoduction of environmental legislature which brbtig
about the strict control of benzene emissions fk#nplants, prohibiting any traces of benzene erissi

to the atmosphere. As a result of this legislattime existing plants were either shut down or caeeeto
alternative feed-stocks. The-iydrocarbons were tested as an alternative for pvi@dduction, and the
first catalysts to be tested were theO¥MoO; catalysts used in benzene oxidation. These c#dalys
resulted in poor selectivity to maleic anhydrideydring epoxidation and isomerization reactidther
classes of catalysts which were also tested indiucleromia-alumina and E@; promoted with Cr@and
K,CO;° These classes of catalystsough found to be active in the dehydrogenation-bfitane and n-
butenes to butadiene, were not able to completertiresformation to MAThe other catalyst to be



investigated was the vanadium phosphorus oxiddysaf@/PO). This catalyst was reported by Bergman
and Frisch in the mid 1960s as a possible catétystffect the transformation af-butane to maleic

anhydride®

VPO catalysts were then investigated on othgny@rocarbons. Butadiene;butenes and-butane were
all tested for MA production, but despite all tesearch efforts to focus on 8ydrocarbons, it appeared
at that time than-butane was still uncompetitive, mainly becausehef lower yields compared to the
benzene route which was already established andeffestive. However, two important factors arose
which resulted im-butane becoming more favorable: The first factaswhe reduced costs mbutane,
due to the ready availability brought about by Buge scale exploitation of natural gas in the &lhit
States, and benzene becoming more expensive arw shee to its applications in the automobile fuels
The second factor was the environmental restrictioratmospheric benzene emissibihese factors
contributed to ¢ selective oxidation being favored as opposed tozéme oxidation and the most
favorable feed-stock for this transformation wasunfd to be n-butane as illustrated in Fig.1.2.
Productivity from n-butane is still considered alidnge, under typical industrial conditions (2 rieh-
butane in air, 673-723K, and the space velocitiel@D0-2600 H) the selectivities for fixed-bed

production are 67-75 mol% at 70-85 % n-butane cive®

VPO
I +7120, 5 CO + 4H,0

Fig. 1.2: The selective oxidation of n-butane orOvéatalysts.

In general, the production rate of a butane-basaut js 60-70% of a benzene-pldrthe utilization of a
butane based plant requires larger capital outiaysarticular for larger reactor and recovery sinithis
downfall, however, can counter balanced by thézation of other options for the VPO reactor system
The fluid bed butane-based system is one suchroptiuch offers an advantage of operation at higher
butane concentrations (up to 4%) and can thus lawiginal capital costs. Though this may become
economically beneficial, the utilization of highbutane concentrations poses problems such as low
selectivity and the inherent problems associatdfl afitrition of vanadium phosphorus oxide materials

These factors need to be overcome before this gsag#l become economically employgd.



The other interesting alternative is the DuPomgpert bed technology which uses the recirculatoligl
reactor (RSR) developed in the 90’s. This reacpmrates at lower conversions per pass and withehigh
selectivities than normally encountered in fixed fauidized-bed reactors. The DuPont-@aleic
anhydride transport bed technology employs thex@daiple concept, which according to the Mars and
van Krevelen mechanism is being utilized by most-g@lid and liquid-solid reactions. In fixed-beddan
fluidized-bed reactors oxygen (air) in excess dmdreactant are co-fed into the reactor. In thisaince
the catalyst is supposed to discriminate betweeroitidizing and the reducing environment and hence
the loss in selectivity results in an excessivediaing atmosphere leading to the formation of thimlt
oxidation product C§ which is a thermodynamically favored producttiie Dupont RSR technology,
the gaseous organic molecules are oxidized ineg, ibus reducing the catalyst. The resulting reduc
catalyst is then regenerated by air in a fluidibed-reactor before entering again the riser andatémm
the cycle (Fig.1.3.Apart from the improvement of the novel reactarstie selective oxidation of-
butane to maleic anhydride, research has also ddonis the inclusion of promoter elements into tiROV
catalysts for this reaction. The industrially emy@d VPO catalysts are usually promoted with metal
elements to improve the catalytic actiityn this study a fixed-bed reactor will be used tbe
hydrocarbon activation, therefore the differentdsrof reactors will not be discussed. But much eamjzh

will be on the inclusion of promoter elements ie PO catalysis, as that is the aim of this study.

Products
(MA + COXx)

Cyclone

- red-cat

Riser

ox-cat

Regenerator

e OX-CATE

Reactant (n-butane)

Fig.1.3: Recirculating riser reactor: The catalyatticles circulate in the riser where the reactake

place and in the fluid-bed were it is regenerateitsi oxidized and reduced states respectively.



1.5 Catalyst preparation and catalysis

The conventional ways of preparing precursors ocOWRtalysts have been by the reduction gDin
either aqueous or organic medium using either Ydrdchloric acid digestion method or usiigp-
butanol oriso-butanol-benzyl alcohol mixtures as the reducingrag, followed by the addition of a
stoichiometric amount of-H3PO, according to the required P/V molar ratios. Theepttoute that has
been followed previously is the reduction of VOFBI,0 in organic solvents, typicaligo-butanol. The
VPO catalysts are then prepared by the thermaladatjon of this precursor, vanadyl hydrogen
phosphate hemihydrate, VOHP@5H,O. The performance of a VPO catalyst mainly depamd§) the
method of precursor synthesis (reducing agents/ents, synthesis temperature and duration) (ii)
Methods used for activation and conditioning of finecursor at high temperature, and (iii) the retfr

metal promoters.

1.5.1 The synthesis of VOHRO.5H,0

A general agreement exists in the literature réggrthe important parameters to be consideredHher t
synthesis of an optimum VPO catalysts. The follaiave been reportéd.

i. The synthesis of a microcrystalline vanadyl hydrogghosphohemi-hydrate precursor in an
alcohol medium preferentially exposing the bas@llj(planes and,
ii. A slight excess of phosphorus with respect to ktoimetry known to bind strongly to the surface

and not easily removed by simple washings of tieeumsor in polar solvents.

The most important methods for the preparatiorhefwanadyl phosphohemi-hydrate precursor include

the following:

Preparation in an aqueous medium, (hydrochlorid dajestion method) whereby the \(e.g. \4Os)
species is reduced to*Vin the presence of aqueous hydrochloric acid esttiPQ, followed by
evaporation of the solvent to drynéss.

i. Vy0s+ 2NH,OH-HCI + 2HPO, 2VOHPQ 0.5H,0 + N, + 2HCI + 4HO

The synthesis can also be carried out in an orgamidium, in this method the®V compounds are

reduced by an anhydrous alcohol, followed by thditawh of anhydrousrtho-phosphoric acid dissolved



in the same alcohol, followed by the precipitatidrVOHPQ, 0.5H,0.1% *?

ii. V,0s+ EtCHOHMe + 2HPO, 2VOHPQ 0.5H,0 + EtCOMe + 2HO

The third method utilizes water as a solvent tddytee \P* orthophosphate dihydrate [VOR2H,0],
which is then reduced to the hemi-hydrate in arsgpatep.

ii. V,0s+ 2H;PO, + H,O 2VOPQ 2H,O + H,0
2VOPQ, 2H,0 + EtCHOHMe  2VOHPQ 0.5H,0 + EtCOMe + 2H

The organic synthesis route produces the mosteaend selective catalysts relative to the aqueous
preparations because of the higher surface are@msnet in the former preparation. All of the three
methods lead to various hydrated vanadyl(IV) hydroghosphate phases, VOHR®1,0 (n = 0.5, 1, 2,

3, 4) which are all VPO precursors. Among all thesecursors, the precursor with n = 0.5 produces th
best VPO precursor farbutane to maleic anhydride transformatiddeveral reducing agents have also
been used in the preparation of VPO catalysts. & medude NHOH.HCI, N,H,4.2HCI, ethylene glycol,
glycerol, metallic tungsten and mixtures of HCI aldC,O,. Some patents also propose that the
phosphorus component be added as a mixture of pbhdspand phosphorus acids, while other patents
claim the advantages of using organic solventsraddcing agents. Surface area improvements in the
range of (10-30fy™") have been reported for catalysts preparéscdiutanol using anhydrous HCI (g) as

a reducing agerthese were characterized by an average oxidative sf ~ 4.% High surface areas have
also been reported when mixturedsafbutanol/benzyl alcohol were used as reducing agamd solvent,
but, although high surface areas are reported ft@muse of many organic reagents, improved catalyti
activity does not always follow. When methanol, taxcacid or THF were used, increased surface areas
were observed but, contrary teo-butanol, higher reaction temperatures by 5F@0were required to
achieve equivalent activities and selectivities revbough BET surface areas were simifaThe
importance of filtering the vanadium solution bef@ddition of the phosphorus component, in order to
remove unreacted vanadia particles greater thash @@ in diameter, whenso-butanol is used as a
reducing agent and solvent has also been repYrkéutchings and Higgirs reported the presence of
VO(H,PQ,) when they prepared catalysts (P:V = 1.2:1) byHia# digestion method utilizing water as a
solvent. They also reported a detrimental effeetifced surface areas) associated with this compound
but they further concluded that the same compowuddcbe effectively removed by treating the once
dried precursor in boiling water or extracting itttwdi-methyl sulphoxide at 76C and filtering the
resulting slurries hot. The different methods régarabove play an important role in controlling the

morphology of the catalysts. The morphology of phecursors made by the organic route depends on the



(a) the nature of solvent and reducing agent, t{b) gynthesis P/V ratio, and (c) the amount of water

present during synthesi$These factors will be elaborated briefly below.

1.5.2 Factors influencing the morphology of thecprsors made by the organic route:

a. The nature of the solvent and reducing agents

The morphology of the catalyst can be varied byittrduction of different solvents at a constant,P
e.g. P/V =1.0. A series of vanadium alkoxy phospbtatan be achieved by the use of straight alcohols
and branched chain alcohols leading to various hmlggies of (VO)H,P,Os. During VOPQ 2H,0
reflux iniso-butanol (VPD route of synthesis), a rosette-tymephology of (VO}H,P,O4 was achieved;
reflux in secondary-butanol, tertiary butanol oneaetol resulted in the formation of non-agglomerated
platelets of (VOH4P.0o, whereas mixtures ofso-butanol/benzyl alcohols favor the rosette-type
morphology with more agglomerated platelets retatio pureiso-butanol* When the conventional
hydrochloric acid digestion method was used, whi€éis used as a reducing agent, a significant arnou
of water is produced in the system and this requsmvent removal to almost dryness by evaporaton
enable the formation of the precursor crystallitestthermore, when HCI and oxalic acid are used as
reducing agents a higher activation temperaturegsired relative to what would be utilized foralgsts
prepared in the presenceisf-butanol as a reducing agent. For methanol, aeetit or THF, 50-9GC
higher reaction temperatures are needed to achmwparable selectivities and activities relativasts

butanol/benzyl alcohol mixtures.

b. The synthesis P/V ratio

Phosphorus to vanadium ratio in excess of stoicktom is easily accommodated in the
VOHPQ, 0.5H,0, precursor fon-butane activation to maleic anhydride. The maipantance of excess
phosphorus in these catalysts is to stabilize tHevalency relative to ¥ and to prevent possible over-
oxidation during the hydrocarbon activatibi An acceptable P/V ratio for VPO catalysts is betmwé.0
and 1.2. Ratios of P/V greater than P/V=2, leathtoformation of trace amounts of an impurity phase
[VO(H,PQOy,),] which can be observed in the X-ray diffractioritpens. The presence of this phase was
confirmed by X-ray line broadening, decrease irfiaggr area and a change of platelet morphology &tom
distinct morphology of thin platelets randomly agggted into non-uniformly sized clumps. P/V rato i
an important factor in determining the redox prdipsr of the catalyst, i.e. the reducibility and the
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oxidizability of the catalysts; the phase compositand the distribution of vanadium oxidation state
the catalysts. Different phase compositions canltrdsllowing transformation depending on different
P/V ratios. Further elaboration on the phase coitipos will be dealt with under activation conditig

c. The amount of water present during the synthesis

The presence of water during the synthesis of VIR&yssors is accompanied by detrimental effects
affecting the surface area and hence the catagtivity. Most authors in the open literature repbe
addition of tetra ethyl orthosilicate (TEOS) duripgecursor synthesis to consume, by hydrolysis, the
water produced as a by-product of the reaction éeta-H;PO, and \4Os."’

1.5.3 The mechanism of VOHRO.5H,0 formation

The mechanism of VOHP®.5H,0 formation has been deduced from th& kéduction by alcohols.
During the oxidation of cyclobutanol as a probethie mechanism of ¥ reduction, the formation-
hydroxyaldehydes was encountered, providing evidesfca 1-electron process in this reaction. When
methyl cyclobutyl ketyl was used as a probe mokedtiwas discovered that methyl cyclobutyl ketgdswv
10" times less active than cyclobutanol giving a cladication of the importance of the hydroxyl band

the process. The formation of ROV(QKDH,).>" (n = 1,2,3,4), an ester of vanadic acid, intermedi
suggests that OH bond breaking occurs either pgolor during the rate determining step. The
spontaneous formation of vanadate esters was egpbyt Tracey and Gresser and was observed in the V
NMR spectra at pH = 7-11 and a temperature of 398 1€ vanadate ester was found to occur as the
tetrahedral monoprotonated anion (H¥{) diprotonared anion ()¥O,) denoted as ¥ dimeric
(HOsVOVO3H?) and the tetrameric (N,0.4") species. Gresset al'® reported the formation of mixed
anhydrides of vanadate with phosphates; these eanohsidered to be the molecular precursors of
vanadium phosphate phases. These vanadate estgph@sphovanadates may aid in théréduction by

these possible routes:

1 Redox decomposition of the monoalkyl ester of moadovanadate generating a free
radical species.

2 Redox decomposition of monoalkyl ester of dimeaoadate, accompanied by two successive
one-electron transfers.

3 Redox decomposition of monoalkyl esters of phophadate, [ROV'0,-O-PQH]* leading to
the formation of [V*O(H,0),OPQH] species, a precursor to the formation of VOHPGH,O.
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1.6 Thermal activation of VOHPO, 0.5H,0

During thermal transformation of a VOHRQ.5H,O precursor, several critical factors, e.g. time,
temperature and atmosphere of activation; morplyotdga precursor phase; P/V ratio; and the presence
of defects in structure play an important role @edlmining the final properties of a VPO catalyidte
transformation of a precursor phase can be effegtiactivated under inert or oxidizing atmospheres
followed by the introduction of a hydrocarbon-airixtare. Activation under inert conditions at
temperatures > 673K leads to the formation of algawystalline (VOYP,0; with little formation of \?*
species following the introduction afi-butane-air mixture. Calcinations in air are catrieut at
temperatures less than 673K to give mixtures of JpP@; and \** species, these species are reported to
form high activity catalysts with low selectivitywards maleic anhydrid@ Transformations in n-butane-
air mixtures lead to complete transformation of ffrecursor into -VOPQ, and (VO)P,O;. These

transformations are illustrated in Fig.1.4.
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Fig. 1.4: Phase transformation in the VPO systerveRsible redox transformations (top) are separated

from irreversible dehydrations (bottof?).
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This transformation has been reported to procesaligih the preservation of V-O-P connectivity, i.e.
topotactically, with the precursor morphology benetgained following transformation. X-ray diffragti
revealed the broadening of the interlayer spac#ftgations of (001) relative to the in-plane (130)
reflection in the precursor, the same trend wasmiesl in the X-ray diffractogram of the catalysts
activated under nitrogen atmosphere, where broadesfithe interlayer spacing reflections of theQR0

plane relative to the (024) reflection was obtaiffedorardi et al

explained this topotactic
transformation according to the phosphorus invarsiechanism. In this mechanism, the formation of
edge-sharing vanadyl dimers occurs as a resutissfdf coordinated water. Following this, theseadyh
dimers rearrange from a shared edge to a paralgement of V=0 bonds as a result of a concorhinan
decrease in the d-spacing. This rearrangement teadlsout 12% expansion of tladattice parameter,
followed by proton transfer from half of the [HEQgroups yielding [P and [HO-PQj] entities.
Subsequently water is lost from the latter unilevéihg full condensation of the layers into a three
dimensional network. A displacement of one of thatdms in a pair along theaxis toward an apical
oxygen atom enables the connection of adjacentdayfethe square pyramidal \{@airs, creating edge-
sharing vanadyl dimers with mansarrangement of the vanadyl oxygen along ¢kexis through the
plane of the three basal oxygen atoms bondind®®d unit located near the original layér.

Activation in a hydrocarbon-air mixture has proveeneficial in modifying the redox properties of a

catalyst. Sobaliket al??

studied the ability of a VPO system to changeeitgiilibrium solid-state
properties as a function of reaction conditions.e Téffect of different reaction atmospheres and
temperatures on the average oxidation state ofdvamawas further illustrated by Taufig-Yap and Saw
where they studied the variation of the averagéation state for catalysts with P/V ratios of 11023
during activation under 1% 1-butene-air flow. Thermge oxidation state of 4+ was found to increase

with temperature to ~ 4.2+.

However when the same catalyst was subjected to atbivation procedures in air, a mixture of the
phase and -VOPQ, was formed with an average oxidation state of 4which decreased to 4.2+
following introduction of the hydrocarbon-air mixeuat 430°C. The introduction of the hydrocarbon-air

mixture to a previously calcined catalyst functidiescondition the catalyst leading to an improved
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crystallinity, increased surface area and the réoluof \V'species in the presence of n-butane improving
the activity of the catalyst. The presence ofsgecies in the catalyst leads to an active butdekstive
catalyst; therefore a conditioning procedure isuinegl for a catalyst with an optimum behavior. The
steady state performance of a catalyst can benltaifter ~ 10 days on-stream. After this ticae 15A

of an amorphous layer covering the surface of @ [@ane disappears, aftea 23 days on stream the
200 plane of (VOP,0; extends to the last surface layer in the equildatdconditioned) catalyst and this
ordering of the (VOP,0; leads to a much higher steady state selectivitgdleic anhydridé’

1.7 The role played by metal elements in VPO catalys

Over the years academic and industrial researcHdrased on the inclusion of metal elements in the
VPO formulations with the aim of improving the dste performance. A wide variety of metal elements
have been tested for the VPO system; the alk#édiliab earth metals and the transition metals ten
investigated to determine their influence on thalgdc properties e.g. Lewis acidity and the redox
properties (V'/V>* balance). It has been reported in the literathe¢ these metal promoters may affect
either the structure or the electronic propertieshe catalyst during activation to act as struatwor
electronic promoters. A promoting element may beotluced in various ways to the VPO catalyst,
whereby it can be added as a metal or as thefdhk onetal under study, within the levels of 0®25-wt.

% corresponding to surface coverage of 0.1-0.2 rétieal mono-layer$> At the level below the
theoretical monolayer [~ 2-3 wt. %] the promotidgneent may dissolve within the VPO lattice, forming
a two dimensional surface oxide over-layer, thisniginly achieved when soluble promoter salts are
introduced directly during VOHPM.5H,0 synthesis. At higher loadings (>3wt. %) the fotioma of

promoter-containing bulk phases, such as oxidghosphates occurs.

Although the exact role being played by promotarthis system is still poorly understood, from poerg

studies the following possibilities can be deduced:

i. To control the morphology, whereby there might beaamsformation from a rhomboid platelet
structure to agglomerated rosettes, or even thectieth in the FHWM of the platelets.

ii. To control the phase composition*{®),P,0; vs. VV*OPQ,

iii. Modification of the elemental compositions (P/V)hath the surface and the bulk.

iv. To control the redox properties, as well as motlifyV*/V>* ratio of the catalyst.

v. Improved surface areas with respect to the unpredncatalyst.



Furthermore, different methods can be used to dofre the metal elements into the VPO system,

depending on the preferred location of the prongoéilement (surface or bulk).

i. During the precursor synthesis together witdyando-HsP Oy,

ii. Impregnation of the precursor prior to thermal\aation.

iii. Impregnation into a VPO catalyst following therrtrainsformation.
These metal elements, once present in the catalystexist in four types of phases, metallic, ntietal
oxide, metal phosphate and bimetallic phospffaliehas been reported that when alkaline-earth Isieta
are used as promoters, the formation of bi-metalsphates, such as M(VEP}O; and MVOPQ may
take place with the metal being distributed in &mepty channels of pyrophosphate of orthophosphate
networks?’ Zazhigalovet al?® studied the alkali and the alkaline earth metal¥PO catalysts towards
the partial oxidation of-butane to maleic anhydride. They studied the ipo@tion of metals such as
Na, K, Cs, Be, Mg, Ca, and Ba. In their study Zgahiv et al?® found a decrease in the binding energy
(BE) of Ols — electrons in the promoted catalyttis, provided evidence of the increase of the negat
charge on oxygen atoms, corresponding to the iserefithe basicity of the surface and this washéurt
confirmed by the adsorption of GOn the promoted catalysts relative to the pure nampted catalysts.
As an illustration, Zazhigalov’s finding is includi@s a plot showing the amount of £&Xdsorbed on the
alkaline-earth metal promoted catalysts as a fanati the binding energy of O 1s — photoelectrdfig (
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Surface phosphorus enrichment was also observeitheipe catalysts. However, this enrichment of
phosphorus occurred at the expense of outwardsitffiuof over-stoichiometric phosphorus in the gelle
moreover this increase of phosphorus concentratiothe surface appears to be accompanied by surface
oxygen enrichment leading to an increase in oxylggsicity. Therefore the modification of the acidic
properties of the catalyst is established, inflirgdoth the activity and the selectivity of thatalysts™

Metals such as Na, K, and Cs were found to incrdaseate oh-butane oxidation, whereas Mg, Ba, and
Ca improved the selectivity towards maleic anhyalrid low metal concentrations e.g. (M/V = 0.02).
Several other authors have studied the effectamisttion metals in VPO formulatioR%.2* *® “A wide
range of transition metals which have been invastig) include Bi, Co, Cr, Fe, Ga, In, Mo, Nb, Pd, Ru
Sh, Th, Zn, and Zr. Some metal elements provedte promotional effects, while others did not displ
any promotional effects in the VPO formulationseThost common effect, which most of these elements
induce, is an increase in surface areas in the gemhcatalysts relative to the un-promoted catslgad

this is often associated with improved catalytitivdty.

Zazhigalovet al? studied the performance of a Bi-promoted VPO gatat a Bi/V loading of 0.1. In
their study they reported an increase in the sarfdwsphate concentration, which enhanced thetycidi
and the strength of acid sites, improving perforoeaaof the catalyst, and hence the selectivity tteima

anhydride. Habeet al*®

studied the effect of bismuth on VPO catalystsythsed three different routes
for the preparation of the promoted catalysts. dtalysts were prepared by mixing of VPO precursors
with Bi,Os; or BiPQ, powder (grinding in agate mortar), by mechanockammixing and during the
synthesis of the precursor. The properties of @mcbVOHPQ 0.5H,0 were not affected by the mere
mixing of the precursor and the bismuth powderss Was revealed by XRD and XPS studies whereby
the bismuth compounds remained unchangef):8ind BiPQ, after mixing. In the second method they
introduced bismuth into the catalyst during thetlsgais of the catalyst precursor, and they fouatl tthis
method resulted in a slight decrease of the surfaea but the intensity of the (001) plane of
VOHPQ, 0.5H,0 and the surface phosphorus concentration wegbtislienhanced. The third method is
the mechanochemical treatment which was also féaridcrease the 0.57 nm intensity line in the XRD
patterns, testifying to a relative growth of th@1Pplane in the precursor, a plane known to tapimtally
transform to the (200) plane of the vanadyl pyrguiate associated with the catalytic activity iarth
butane to maleic anhydride selective oxidation. Eesv, relative to the two methods mentioned above,
this method resulted in an increase in the suréaea, this being confirmed by a decrease in thi pla
thickness of the precursor. In the mechanochemieatment, the morphology of the catalyst is aéfdct
by the presence of the finely dispersed bismutkhdtuld also be noted that the introduction of litm



increases the number of acidic surface centresrendumber of strong acid centres, mainly the leshs

acid sites available as (P-OH), hence improvingstectivity towards maleic anhydride.

Gallium doped catalysts resulted in an improvedlgit behavior, due in part to the improved suefac
area. A surface area of 25gil was reported for the Ga-VPO when compared td@'rim the undoped
catalyst. This metal, like other doping metals, ifiesl the morphology of the catalysts from stacked
platelet to agglomerated rosettes as indicatedhkeydominant (220) reflection relative to the (001)
reflection of the precursor. Gallium was found te bniformly distributed within the hemi-hydrate
structure, furthermore at higher loading Gaf@®med and this compound was reported to be detriah

to the catalytic performance of the catafysthe structure of gallium in the precursor was fotmde
octahedral, having six oxygen atoms as neighboatmns. By considering the crystal structure of
VOHPQ, 0.5H,0, the only species that have an octahedral cavatidn are the {/ ions. From these
observations it can be inferred that®Gians preferentially substitute for*t/in the Ga-doped precursor.
Contrary to this, gallium was found in a tetrahéd@ordination in the tested catalysts, suggestiag
during activation GH tends to be redistributed from octahedral to tetasl coordinated sites or maybe

even surface segregated as GaPO

Volta et al?® further confirmed the co-ordination existence ofligan in VPO catalysts by electrical
conductivity measurements. They observed a shacpedse in the electrical conductivity during the
reduction cycle of pura-butane for both the 1% Ga-doped and the undopadlysts, which reveals that
both catalysts are p-type semiconductors. The aatfithe 1%-Ga-doped catalyst as a p-type semi-
conductor lies solely on the compensating effeqalfium on the initial p-type semi-conductivity tfe
pyrophosphate. Hence, at 1% loading, gallium effebt acts as an n-type semi-conductor providing
more electrons for conduction purposes, countergqcome of the majority charge carriers in thepety
semi conducting pyrophosphate. This means thatdardor gallium to act as n-type dopant,*Gaust
substitute onto a site with a valence less thamrgthe only probable site in the pyrophosphath wit
valence less than 3+ is the vanadyl cation &’@)the (VO}P,O, The radius of the site resulting from a
(VO)* vacancy isrvo)’” = 0.195 nm, and since the radius for’Gar = 0.062 nm, the substitution of
gallium into the vanadyl cation entities will bdatévely easy in terms of the relative size of tagions.

In their conclusions, Volta and his associates kmsd that gallium at 1% loading improved the
performance of the catalysts as compared to thepewicatalysts, whereas at 5% loading it resutted i
deleterious effects due the formation of GaR®higher loading as evidenced by the XRD patteis

these catalysts.
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Platinum has been incorporated into the layered \fif€xursor as HPtCk for the hydrogenation of
nitrobenzene to aniline and the oxidation of THFtbutyrolactone. Platinum was incorporated using
both the aqueous and the organic preparation metfidee aqueous method resulted in the formation of
V*#-V>* dimers with an average oxidation state of +4.6&tifum in this catalyst was found to exist as
P£* and the formation of a hydrogen insertion compoures been demonstrat®dThe organic
preparation, however, resulted in bottf*Pand metallic platinum. The catalytic hydrogenatiand
oxidation test reactions resulted in a lower cosiger of the feed relative to Pt/C. The lower cosi@r
was more apparent in the VPO-Pt (prepared by theaes routegnd this low conversion could be
attributed to the lower reducibility of the incorpted platinum. The relatively higher reactivity the
VPO-Pt (prepared by the organic route) can bebatiid to the presence of metallic Pt in the samiple.
has been reported that the homogeneously catalgxigthtion of THF by Pt salts eliminates the
induction period and that metallic Pt enhancesréite of oxidation. However, in the hydrogenation an

oxidation reactions Dattat al*

reported that these platinum incorporated catalgigtsnot show any
activity, but do hold a strong promise as novekhmieneous catalysts for other oxidation and réotuct

reactions.

Chromium was chosen and studied as a VPO catalgsiqter, due to its size, electronegativity, “d”
character and multiple oxidation states suitableédify the catalytic behavior of the catalyst. Lmando

et al®!

reported a surface area improvement with chromagidition, as well as the modification in the
texture of the catalysts. Although a higher surface was reported, there was no evidence of etioel
between surface area and the catalyst loading.tingeerature programmed reduction of the catalysts
revealed the presence of isolatetl $pecies and some’Vcontaining phases. The acetonitrile adsorption
method revealed the presence of strong Lewis asitis, which were most apparent in the impregnated
catalysts. An optimum concentration was thus eistaddl for these catalysts, indicating an optimum
balance between acid site abundance and redox Bitesermore, Lombardet al! * deduced that the
increase in the activity of these catalysts isamdy attributable to an increase in the surface agwas
reported by Hutchinget al™® They acknowledge an improved surface area witho&aing and also
conclude that, if they had not investigated différ€r-loading they might have come to the same

conclusion

Molybdenum catalysts were synthesized, either yrémnation or co-precipitation in different loadéng
by Irusta and co-workef8.The temperature programmed reduction of thesdystgandicated only the
presence of the vanadyl pyrophosphate phase ahthéheeducibility of the catalysts was not affecby

the introduction of molybdenum in these cataly$tse temperature programmed reduction data of these
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catalysts demonstrated a reduction peak at’@5@haracteristic of ¥ to V¥ reduction. The FTIR band
corresponding to V=0 did not shift as it would shkiouhere be an incorporation of the more
electronegative elements in the VPO lattice. Stmad¢tchanges were only apparent in the Mo-VPO
catalysts prepared by co-precipitation, within thege 1% Mo-VPO to 5% Mo-VPO. The catalysts
which were prepared by this kind of method resulted decrease of the yield relative to the catalys
prepared by the impregnation method which impra¥edyield. The improved yield in the impregnated
analogues corresponds to the presence of stronig lagidic sites on the surface of these catalysts.

Niobium promoted catalysts, prepared by doping W@lysts with NbPO, proved to be beneficial by
improving the time needed to reach the steady,stdteeh was only 40 hours on stream relative to 120
hours on stream for the un-promoted catalysts. Aibbium promoted catalysts led to the formation of
different structural changes (“entangled” VOHRIBH,O, VOHPQ 0.5H,0 “sand roses”, and large
particles of NbPO were observed in these catalydtg)bium acted as a structural promoter in this
instance improving both the conversionrtdbutane and the selectivity to maleic anhydrfiti¥olta et
al.?® studied the effect of niobium on these catalystsnfidd oxidation ofn-butane. In their study; they
reported a promotional catalytic effect of nobiulmogphate. They reported the development of strong
Lewis acid sites associated with the formation olids solutions of the type, (MNbO).(P.O7)1.x
(POy), It was also discovered that constitutional watelecules were lost at 41°€ in the VNbPO
relative to 435C in the unpromoted VPO catalysts. The formatioW Bfentities attributed to either™V
species or ¥ microdomains and the V> dimers was apparent in the VNbPO catalysts. Htedtr
conductivity measurements revealed the dissolutibiNb™ in the (VOYP,0; lattice. The electrical
conductivity measurements also revealed that dopjngiobium results in the formation of n-type semi
conducting properties in these catalysts. The e-typping by Nb can thus be explained in terms of a
substitution of " by NB°* in (VO)?* according to the scheme: [(VA)O;] + [Nb®>]  V1.,NbO.P,07.y,

this being made possible by the similar ionic raflihe corresponding cations: Ni= 6.4 x 1& nm, V**

= 5.8 x 10 nm. Furthermore, it was reported that Niobiumdarfd in close proximity to the vanadyl
pyrophosphate, located near a positive hole fatiig C-H bond breaking by surface €pecies.
Although VNbPO catalysts proved to be beneficial febutane activation, the selectivity to maleic

anhydride did not follow; only the GALO product distribution was modifi€d.

The other metal of interest which has been studietproved to have positive promotional effectsliier
partial oxidation of n-butane to maleic anhydride\MPO catalysts is cobalt. Zazhigaiband co-workers
disclosed that cobalt added in its metallic fornmthe VPO catalysts modifies the redox propertiea of
VPO catalyst, improving desorption of maleic anligerfrom the catalyst surface, hence the improved
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yield in the product using the Co-promoted VPO lyata. Volta® also studied the incorporation of
metallic cobalt into the VPO lattice, where he fduhat the transformation of the precursor into the
active phase was delayed, leading to an enhanceshém structural disorder in the inorganic latiat
lower temperatures, stabilizing the amorphous VIR&sp, leading to a higher selectivity when compared
to the undoped catalysts. Cobalt has also beenteghto enhance the surface phosphorus enrichment,
modifying the surface acidity of the catalyst bgrigasing the concentration of the strong lewisiacid

sites®

The effect of Co and Fe on VPO catalysts has beetesl in detail by several authors. Hutchiegsl *°
studied the influence of Co- and Fe-doped cataliysterporated during the precursor synthesis. They
observed that cobalt formed solid solutions wittiie VOHPQ 0.5H,0 matrix, but following thermal
transformation they established that cobalt waslifde in the (VO)P,O; matrix and that it migrated to
the V**-V>* disordered phase during thermal transformatiorhefprecursor. It was proposed from these
observations that cobalt present on the surfacetiims as a promoter for the disordered VPO phases,
giving an indication of the importance of the didened phases in the selective oxidatiom-tiutane to
maleic anhydride on VPO catalysts. The selectitotynaleic anhydride was reported to be 63 mol% on
the cobalt promoted catalyst and only 50 mol% wegorted on the un-promoted catalysts at 25%
conversior?’

In further studies, Co- and Fe-promoted catalysteehbeen tested as a comparative study, and in this
study 5% loading of cobalt was reported to resulthe formation of cobalt phosphate present as a
separate phase as was seen by the XRD patterhg ahtalysts. This resulted in a decrease in maleic
anhydride selectivity, thus affecting the promotibeffect. In the iron promoted catalysts, the XRD
patterns of the precursor revealed a decreaseeimethtive intensity of the (001) plane relativethe
(220) plane. This is a characteristic pattern olesrfor the catalysts prepared by the reductiothef
VOPOQ, 2H,0 in iso-butanol (VPD synthesis). These catalysts also sdoavslight formation of the %/
phases as determined by the solid stR®NMR giving a signal at 0 ppm and 1625 ppm, charatic of
phosphorus in the vicinity of ¥and V* respectively. The iron promoted catalysts, unlite cobalt
promoted catalysts, was found to have dissolvedimthe VPO matrix and forming solid solutions loét
type (VO)FelP,0; acting as an electronic promoter for the (M&P,. It has also been reported that
iron may be associated with the disordered phase tteerefore can act in a similar manner as cobalt,
promoting the disordered phase. From this it caddmuced that iron’s promotional effect may be both
structural and electronic in natufeHowever, although it has been established that and cobalt

modify the properties of VPO catalysts, thus legdio improved catalytic performance, it also
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worthwhile to remember that these catalysts arengly influenced by the method of preparation.
Hutchingset al®® studied the effect of iron and cobalt using bdth ¥PO and the VPD method of
synthesis. They reported a promotional effect daset with both the metals, when the VPO method of
synthesis was being utilized. The XRD patternshaf tised catalysts revealed the presence of (200),
(024), and (032) crystal planes of the vanadyl phosphate in both the un-promoted and the promoted
catalysts. Thé'P NMR spin echo mapping of these catalysts dematestthe presence of three signals at
(i) 0 ppm (P atoms connected to th& ih the VOPQ phases); (i) at 2400 ppm (P atoms connected to
the V' in the poorly crystallized (V@P,0O; phase); and (i) in the 200-1500 ppm range (Pmato
connected to the ¥-V°* dimers in a poorly crystalline matrix). The cobaitd iron promoted catalysts
displayed similar characteristics, but crystallinitas apparent relative to the unpromoted catalyise
promoted VPD series, however, displayed ratheeuifit characteristics for the iron promoted catalys
whereby the contribution of the*tV°>" dimers was more significant (55.1%). This contiibutwas
found to be much lower in the Co-VPD and the VPEalyats (16.6% and 20.0% respectively). The
significance of the method of preparation beconpggmeent here, it is apparent that the promotioffate

of iron is significant where conversion and selatstiare concerned in the VPO series, but in thé&©VP
series the promotional effect is jeopardized by High contribution of the dimers in the absenceaof
crystallized (VO)P,0,.*’

Iron metal has also been introduced to the VPOlystain the presence of cerium, as Fe-Ce mixed
oxides. At 5% loading these catalysts increaset bw selectivity and the conversion towards maleic
anhydride in the absence of gaseous oxygen. Thibication of mixed oxides was reported to improve

the redox properties of the catalyst. Skral®

suggested that iron increases the reactivity ghllgi
selective lattice oxygen, which is being formedhia presence of cerium in these catalysts. Hutshamgl
Higgins introduced ruthenium to the VPO formulatidn the form of either oxides or nitrates. The ahet
was introduced by the addition of the salt durihg precursor synthesis together witfOyusing the
standard non-aqueous preparation method. Promatatysts were also prepared by impregnation using
the incipient wetness technique. Ruthenium has hé&kred in numerous applications as a catalyst, e
the Grubbs catalyst for olefin metathesis and thexo trinuclear ruthenium carboxylate complex foe t
oxidation of alkanes under much milder conditiohant would be achieved with other commercial
catalysts® Hutchings and Higgins selected ruthenium as aessmtative of group eight elements,
whereby they reported a significant decrease in ghimary selectivity (selectivity towards maleic

anhydride at zero n-butane conversion) towards imalehydride by promoting its over-oxidation. When
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an inlet n-butane concentration of 1-2 mol% waslu€® and C@were found to be the only significant
by-products and n-butane loss was found to bedndr and on this basis they modeled the reactiba

by the use of a simplified kinetic scheme involvimgeries-consecutive reaction scheme of pseuste fir
order reactions, where,8,0; signifies maleic anhydrid’é.

GHio ki @H:03
—_—
\‘k i/
CO+CoO

From this simplified model, assuming plug flow cdiwmhs, it is possible to calculate three factors:

The rate constant for n-butane conversion correfttedurface are&{ + k) / sa (a measure for
specific activity).

The primary selectivity &the selectivity to maleic anhydride at zero cosiar).
iii. A measure of selectivity of the catalyst: The iigiatates of oxidation ofi-butane and maleic
anhydride.

From these derivations it has been proposed thaelhtive performance of the promoted catalystshea
determined, thus an improved catalyst would reqainégh specific activity, (i.e. a high valuelaf+ k; /
sa) and a high maleic anhydride selectivity (i.bigh value of $and a low value ofs/ [k; + kj]).
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Fig.1.6: Dependence of rate constantrfdiutane oxidation on the final catalyst surfaceate
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A plot of the rate constant farbutane conversiork{ + k) versus the final surface area is shown in
Fig.1.6. From this plot, it is apparent that thedfic activities of the promoted and the un-proeabt
catalysts are relatively similar, indicating thheé tporesence of these promoters is merely assoaciated

increasing the surface area of the promoted casalys
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Fig.1.7: Dependence of rate constant for n-butad@aton on final catalyst surface area (relatiaes of

MA and n-butane oxidation}®

The extent of consecutive oxidation of maleic amtdalis given by the magnitude kfand, in general,
this is found to increase with surface area (Fi§.1Furthermore, the magnitude of Was found to be
higher than expected in the 0.03 Ru/V promotedemnitim catalyst, resulting in loss of selectivityedo

over-oxidation.

In the work reported by Hutchingst al’® only a loading of 0.03 Ru/V was studied and défer
ruthenium loadings was not reported. They thus lcoled that ruthenium does not display any
promotional effect based on the results from thapéified kinetic model. The need to investigate
different loadings of a metal dopant is necessagesit is possible that the reported loading cdwdge
been significant enough to block the active centfes (VO}P,O; on the catalyst surface. The interplay
between the promoter concentration, promoter cgeeoa the surface and the catalyst activity areiaku
aspects which need to be taken into consideratiogrevthe promoted catalysts are concerned. This is
illustrated in Fig.1.8, indicating that the pronuoial effect is highly dependent on concentration s

has been observed for numerous promoted catalysts.
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The studies of a K-promoted iron Fischer-Tropschtisgsis catalyst demonstrated that the role of
potassium in this instance is to enhance the atisnrand dissociation of C&.* This effect was found

to be concentration dependent. The concentratiqgrerdéence of a promoter element has also been
demonstrated by Campbell al*? in the cesium promoted copper catalyst for theewgas shift reaction.
The addition of cesium was found to enhance the it reaction at Cs/Cu of loading 0.04. An
experimental relationship between the catalyswigtand the promoter concentration was also oleskry

for this work, similar to the predictions made bgviker (see Figl.8).
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Fig.1.8: The effect of promoter loading and coverag the activity of a catalyst based on theorktica

calculations of Bowker for a catalyst with a sugfacea of 10 (Ag™)*

Optimum promoter coverage is established, corrgjatd an optimum catalytic activity. It is apparent
from Figure.1.8 that, when the promoter coveragefuither increased, loss of activity becomes
significant. It is assumed in the figure that tlerpoted site has four times the turnover frequesfcgn
unpromoted site. The curves of increasing actisityrespond to increasing ensembles of 2, 4, 6dgLan

affected sites around the promoter atom.
SCOPE

In an attempt to further optimize a known industgpaocess of maleic anhydride production, two
transition metals, ruthenium and iron, were studagdthe n-butane to maleic anhydride transfornmatio

while using the unpromoted VPO catalyst as a baseéference.
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Chapter 2

2.1 Crystal structure of various phases in VPO catgsts

The crystalline structure of the catalysts can éteminined through techniques such as X-ray difibact
The selectivity towards a particular compound igigen reaction is connected with the presence of a
specific compound (phase) in the catalyst. In tHeOVcatalytic system, the active phase has been
determined to be the vanadyl pyrophosphate [¢?@);] which is active for botm-butane andh-butene
oxidation to maleic anhydride.

The crystal structure of the vanadyl pyrophosphatelves chains of short and long alternating
vanadium-oxygen bonds O=V...0-V...O such that the fegmatorial corners are shared with the single

tetrahedra in the orthophosphate gP&nd the double tetrahedra in the pyrophospha@,YP

The structures of VPO catalysts are described dowprto two kinds of elementary units, a single

octahedron and a pair of octahetira.

2.1.1 Single octahedron and pairs of octahedra

In the single octahedron elementary unit, equdtooigygen shares a corner with one of the
orthophosphate groups, while the vanadyl groupsimecdche perpendicular directions. Pairs of face-
sharing octahedra are connected to corner-shatrehedra (Fig.2.1b) constituting the basic stmacaf

the vanadyl hydrogen phosphorus hemihydrate.

For pairs of octahedra, the V=0 bond in each gin ithe cis-position, with the apical oxygen frtime
water molecule being shared between the two vanadioms. The layers of (VORD are held intact by
strong hydrogen bonds between (HJP&nd the water molecule’s?

The number of orthophosphate groups which are tegan the VPO literature includes; VOREH,0,
-VOPQ,, ;-VOPQ,, and -VOPQ, among others. The coordination polyhedra in tlystal structures
of VOPQ,-2H,0, -VOPQ, ;-VOPQ, and -VOPQ, are given in Fig.2.2, while other VPO phases,
such as VOHPQO0.5H,0, VO(H,POy,), VO(PG),, (VO),P,0O;and , , and -VOPQ,are discussed in the

next section.

These orthophosphate phases consist of infiniteréagf (VOPQ) , whereby the layers are linked by

water molecules in the hydrates: with ongdHnolecule being coordinated to vanadium whilestkeond



water molecule is considered “zeolithic” (Fig.2.2@he space groups for the-VOPGQ, and the -
VOPQ, is P4 /nmm (By) and P4 / n (&); (Fig.2.2b, c) and the-VOPQ, is characterized by zig-zag
chains of octahedra found in the (010 plane), Bgdhd VQ share the same oxygen linked by O=V...O
bonds, (Fig.2.2d).

Fig.2.1: Crystal structure of (a) VOHR®@H,O; double chains are perpendicular to the figusglgyers
(010) of VOHPQ 0.5H,0 and (9) OH coordinated to P&) and @) represents the vanadyl oxygen and

OH, respectively’
VOHPQO,-:0.5H,0

The precursor fon-butane oxidation to maleic anhydride, VOHFIDGH,O (Fig.2.1b) can be obtained
through partial dehydration of VOHR@H,O (Fig.2.2a), which has a structure closely resemghihat of
vanadyl orthophosphate dihydrate (Fig.2.2a). Thecaire of VOHPQ4H,O consists of units of

alternating tetrahedra and octahedra arrangediaskde chain in one direction (Fig.2.2a).
VO(H.POy)>

The elementary units for the VO{PIO,), are diagonally linked in the (001) plane; diagotiains of O-
V-0-P-0 are formed, with each equatorial oxygethefoctahedron being shared by each tetrahedron and
four tetrahedra are bonded by two hydroxyl groufig.(2.3a). The O-V...O-V bonds are found in the
perpendicular direction parallel to the hydrogemds between the chains oLRJOH), ensuring the

stoichiometry of P/V=2 in this compound.
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Fig.2.2: Coordination octahedra around V and Péndrystal structure of:

(a) VOPQ 2H,0, (b) -VOPQ,, (c) ,-VOPQ,, (d) -VOPQ,. Legend: () V; (o) P; (O) oxygen; ¢)
vanadyl oxygen:;2) OH, free or coordinated to V.

VO(PO)

The structure of vanadyl metaphosphate is givefigr2.3b, in this structure chains of distortechbetdra
[O=V...0=V] and chains of corner sharing (-RIDgroups run parallel to each other. Furthermshart
bonds of V=0 have also been observed in the U\épitra’®

Fig.2.3: Crystal structure of (a) VO§PQO,),: (b) VO(PQ),*
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(VO).P,0O;

The framework for the vanadyl pyrophosphate stmgctonsist of sheets of edge-sharings\é0tahedra,
with trans-V=0 bonds linked in an equatorial pasitito the PQterahedra (Fig.2.4a). The sheets are
stacked upon each other forming double columnsisibded VQ parallel to the bent pyrophosphate
groups (Fig.2.4b).

When calculations of the bond strength for the dghayrophosphate were performed using Brown’s

method: the four crystallographic sites occupied by vanati corresponding to four oxidation states

ranging from +3.69 to +4.44, could be determineat. €ach pair of edge sharing-octahedra, four redox
couples are found within the crystalline matrix.

AN S@ QIJK
Vg A ;b 0" \b\
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4 /R X g (view along {021})

Fig.2.4: Crystal structure of (V@,0,.*® (a) (100) plane; (b) (001) plafe.

VOPQO,

A structural model for -VOPQ, and -VOPQ, has been proposed based on the structure of VQAsO

according to the stoichiometry and the geometacalngement of Vgbctahedra and PQetrahedra.

Each pair of edge-sharing ¥@ composed of V=0 bonds in transposition, theiygen is uni-
coordinated and each opposite oxygen is sharedani¢hrahedron of the upper or lower sheet as shown
in Fig.2.5. The relative organization of the laygiges rise to the differences observed in théOPQO,

and -VOPQ, "



Fig.2.5: The hypothetic framework ofVOPOQ,. (a) (010) plane; (b) (100) plane.

2.2.2 The mechanism of reduction of the , and -VOPQ, phases
-VOPQO,

The reduction of -VOPQ,and -VOPQ, proceeds via the crystallographic sheer plane nmsima(CS)
found in ReQ@type oxides. This mechanism has been found asrheone capable of explaining the
same behavior of the- and -VOPOQ,. In the CS mechanism, the initial step is theuditbn of oxygen

vacancies followed by their aggregation into plagiaks forming elements of shear planes.

For cooperative diffusion of these vacancies alangiven direction the resulting CS planes will be

ordered, resulting in the formation of definiteustures and not extended defects. The cooperative
movement of VQin the? direction of the (001)-VOPO,results in the edge-sharing position, where the
V=0 bonds are already in the trans-position andRRg groups rotate to fuse as the pyrophosphate
groups in the upper sheets as well as in the Ighveets (Fig.2.6a).

-VOPG,

The same cooperative movement of M®encountered but occurs along the {211} directtd the (201)
-VOPQ, cleavageplane perpendicular to the V=0 bonds (Fig.2.6bbSlof (001) -VOPO, and (201)
-VOPQ, closely resemble the (100) plane of (VBD;, A crystallographienismatch of 2 and 3% has

been reported for-VOPQ,and -VOPQ,, respectively.
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- VOPQ,

The CS mechanism is not considered in the reductiorVOPQ, to (VO),P,0; the transformation for
this compound proceeds via the gliding mechanishe §mall displacements of the atoms lying in the
(010) planes result in their connections to the §@ups as well as the formation of Yairs®

X

AT A
XD
NV NV
<]

\-

Fig.2.6: Reduction of VOP{to (100) (VO)P,0O; by the CS mechanism. (a) (00EWVOPQ;: sharing of
VOg octahedra in the {100} direction; (b) (201)VOPQ,: sharing of VQ in the {211} direction. Double

circles correspond to V-O-P bonds to be broken.
2.2 Models for the active sites for n-butane transifmation on VPO catalysts

The existence of various*Vand \* species, and (V@,0; has been reported in the VPO literature.
These phases are known to interconvert dependirsgeeral factors such as the redox propertieseof th
reaction stream, the time of activation, as wellttees temperature of reaction. The existence ofethes
phases can be in either crystalline or amorphaaig stepending on the conditioning procedure or the
degree of catalyst equilibration. The solid-stakemistry of the VPO catalysts is considered very
complex and this has led to a number of possibtevea@nd selective phases being reported in the

literature.
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Several authors have suggested models for theeaatid selective phases for the VPO catafyst¥
Bordes explained the model of a non-equilibrate®\datalyst. In this model, the active sites invdive
the n-butane to maleic anhydride transformation are dbainthe interface between the VOR001) and
the (VORP,0; (200) planes along the (001) and the (201) plaegsectively. Volta et al also reported a
model of a non-equilibrated VPO catalyst. Conttarwhat Bordes reported, Vole al™* did not support
the association of the active sites with the iateeb between the crystalline phases. They beliatahe
active sites consist of a mixture of a well cryl&eat (V‘“O)ZPZO7 and an amorphousWOPQ, which
they interpreted as the precursor for the high tatpreb-VOPO,,

Hutchingset al? suggested the ¥7V>* couple dispersed on the surface of VPO phases(\&Q),P,0;

for the equilibrated catalysts or the " @PQ, for the non-equilibrated catalysts, as the acsite for n-
butane oxidation to maleic anhydride. The VGRB,), was also reported by Yamazee al’® as the
precursor for the active phase, whereby VE&B,), transforms to the VO(P{) phase which is less
active but displays similar capabilities as theese vanadyl pyrophosphate, (\MB)O;. However,
although Yamazoet al'® reported VO(HPQ,), as the active precursor to the active phase, previo
reports have also reported this phase as an ingphése, which can affect the catalytic performance
The presence of this impurity phase was identifigdh lower temperature water loss, which amounts to
ca. 10% by mass. The removal of this impurity resintsnproved catalytic performanca.

The necessity for a presence of a controlled amofint* phases was reported by Trified al® as the

selective phases in the presence of the active 0) as shown in Fig. 2.7 C.

The presence of the defects in structure, repdaye@ai and Koutaki$ s another possibility of the active
sites, as well as the interfaces between the VR&rocrystalline) and the well crytstalline (VB)O.

In other studie$™ the pure (VOYP,0; has been reported as the active phase since ro iotpurity
phases could be detected in these catalysts. Well arystallized (VO)P,O- the steady state was attained
following the removal of a thin layer of an amorpkolayer found on the (200) surface plane of the
(VO),P,0,. Cavani and Trifiro illustrated the four types sfrface termination of the (200) planes to
explain the models of the active phases as illtesirim Fig. 2.7:2
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(VO),P,0, (VO),P,0, (VO)LP,0,

B-, ¥-VOPO, VO(PO,),

Fig. 2.7: Models of the active sites for the vargugrophosphate according to various authors (taken
from ref. 18)'% (A) Volta et al.” (B) Yamazoeet al*°(C) Trifird et al®

Type A termination envisage the model for catalysith a P/V<1 leading to high activity but low
selectivity catalysts. This model thus presentdehmination where only vanadium species are ptesen
the surface of the catalyst. According to Ebner @hdmpson,* this type of termination is the least
probable, since excess phosphate is always requited VPO catalysts

For Type B termination every phosphate tetrahedacing up the bulk (200) plane is replaced by the
pyrophosphate groups, such that pairs of vanadykdi are separated by the pyrophosphate from other
pairs which are known to be beneficial towards mabmhydride selectivity. This, however, strongly

affects the selectivity.

In type C termination every phosphate tetrahedeminf up in the bulk (200) planes corresponds to a
surface HP@ group. The vanadyl dimers are easily accessed fitmngas phase in this type of
termination and the possible formation of tH8QPQ, can occur.

Type D termination involves the (200) surface temion with VO(PQ), when excess of phosphate is
present. This results in an overall lower catalgtitivity.



2.3 Proposed active sites for the vanadyl pyrophoblpte catalysts for maleic anhydride synthesis

Section 2.1 discussed some of the proposed modelsthie active sites during the n-butane
transformation. The models were based on the expetal data obtained by various authors. The
reported models discussed the active sites fourmbih the equilibrated and the non-equilibrated VPO
catalysts. However, other authors indicated thatkibst VPO catalysts preferentially expose the )(200
plane of the (VOP,0,,% ?* #such that the models for the hypothetical actitessneed to be associated

with this crystallographic plane.

2.3.1 Hypothetical active sites on the surfacéef(200) plane of the [(VG),0;]’

i.  Bregnsted acid sites, Probably the -POH
ii. Lewis acid sites, Probably thé"Vand V?*
ii.  One electron redox couple>WW*" and \**/v**
iv.  Two electron redox couple,™/Vv**
v.  Bridging oxygen species, V-O-V, V-O-P, P-Q-V
vi.  Terminal oxygen species’¥=0, V"' =0

vii.  Activated molecular oxygenZ-peroxo and %-superoxo species

2.3.2 The proposed roles for the hypothetical actites on the surface of the (200) plane of the
[(VO)2P,0/]

The above mentioned active sites are believed i er thetrans-oxo vanadium(lV) dimer present in
the (200) plane of the vanadyl pyrophospHat€éhe rate determining step in timebutane to maleic
anhydride transformation is the activation of thél@ethylene bonds, i.e. the removal of two methgle
hydrogen atoms in the 2- and 3-positions of n-beitdihe \V* site can effectively discriminate between
the stronger methyl C-H bonds and the methyleneldassisting in the homolytic cleavage of the ftatte

This is made possible by the lower reactivity efdf- , orbitals.

V4 CHyy — GHee + V'



Centiet al® proposed a mechanism through which tH& \éwis acid site and the bridging oxygen can
abstract two hydrogen atoms of the methylene grdrgre n-butane according to the mechanism in
Fig.2.8. This hydrogen abstraction step may bedralp according to the following steps:

CsH1o= CiHge + He, H° =+ 411kJ / mol [12]
V* + He = (VH)™, H° = -200kJ / mol [12]
-” " 0
C i 0
e e [0
u” -
o | 0 | w0
0 0
-H,0
|\ o

Fig.2.8: Mechanism of n-butane activation on (M&Xp, according to Centt al®

Centiet al® further reported that following the initial acttian of n-butane, the Bransted acid sites may
be involved in the final transformation steps. Tipsonet al* detected the Bragnsted acid sites by IR
spectroscopy, which they attributed to the P-OHugsobelonging to terminal HRGand HP,O; species.
These P-OH groups may function to facilitate theaeal of water formed during the partial oxidatioi
n-butane, to form the surface phosphate esters (B;@hereby stabilizing the reaction intermediated
preventing their desorptich.Conversely, these surface intermediates can titeildesorption of maleic

anhydride from the catalyst surface, thus prevegntiver-oxidation of this compourfd.

The activation and transformation pfoutane to 1,3-butadiene at the active sites Idcate the (200)

plane of the pyrophosphate was proposed by Grassedl?

They deduced a mechanism based on the
formation of the vanadyl dimeric clusters on th&aze, whereby each cluster is separated from ttier o
clusters by the pyrophosphate groupsH@PQH,]*. These pyrophosphate groups are the Brgnsted acid
sites participating in the overall oxidation medsanand also function as diffusion barriers preiant

over-oxidation of the surface-bound intermediatesicess oxygen from neighboring clusters.



According to Grassekt al? the four vanadium dimers within each cluster cssuae one of the four
states, $to S When molecular oxygen coordinatively adsorbs a@n uhsaturated 47 in the dimer to
form the peroxo or the superoxo speiesg&s transformed intS;. The superoxo species in thei§
responsible for hydrogen abstraction forming aaefbound hydroperoxy group. Following this, the
adjacent vandyl group simultaneously captures tky eadical to give a surface-bound alkoxy group.
This hydroperoxy group then abstracts either thaethylene or the -methylene hydrogen, forming a

metal-bound Sketaloxy or $-glycoloxy group, respectively (Fig.2.9).

- Q,_," ? o Om i! R O~ - 0 ﬁ \\\()m ,,,,,, | L O~
v, v '
O/ﬁ‘f\()”'\rh._ 0,-- O(H \Of }.-... 0/
\ 0 L% ' \ 0 ~N i

Fig. 2.9: Activation of-butane on a vanadyl dimer site in stag@&ording to Grassekit al*®

Following the steps outlined in Fig.2.9, the papétion of the Bransted acid sites;@OPQH;],% in the
acid catalyzed dehydration reaction leads to theation of 1,3-butadiene and the regeneration ®3h
state (Fig.2.10). Further oxidation of 1,3-butagi¢n maleic anhydride is explained according to the

model of Schigtt and Jargers&n.



+/

p

a Boo
- 0
Ry <0, PO, | w0~
: i v v
0’[‘]’\"0'/\."“ o~ | o™ (o
\ ) Nl \'o N
o O

OH
OH

-H* L -H,0

I\

S,
-~ i 0
Q, ‘_“\\\O,,,,,“. [ O~

iy i iial

VY WV
O/n\u/ |..- o~
\ 0 N 1

Fig. 2.10: Acid catalyzed conversion of surfacefimbletaloxy and glycoloxy intermediates to 1,3-

butadiene according to Grasselfial®®

Through the use of frontier molecular orbital the@nd extended Hickel calculations Schigtt and
Jorgersett deduced that the %0 is involved in the [2+4]-like cycloaddition of3tbutadiene in the
formation of 2,5-dihydrofuran on a vanadyl dimees®nt on the (200) plane of the (MB)D;, according

to (Fig.2.11). In this model, molecular oxygen, @his adsorbed on the adjacent vanadium atomgreith
as the '-superoxo or theperoxo species in the dimer, activates the C-Hlkinrthe 2-position of the
2,5-dihydrofuran. This leads to a hydrogen atomdfer to the peroxo species giving a surface bound
hydoperoxide group. The hydroxyl group in the hysnmxo species is then transferred to the
neighboring 2,5-dihydrofuran derivative to yiel@tB-hydroxy derivative.

Hydrogen atom transfer to the adjacent oxovanadsitm to form -butyrolactone occurs, such that
further oxidation of -butyrolactone on the 5-position, followed by dgsimm of a water molecule, leads

to maleic anhydride formation.
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Fig.2.11: Oxidation of n-butane on the (200) plahthe (VO}P,0; according to Schigtt and Jargerden

The (200) plane of the vanadyl pyrophosphate djsplaetrans-oxovanadium(lV) dimers arranged such

that the V*atoms and the apical coordination site are alwae to each other in the chain. The

comparable distance between the oxygen atoms (ZBd)he methylene H-H distance of (2.3A) allows

for contemporaneous abstraction of two methylendrdgen atoms. From these observations, Guliants

and Holme¥ proposed and studied the activation of-pBobe molecules on the cis-peroxo

oxovanadium(V) dimeric active site in Fig.2.12. Tibemation of maleic anhydride frombutane on the

cis-peroxo oxovanadium(V) dimeric active site, asdied by Guliants and Holmes indicates that the

activation step proceeds via the homolytic C-H boledvage and the formation of the 2,3-diradical (2

intermediate to form 2-butene (Fig.2.13).
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Fig. 2.12: The proposed cis-peroxo oxovanadium(¥fedic active site for n-butane oxidation to maleic

anhydride according to Guliants and Holrfies.



The olefin thus formed (2-butene) then undergods/ditoxylation by an abstraction recombination
mechanism, via the 1,4-alkenyl diradical (5), tmicout-2-ene-1,4-diol (6). The™£Os» site oxidizes but-
2-ene-1,4-diol, forming 4-hydroxy-but-2-enal (7)davi*".

The dehydration of 4-hydroxy-but-2-enal by the acef HP@ and HP,O;* groups allows the formation
of furan (9). Furan undergoes cycloaddition withgget oxygen yielding 5-hydroxy-2(5H)-furanone (11)
which is further oxidized to maleic anhydride (b3)the \?*-Os species as illustrated in Fig. 2%3.
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Fig.2.13: Proposed oxidation nfbutane to maleic anhydride over ttie-peroxo oxovanadium(V) dimer
sites present in the (200) planes of (WoXD;.”



2.4 The poly-functional nature of VPO catalysts
2.4.1: The transformation of,Cprobe molecules on VPO catalysts

The proposed reaction steps for thdbutane to maleic anhydride transformation, follogvin-butane
activation via the contemporaneous abstractionwaf methylene hydrogen atoms on ttrans-oxo
vanadium(lV) dimer present in the (200) plane of ttanadyl pyrophosphate, are given in Table.2.1.
None of these reaction intermediates are, howeletected under typical reaction conditions. Rapid
transformation of the reaction intermediates isoentered prior to desorption from the catalyst acef
Therefore, in order to detect these reaction ingelites, conditions which prevent further oxidatadn
these intermediates must be chosen.

Two factors to be considered when the reactionriméeiates are to be observed include: The use of a
highern-butane concentration (30%) and the utilizatiofiast non-equilibrium transient experiments that
are possible in a TAP reactor. The reaction inteiiates such as butenes, butadiene, and other
oxygenates similar to those observed in the pasti@ation of olefins could be observed under such
conditions.

The concentration of these by-products was repadeadcrease with oxygen concentration up to a 100%
oxygen concentration: the amount of oxygen on #ialgst surface is very important in the formatadn
by-products’ It has been observed that the highly reduced rogtde surface modifies the distribution of
the surface sites, thus limiting the rate of confiee oxidation of the reaction intermediates, lenc

allowing desorption into the gas phase.

Table.2.1: The proposed reaction steps imthetane to maleic anhydride transformation

Step Reaction

n-butane butenes Oxidative dehydrogenation

Butenes butadiene Allylic oxidation

Butadiene 2,5-dihydrofuran 1,4-oxygen insertion

2,5-dihydrofuran furan Allylic oxidation

Furan -butyrolactone Electrophilic insertion
-butyrolactone maleic anhydride Electrophilic oxygen insertion




From the TAP studies, two conclusions regardingem®n and detection of intermediates were reached
When insufficient oxygen is directed to the actites, the reaction intermediates may desorb aaul et
other sites to form other partial oxidation prodyethich can thus be detected. However, in theepies

of high oxygen concentration, onnebutane is activated it remains bound on the sartdche catalyst
and desorbs from the surface as maleic anhydride.

Relative to other catalysts (e.g. MgQOwhich can activate-butane with lower selectivity towards maleic
anhydride, VPO catalysts possesses unique feghaeallow them to perform the reaction steps given
Table.2.1 to maleic anhydride without any desorptid the reaction intermediates into the gas phase,

hence resulting in high selectivity towards maleithydride. This reaction pathway demonstrates the

poly-functional nature of the active sites foundtioa (200) plane of the VPO catalysts.

Table.2.2: The polyfunctional nature of VPO cattlys

Reaction

Probe Molecule

Product

Oxidative dehydrogenation

Isobutyric acid
Cyclohexane
Succinic anhydride

Hexahydrophthalic anhydride

Methacrylic acid
Benzene

Maleic anhydride
Phthalic anhydride

Tetrahydrophthalic anhydride

Paraffin Olefin
Allylic oxidation (H-abstraction) Olefin Diolefin
2,5-dihydrofuran Furan

Phthalic anhydride

1,4-oxygen insertion

Benzene

Naphthalene

Maleic anhydride

Naphthaquinone

Electrophilic oxygen insertion

Methacrolein

o-xylene

Mathacrylic acid

Phthalic anhydride




The poly-functional nature of the active sites viagher demonstrated by Guliants and Holfes
different G-hydrocarbons. The hydrocarbons investigated imcludnsaturated hydrocarbons, 5-
membered heterocycles, alcohols and diegjtane andrbutane. These amounted to a total of 16 probe
molecules investigated. In their study, they disred that all the £molecules could be transformed into
maleic anhydride with variable yields. From thesults, they established the ability of the VPlyats

to selectively oxidize different functionalities maaleic anhydride and hence the poly-functionalireaof

the VPO catalysts. Other examples of probe molscwtdch illustrate these characteristics are given
Table.2.2.

2.4.2 Reaction pathways of,@ G n- and cycloalkanes to maleic and phthalic anlagdrion VPO
catalysts

From the results obtained in the oxidation of déf# probe molecules over VPO catalysts, a general

reaction pathway for the transformation of paraffaver VPO catalysts can be derivéd.

The combination of acidic and oxidizing propertidthese catalysts enhances different reactioririga
to a variety of products, such that the naturehef prevailing products will depend on the kinetical
favored reaction under aerobic conditions. Two cetitipe pathways exist for ethane oxidation. Ethge
formation from oxidative dehydrogenation or thenfiation of acetic acid through direct oxidation ako
methyl group occurs on the VPO catalysts. For tRigladion of propane and isobutane, oxidative
dehydrogenation, followed by allylic oxidation atbe favored pathways, since dimerization is

thermodynamically unfavored at the activation terapaes required to activate these hydrocarbons.

In the n-butane oxidation, the formation of maleic anhydrioutweighs the formation of by-products
through other parallel reactions. This is achielgdhe available oxygen-insertion centres whiclstean
the active VPO catalysts. The parallel pathwayslioferization of the intermediate olefins lead te th
formation of carbon oxides by-products. Howevegsth parallel pathways lead to the formation of

phthalic anhydride in the partial oxidationepentane via 1,4 O-insertion on the diolefin

The selectivity to maleic anhydride when cyclo fii@aa (cyclohexane, cycloheptane, cyclooctane) are
used is affected due to the prevalence of carbadesxarising from the rapid transformation of the
diolefins to unstable oxygenated compounds whiehtlaen thermally degraded to carbon oxides at the

required activation temperatures.



2.4.3 The acidity and properties of VPO catalysts

The presence of acid centres on the surface ol/®®© catalysts have been reported to exist as the
Brognsted-type from pendant P-OH groups and the $-&ygie arising from ¥ ions’®*® Some of the
reaction transformations, e.g. skeletal isomeizatif cycloparaffins, can be explained by the preseof
these acid sites. The free P-OH have also beemtegptm play a role in the high-pressure alkylatign

benzene with propylerf& giving a similar product profile as the commetgi@mployed silica-supported
phosphoric acid catalysts.

During the partial oxidation af-pentane to phthalic anhydride, tests were caoigdo elucidate the role
played by surface acidity in VPO catalysts undexeaobic conditions. Cavani and Trififéestablished
the mechanism of the formation of as@lkyl aromatic compound (phthalic anhydride preou)y from
pentadiene. From these studies, it was establigt&dhe acid centres can dimerize, cyclize theedim
and dehydrogenate the dimer to form the correspon@is-alkyl aromatic. Following decarboxyllation
of the two carbon atoms on thegg@lkyl aromatic, the precursor towards phthalic caide could be
formed. The possible mechanism of the acid-catdlgimerization and transformation of pentadiene is
illustrated in Fig.2.8 according to Cavani and ifaif-’
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Fig.2.14: Mechanism of the acid-catalyzed dimeiiratof pentadiene and transformation to a cyclic
unsaturated g compound’



Some of the properties associated with this system

a.

The ability to undergo oxidative dehydrogenatiorpafaffins, e.g. a high selectivity to benzene
from cyclohexane, as well as the formation of olefand diolefins from paraffins is achieved (in
low selectivity, except when molecular oxygen Igrating reagent).

The presence of active sites necessary to undégjo exidation explains the high selectivity of
oxygenated compounds relative to olefins on thasaysts under oxygen rich conditions.

A certain amount of oxidized vanadium sites isessary and plays a role in the transformation
of the olefins and diolefins to oxygenated compaurdbwever, a highly oxidized surface leads
to a lower selectivity due the consecutive degiadatf these oxygenated compounds to carbon
oxides.

VPO catalysts are able to undergo reversible sfraktinter-conversions between the
(V*0),P,0; and VV*OPQ, phase$.

VPO catalysts possess acid centres to promoteadlifféransformations such as dimerization and
isomerization reactions.

Bimolecular reactions, which are not acid catalylzatidepend on the geometry of sites at which
molecules are adsorbed, can also be encounteredsu@h example is the formation of a phthalic
anhydride precursor from a pentadiene intermediate.
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CHAPTER 3

3.1 Reactor setup

The reactor set-up was carried out using a fixetl-bentinuous flow micro reactor and a gas
chromatograph for analytical and quantificationgmses. The partial pressure of 0.75% (below thefow
explosion limit)n-butane in air, was employed to avoid the poss$jbif hot-spots formation which can
render the reaction gas mixtures flammabldterature has reported the use of partial pressimwer
than 2% when fixed-bed reactors are used duringiingtane partial oxidation, a partial pressure of 4%
for the fluidized-bed reactors and percentagesenitfran 10% for the circulating fluidized-bed reast
The advantages of using a fixed-bed reactor inclodeoperation costs and a continuous operatichef

process.

The reactor set-up comprised of “Lich copper tubing feed lines and a"™liich stainless steel tubing
product lines. 1/18inch stainless steel tubing was used to sendrbdupt from the gas-sampling valve
to the GC. The flow rate of the feed-gas was cdietioby a pressure gauge, a needle valve and the
rotameter, all being mounted onto the control pafalonstant supply pressure of 100 KPa was used fo

all the catalytic runs and for calibration purposes

A 300 mm long block furnace was used to supply deang the partial oxidation gf-butane in air. The
stainless steel tubing employed after the reacts meated to 161 to prevent the condensation of the
product stream (MA) in the lines at room tempemtiihe reactor tubing had a 7 mm inner diameter and
a 10 mm outer diameter. 24 gritt carborandum powdes packed on either side of the catalyst to allow
mixing of the feed stream gases and to pre-heajdbes before they reach the catalyst bed to &low
constant temperature. Glass wool was packed oeredflde of the reactor tube to prevent particulate
matter from entering the product stream and theegatlown stream from the reactor. The temperature o
the catalyst was monitored by a thermocouple placethe outside of the reactor wall inside the &g
block. A schematic diagram of the set-up is giveRip.3.1.
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Fig.3.1: Schematic representation of the analySgatem. (Refer to the text)

3.2 The gas-sampling box

The gas-sampling box contained two Valco rotaryeslconnected to the electronic switches. These two
Valco rotary valves comprise of a 6 port rotaryveaénd a 10 port rotary valve attached to a hqdébe
as illustrated in Fig.3.2. The heater plate is icmitusly kept at a constant temperature of 1600

prevent condensation of the products from the cgactthese valves.

The gas-sampling box is connected to two GC'sfitlse GC is an isothermal Varian 3700 GC which is
employed for the separation and analysis of alfha@ramonoxide and carbon dioxide. The second GC is
Perkin Elmer XL auto system GC, which functionss&parate and analyze the hydrocarbonsre.g.
butane and maleic anhydride. The gas-sampling baogists of entrance lines (to the gas-sampling box)

and exit lines.
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Fig.3.2: The gas sampling box equipped with a & @od a 10 port rotary valve

The entrance lines include the reactor productastrand the return line from the pre-column of the
Varian 3700 GC, whereas the exit lines comprisah@sample feed to the pre-column and the feed lin
to the analytical column of the Varian 3700 GC. IBtlhe 6 port and the 10 port rotary valves are
employed with a 500L sampling loop. The 10 port rotary valve sampledhe Varian 3700 GC, whilst
the 6 port rotary valve sampled to the Perkin Elf@&. The pre-column in the Varian 3700 GC
functioned to trap all the components that aredsatiroom temperature; this was maintained at room
temperature to allow only gaseous products to frassigh to the analytical column, thereby trappitig

the other components which are solid particlesatrrtemperature e.g. maleic anhydride.

3.2.1 Operation of the gas-sampling box

The valves were operated electronically by the iRetkilmer GC. The valves were turned on
electronically utilizing pressurized air throughegsure build-up and release in the valves. Fig.3.3
illustrates the operation of the 10 port Valco rptaalve in the standby mode and the sampling mode

respectively. Helium was used as a carrier galsarvarian 3700 GC.



Valves in a stand-by mode (10 port Valco rotarywesl

The carrier gas was carried into the valves thrquamyth 7, towards port 6 and this was further cdriteo
the analytical column, followed by the detectoreThobile phase flowed in through port 4 and thein ou
of port 5, through the injector and through the-gokimn into port 9, and further out through post 8
through a restrictor (which functions to reguldie pressure in the system) and then vented ouastew

Sample from the reactor was sent out to wastevialig its flow through port 1 and the sample loop.
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WASTE + WASTE +
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Helium Helum
camer carmer
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Fig. 3.3: The 10 port valco rotary valve in thensliay mode.

Valves in a sampling mode (10 port Valco rotarywex

In this mode, the valve was automatically turnextklvise allowing the carrier gas to flow throughtpo
and out to waste. When the sample is being sahetdetector for analysis, the carrier gas flowsugh

port 4, then through the sample loop with the sanfpbm the reactor, enters the pre-column, the
analytical column and the detector.



The 6 port rotary valve operated the Perkin EImE&r i@ the same manner as the 10 port rotary valve

except that no pre-column is attached (Fig.3.4)eMhe 6 port rotary valve is in the sampling mtue

sample was being directed to the analytical colimthe Perkin Elmer GC.
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Fig. 3.4: The illustration of the 6 port rotary valfor the Perkin Elmer GC in the standby modetaed

sampling mode.

3.2.2 Chemicals utilized for testing and analysis

Table.3.1: The percentage purity of the chemicalllis the catalyst synthesis.

CHEMICALS % PURITY USES MOLECULAR SUPPLY
WEIGHT (g.mol%)

Butane (special gas0.75% n-butane, 195 @ | Feed gas 58.12 Afrox

mixture) balance N Calibration

Maleic anhydride >98% Calibration 98.06 Saarchem

Carbon monoxide 5% balance nitrogen Calibration 028. Afrox

Carbon dioxide 15% balance nitrogen Calibration 044, Afrox




3.3 Gas chromatography-mass spectrometry (GC-MS) atysis

A gas sample was obtained from the reactor (o&}lend analyzed via GC-MS to determine the product
composition in the sample. Comparison to the ljpdata confirmed the presence of maleic anhydride i
the sample. An Agilent 6890 series GC system; 5#t@ork mass selective detector was utilized uaing
30.0 x 250 um 25 HP-5 5% Phenyl siloxane capiltaiyumn.

3.4 Gas chromatography (GC)

Analysis and quantification ofi-butane and the other products were obtained byaitieof a flame
ionization detector (FID) GC and a thermal conditsti detector (TCD) GC for the analysis of

hydrocarbons and carbon oxides respectively. Thenpeters used are outlined in section 3.4.
3.5 Analysis of the unreacted feed gas and the re&m products

The separation of the unreacted feed, as wellasathction products, was carried out by the use ©P-
sil24CB column installed in the Perkin EImer GC.eTfroducts obtained in this study include: maleic
anhydride, propane, CO and €0he retention times of the feegtjutane) and the products are shown
in Table 3.2.

Table.3.2: Retention times of the feed-gas andumrsdhas obtained from the FID.

COMPOUND RETENTION TIMES (min)
Propane 6.2

n-butane 6.3

Maleic anhydride 17.6

The carbon oxides were separated using the carbBb4€00 column installed in a Varian 3700 GC. A

chromosorb WHPSP pre-column was installed in theavia3700 GC to separate gaseous products from
other products at room temperature, allowing omhlg tarbon oxides and air to pass through to the
analytical column and flushing all the other praguout to waste. The retention times of the carbon

oxides are shown in Table 3.3 as obtained fronthtemal conductivity detector GC.
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Table.3.3: Retention times of the carbon oxidestdagined from the TCD.

COMPOUND RETENTION TIME
Carbon monoxide 1.83
Carbon dioxide 13.36

3.6 The specifications for the columns used are tesl below.

Table.3.4: The specifications of the columns usedhe Varian 3700 and the Perkin Elmer XL auto

system GC.

SPECIFICATIONS FOR A COLUMN USED IN TMNEBRIAN 3700 ISOTHERMAL GC

Specifications Pre-column Analytical column

Support Chromosorb WHPSP CarboXen000

Dimension Length: 1m; OD: 1/8"; ID:Length: 2.5m; OD: 1/8"; ID
2.2mm 2.2mm

Maximum temperature 20-278 225C

Specifications for the column used in Berkin Elmer XL auto system GC

Coating CP-Sil 24CB

Dimensions No pre-column Length: 30; OD: 0.32mm ID
0.45mm

Maximum temperature 225C

GC parameters used for testing

1 2 4! 1 2 %4
1 2 && 34 28&
1 4 2% 25

1 1% 2*! 12 -'5&




The column temperature program for the Perkin ElKleauto system was ramped as follows: an initial
temperature of 40C was held for 8 minutes to a set point of 2@Dand heated at a rate of €.min™.
Both the carrier gas @Nand the flame gases {ldnd Q) were supplied by Afrox.

3.7 Catalyst synthesis

The catalysts were prepared according to the ocgsmivent procedure, whereby &"\species was
reduced iniso-butanol in the presence oftho-phosphoric acid to obtain the required phosphaous
vanadium mole ratio. Following the synthesis, tlesuiting blue solid was recovered by vacuum
filtration, washed, dried and activated under aastr of nitrogen at 458G for 6 hours (Fig.3.5). The
promoted catalysts were prepared in a similar mariie promoter salts were added during the fiegh s
of the synthesis (see Fig.3.5) to obtain the regumetal to vanadium mole ratio. The chemicals dsed
the synthesis and their purity are given in Tabte.3

V5,05 + 0-H3PO,4

1. Reflux, 16 hrs (iso-butanol)
2. Reflux, 3 hrs (water)

VOHPO,0.5H,0

l Activation inN, at 450°C for 6 hrs

(VO),P,07 (amorphous)

l Conditioning, 0.75% n-butane in air

(VO),P,07

Fig.3.5: Schematic representation illustratinggimethetic route toward a VPO catalyst.



Table.3.5: Reagents used for catalyst synthesis.

REAGENTS SUPPLIER % PURITY MOLECULAR WEIGHT
(g.mol)

V505 Sigma-Aldrich 98+ % 181.88

O-H;PO, Riedel-deHaen 99+ % 98

Iso-butanol Saarchem 98 % 74.12

RuCL.xH,O Alfa Aesar 99.9 % 261.47

FeCk Saarchem 99 % 162.21

The un-promoted catalystwas prepared by adding,®s (11.80 g) toiso-butanol (250 mL)o-H;PO,
was introduced and the mixture was refluxed forhbéirs. After 16 hours reflux, the blue solid was
recovered by vacuum filtration and washed wigb-butanol (200 mL) and ethanol (150 mL). The
resulting solid was allowed to reflux in water ®hours (9 mLg solid), filtered hot and dried in air (110
°C, overnight).

The ruthenium-promoted catalysts were prepared by dissolving the required amountuttienium
trichloride hydrate in a mixture of @5 (11.80 g) andso-butanol (250 mL) to obtain a 0.1% Ru/V, 0.3%
Ru/V and a 1% Ru/V ruthenium-promoted VPO catalystdsPO, was then introduced and the mixture
was refluxed for 16 hours. After 16 hours refluxe blue solid was recovered by vacuum filtratiod an
washed withiso-butanol (200 mL) and ethanol (150 mL). The rengltsolid was allowed to reflux in
water for 3 hours (9 mLysolid), filtered hot and dried in air (12G, overnight).

The iron-promoted catalystswere prepared by dissolving the required amouritauf trichloride to a
mixture of of \,Os (11.80 g) andso-butanol (250 mL) to obtain a 0.1% Fe/V, 0.3% Fahd a 1% Fe/V
iron-promoted VPO catalyste-H;PQO, was then introduced and the mixture was refluxadlf hours.
After 16 hours reflux, the blue solid was recovebgdvacuum filtration and washed witko-butanol
(200 mL) and ethanol (150 mL). The resulting setias allowed to reflux in water for 3 hours (9 niLg
solid), filtered hot and dried in air (12G, overnight).

Following the synthesis and drying of the catalysitese catalysts were then activated under nitroge
atmosphere at 45 for 6 hours at a temperature ramp of ©Omir*.



3.8 Catalyst testing

Approximately 1 mL of 300-600m catalyst pellets were packed in the middle ob@ Bm stainless
steel reactor tube with quartz wool placed on eigrel of the reactor tube. Inert SiC carborandura wa
packed in the reactor on either side of the catatysompletely fill the reactor tube and quencl fire
radical gas phase reactions which would otherwisguio with the void spaces of the reactor tube.
Different gas hourly space velocities were invetg to obtain a range ofbutane conversion at a
constant temperature. These catalysts were alloéavethbilize for a period of approximately 200 reou

on stream. The optimum conditions for each catalgst thus established.
3.9 Catalyst characterization

The un-promoted catalysts and the promoted casalysre characterized with the aid of various
techniques, these include: attenuated total reffeet (ATR), inductively coupled plasma-optical

emission spectroscopy (ICP-OES), X-ray diffract{®fRD), Brunauer-Emmet Teller surface area (BET),
redox titrations, energy dispersive X-ray spectopyc(EDS), temperature programmed reduction (TPR)
and solid state phosphorus nuclear magnetic reserspectroscopy  NMR).

3.9.1 Attenuated total reflectance (ATR)

The catalysts surfaces were analyzed by the Pé&flkier spectrum 100 spectrophotometer, whereby an
infrared transmitting crystal (ZnSe) with a refigetindex of (n=2) was employed to reflect the anéd
radiation within an ATR element. In this techniqum sample preparation is required. The catalysts
powders are merely pressed onto the top surfatteedafrystal to maintain an intimate optical contaith

the refracting crystal (ZnSe). The IR radiationnfrthe spectrometer once reflected by the crystaren
and penetrates a finite amount of this radiatida the sample with each reflection via the “evapastc
wave. At the end of the crystal the beam is thelireeted back to the spectrometer and the sigmaltee
the detector for spectrum recordihg.



3.9.2 Inductively coupled plasma-optical emissiompegctroscopy (ICP-OES)

Quantitative and qualitative analysis of the catywvere performed on a Perkin ElImer ICP-OES Optima
5300 DV. The molar ratios of the elements, P/Vosaths well as the mole percentage of the promoting
elements (Fe and Ru) were determined using thimitgoe. The catalyst powders were digested in aqua-

regia (1.5 mL HN@ 3.5 mL HCL) to release the metal elements intat&m for analysis.

The multi elemental standards of the elements ursfledy were prepared in the 10 to 50 ppm
concentration range for vanadium and phosphorusaahdo 5 ppm range for the promoting elements.
The actual concentrations of the promoting elemanthe samples were determined from this range of
standards using the calibration graphs obtainenh fiee elemental standards. The range of elemental

standards used and the spectral lines selectédg@nalysis are given in Table 3.6.

Table.3.6: The selected spectral lines and theerahgalibration standards utilized in the ICP-OES.

ELEMENT | SPECTRAL LINE (nm) CONCENTRATION RANGE (ppm)

P 213 10 20 30 40 50
Vv 310 10 20 30 40 50
Ru 249 1 2 3 4 5
Fe 259 1 2 3 4 5

In this technique, the sample is aspirated intanductively coupled plasma discharge. The analyte i
converted into the gas-phase atoms in their exaitatks. Following this, the emitted light produdsd
the excited atoms is measured relative to the ecdrat@n range of the standards to give the sample

concentration.



3.9.3 Powder X-ray diffraction (XRD)

The catalyst powders were analyzed on a PhilipsIF@0-10 X-ray diffractomer to determine the 2-D

diffraction patterns.

Table.3.7: The calculated d-spacings and the quoreting hkl values for VOHP{D.5H,O and
(VO):P:0,°

VOHPO,.0.5H,0 (VO)P,0,
d-spacing hkl d-spacing hkl
5.901 110 6.266 021
5.719 001 5.651 111
4.818 020 4.786 002
4.535 101 4.069 131
4.099 111 3.863 200
3.684 200 3.133 042
3.300 121 3.005 202
3.116 201 2.904 113
2.944 211 2.433 232
2.796 031 2.393 242
2.663 102 2.393 004
2.615 131 2.358 223
2.567 112 2.267 331
2.454 022 2.203 171
2.405 040 2.088 063
2.263 301 1.976 224
2.234 231 1.931 400




About a gram of the catalyst powder was placed argample holder and smeared uniformly to create a
flat upper surface. This is needed to achieve damndistribution of lattice orientations. A powd€RD
scan was then recorded as a plot of scatteringditjevs. the scattering angle §2The corresponding d-
spacing can thus be calculated using Bragg's lam the equation n= 2d sin.

The identification of the VPO phases as well as ke for the different phases was obtained by
comparing to the literature values reported by Beet al® The different phases are given in Table.3.7

for the catalyst precursor, VOHRO.5H,0 and the vanadyl pyrophosphate, (WeXp-.

3.9.4 Brunauer-Emmet-Teller (BET)

The surface area of the catalysts was determinethdoyise of a Micromeritics Gemini flow prep 060.
The powders were heated and degassed in a flowitmigen gas to remove any adsorbed foreign
molecules prior to analysis. During the analydi® $ample was placed inside a vacuum chamber at a
constant temperature of liquid nitrogen. The samyds then subjected to a wide range of pressures in
order to generate adsorption/desorption isotherms.

Once the area occupied by one adsorbate moleciroisn, e.g. = 16.2 X for nitrogen, then the

surface area of the material can be determined)us@BET equation for multilayer adsorption

P 1 c-1 P
n(Po - P) CNm CNm Po

Where, P = adsorption pressure
Po = saturation vapor pressure
c = a constant
n = moles per gram of adsorbent

R = monolayer capacity



3.9.5Redox titration

Redox titration was performed to determine the ageroxidation state of vanadium in the samples
according to a method similar to that reported layridkuraet al” About 0.1g of the catalyst sample was
dissolved in 17 mL of 12 M #PO, and heated until all the catalyst powder has dlissioto give a clear
blue solution. This solution was then added to 10 afi concentrated 50O, in 250 mL water. The
content of vanadium was then determined by titresith 0.05 N KMnQ and 0.05 N (NH).Fe(SQ), for

V* and V?* determination respectively. 1% diphenyl ammine dimcentrated p$0,) was used as an
indicator for the reduction process. This indicatmdergoes a color change from deep violet in the
oxidizing medium to colorless in the reducing medlidor the oxidation process, KMp@as employed

as a self indicator. The average oxidation stateaohdium was expressed as 5/k5), where \f = the

volume of the oxidizing agent (KMnpand \% = the volume of the reducing agent (NfFe(SQ)..

3.9.6Scanning electron microscope (SEM) and Energy dispsive X-ray spectroscopy (EDS)

The catalyst’s structure, as well as the elemertadposition, was determined using the Hitachi S520
scanning electron microscope equipped with an Ei&gy dispersive X-ray analytical system. A small
amount (spatula tip) of the catalyst sample wasl uisdoth the analyses. For EDS characterizatiom, t

atoms on the surface of the catalyst powders acieeixby the electron beam from the SEM, emitting

specific wavelengths which are characteristic efatomic structure of the elements.

The SEM analysis involved coating the surface witthin layer of gold metal for conductive purposes
during the analysis. The procedure involves foaysrfinely collimated beam of electrons into a dmal
probe, which scans across the surface of the speciithe interaction between the beam and the sample
result in the emission of the electrons and phgotaagshe electrons penetrates the surface of thplea
Following this, the emitted particles are then ectéd and sent to the detector to provide infomnati
regarding the surface morphology.



3.9.7 Temperature programmed reduction (TPR)

The number of reducible species present in the ¢B@lyst as well as the reduction temperature was
determined and recorded on the Micromeritics Auteei@ Il 2920 analyzer equipped with a TCD
detector. Prior to analysis, the catalysts werdrgaéed in a vacuum oven to remove the unwanted
adsorbates from the catalyst surface. The analygidved the flow of a reducing gas (5% kh argon)
through the sample (50 mg) at ambient temperafilie. temperature was then raised at a rate & 5
min’to a temperature of 85C. Hydrogen consumption was monitored and thectimtgave hydrogen

uptake volume relative to the temperature of redndor time) signal.
3.9.8 Solid state Phosphorus nuclear magnetic resamce P NMR)

The solid staté'P NMR spectra was recorded to provide informatiooua the different oxidation states
of vanadium surrounding the phosphorus atoms in(),P.O, catalyst. The catalyst samples were
analyzed at Bruker Biospin, Germany using a Brukeance 1l 500 WB NMR spectrometer with a
3.2mm probe at 20 KHz.
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CHAPTER 4

4.1 Characterizations

4.1.1 Attenuated total reflectance spectroscopy (A)
4.1.1.1 ATR of the un-promoted and the promoted VP@recursor, VO(HPO,) 0.5H,0

The ATR spectra of the unpromoted, iron and thehamium-promoted VPO precursor,
VO(HPGQ,) 0.5H:,0 are given in Fig.4.2 and Fig.4.3 respectivelyistachnique was used to analyze the

influence of the promoter elements on the V=0 s the VPO matrix.
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Fig.4.1: ATR of a VPO [Aland Fe-VPO precursors dt%9-Fe [B], 0.3%-Fe [C] and 1.0%-Fe [D] loading

respectively

The bands for coordinated water at 3350 and 1639am clearly distinguished. These bands correspond
to O-H stretching vibrations of structural waterubd to vanadium (IV) in the face shared §/@-
octahedra in the lattice of the hemihydrate, arel @H bending vibrations respectivélythe P-O
stretching vibrations occur in the 900-1200 “oragion?



Similar results were obtained for both rutheniund ahe iron promoted VPO catalysts, thus no
information could be obtained on the band vibratiof the promoted precursor catalysts relativeheo t
unpromoted VPO precursor. The ATR spectra of thizated precursors in Figs.4.4 and 4.5 are used to

further study the influence of these metals on \da@lysts
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Fig.4.2: ATR of a VPO [A] and Ru-VPO precursorsGat%-Ru [B], 0.3%-Ru [C] and 1.0%-Ru [D]

loading respectively.

4.1.1.2 ATR of the activated un-promoted and the Feand Ru-promoted VPO catalysts

Following thermal activation of the precursor cgsalunder a stream of nitrogen at 25dor 6 hours,

and subsequent catalytic testing, coordinated watdecules could no longer be observed in the ATR

spectra. This corresponds to the weight loss d§.4826 according to equation (1):

2VO(HPQ) 0.5H,0  (VO),P,0;+ 2H,0............ (1)

The influence of iron and ruthenium metals on tleO\Vspecies in the VPO matrix is determined in the
activated catalysts. Typical VPO bands are obsefgedhe un-promoted and the promoted catalysts,
however a distortion can be observed in the bahifting from 950 cni to 935 cni in the iron-



promoted catalysts (at 0.1% to 0.3% loading).
the vanadyl pyrophosphate.

Bhist may explain the location of iron in the matoif
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Fig.4.3: ATR of a used VPO and the used Fe-VPOy=ita for the VPO [A], 0.1%-Fe [B], 0.3%-Fe [C],

and 1.0%-Fe [D] VPO catalysts respectively.

In the ruthenium promoted catalysts, a shift f@ YO vibration is not observed. This observaticaym

suggest that ruthenium is not incorporated withim fattice but rather that ruthenium is dispersedhe

surface of the vanadyl pyrophosphate, and

therefare act as a structural promoter rather than an

electronic promoter. However, if iron is indeed drmorated within the lattice of the vanadyl

pyrophosphate, then iron can effectively act aslaatronic promoter for (VQIP,O; enabling catalyst re-
oxidation by forming solid solutions of the form@Y,..F&P,O; reported by Otaket al*
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Fig.4.4: ATR of a used VPO and the used Ru-VPOysttg for the VPO [A], 0.1%-Ru, 0.3%-Ru [B],
and 1.0%-Ru [D] VPO catalysts.

4.1.2 Inductively coupled plasma-Optical emissionpgctroscopy (ICP-OES)

A slight excess of phosphate (P/V = 1.04-1.06) alasined for all the catalysts studied (see Tadblés.
and 4.2). The optimal catalysts are characteriziéd a slight excess of phosphate with respect & th
empirical formula of the precursor, VO(HR®.5H,0.>" Phosphate deficiency e.g. P/V = 0.95 in VPO
catalysts results in high relative rates 4t ¥ind \?* oxidation and reduction, respectively. VPO cattdy
characterized with a high Xtontent have high activity but low selectivity, wlas catalysts rich in

phosphate concentration results in low activityabyats.

A reasonable compromise between the reducibility e oxidizability of the catalysts is needed for
active and selective VPO catalysts, and this has bleported for catalysts with a slight excess of
phosphate e.g. P/V = 1.65.



Table.4.1: Elemental molar ratios (mol %) for threpromoted and the iron promoted VPO catalysts

Table.4.2: Elemental molar ratios (mol %) for threpromoted and the ruthenium promoted VPO

CATALYSTS PRECURSOR USED
Name PV FelV PV FelV
VPO 1.06 | - 1.03 | -
0.1% Fe-VPO 1.04 0.14 1.03 0.13
0.3% Fe-VPO 1.04 0.33 1.03 0.34
1% Fe-VPO 1.05 1.19 1.06 1.14

catalysts
CATALYSTS PRECURSOR USED
Name PV Ru/V (%) PV Ru/V (%
VPO 1.06 | - 1.03 | -
0.1% Ru-VPO 1.06 0.13 1.04 0.11
0.3% Ru-VPO 1.05 0.35 1.05 0.32
1% Ru-VPO 1.06 1.35 1.04 1.16

4.1.3 X-ray diffraction (XRD)

4.1.3.1 X-ray diffractogram of the un-promoted VO(H?Q,) 0.5H,0O

An XRD diffractogram of the un-promoted VPO preaursatalyst in Fig.4.6 shows a pure crystalline
VO(HPGQ,) 0.5H,0. The broadening of the (001) interlayer spaceftpction is exposed relative to the in-

plane (220) reflection. This is a characteristicuofpromoted VPO catalysts prepared via the organic
route of synthesi$™®
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Fig.4.5: XRD pattern of the VPO precursor

4.1.3.2 X-ray diffractogram of the Fe- and Ru-prom¢ed VO(HPQO,4) 0.5H,0

The XRD pattern of the iron-promoted catalysts ¥0.tb 1%) is given in Fig.4.7. All the reflectioirs
the iron-doped VPO catalysts are attributed to VB4 0.5H,0. The introduction of the iron leads to a
slight modification in the [001]*™/ [220] "™ relative intensity ratio, such that the [220] iiaupe
reflection is more pronounced relative to the [Oidtérlayer reflection. This effect was also obserand

reported by Hutchingst al** for cobalt and iron promoted catalysts.
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Fig.4.6: XRD patterns of the Fe-VPO precursorgtier0.1% Fe [A], 0.3% Fe [B], and 1.0% Fe [C] VPO
catalysts

The XRD pattern of the ruthenium-promoted cataly8t$% to 1%) in Fig.4.8 displays the same trend as
observed for the iron-promoted catalysts. The presef ruthenium leads to a modification in thel[p0
hemi/ [220] "™ relative intensity ratio, leading to a high expesof the [220] in-plane reflection relative
to the [001] interlayer reflection. Other phasesawaot observed for the catalyst precursors, eajpeci

the non-selective VO(@#PQOy), which could be removed during the water extractitap.

Furthermore, the diffractograms obtained for thesenoted catalysts resemble literature patternghier
catalysts prepared via the VPD route of synth&die [reduction of VOPE2H,O in an organic solvent to
form VO(HPQ) 0.5H,0].* This provides information about the role playedtbgse promoters on the
catalyst structure, such that these promoters neapléying a similar role to that played by alcohols
during the reduction of VOPQ2H,0.



Moreover the structure of the precursor catalyatshie deduced from the characteristic diffractograin
dominant (001) reflection corresponds to the batate of VO(HPQ 0.5H,0, indicative of a stacked
platelet morphology, whereas a dominant (220) céfla is associated with platelets agglomerated int
rosette-type morphology.
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Fig.4.7: XRD patterns of the Ru-VPO precursorstiier0.1% Ru [A], 0.3% Ru [B], and 1.0% Ru [C]
VPO catalysts

4.1.3.3 X-ray diffractogram of the Fe- and Ru-promeed (VO),P,0,

Fig.4.9 and Fig.4.10 illustrate the x-ray diffragtams for the un-promoted, iron-promoted and the
ruthenium-promoted VPO catalysts after catalysili. ti®e catalyst samples are crystalline in nature
relative to the samples activated under nitroger foours at 45, which displayed the characteristic of
a poorly crystalline (VQJ»>0;, and these thus crystallized with time in the raactnixture in agreement
with the results obtained by Hutchingsal**
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Fig.4.8: XRD patterns of the used VPO and Fe-VP@lgsts: VPO[A], 0.1% Fe- [B], and 0.3% Fe- [C]
and 1% Fe- [D] VPO catalysts

Moreover the un-promoted VPO catalyst preferenptiakposes the interlayer (200) reflection relatiwve
the in-plane (024) reflection; this observationgesgfs that the crystals in the vanadyl pyrophosphet
stacked along the [100] directiohThe opposite trend is observed for the promotedlysis which
preferentially expose the in-plane (024) reflectimative to the interlayer (200) reflection, thus
suggesting that the morphology of the catalyst églified with promoter incorporation. Furthermore th
concept of topotactic transformation from the preouphase to the active pyrophosphate as repbyted
Bordeset al*® is well illustrated here. This is based on theeobsd broadening of the interlayer spacing
reflections in both the VOHPM®.5H;0 ((001) vs. the in-plane 130 reflection) and (WP ((200) vs.
the in-plane (024) reflectiof!.
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Fig.4.9: XRD patterns of the used VPO and Ru-VPtalgsts: VPOI[A], 0.1% Ru- [B], and 0.3% Ru- [C]
and 1% Ru- [D] VPO catalysts

4.1.4 BET surface area

Comparison of the surface areas in Table.4.3 ofptleenoted catalysts with an un-promoted precursor
catalyst indicates a slight increase in the surfaea with the incorporation of the metal saltss®ifect

is more pronounced in the ruthenium promoted cstilyFollowing catalytic testing undetbutane-air
mixture, the surface areas are further increasedalfothe catalysts studied. However, a correlation
between the surface area and the promoter loadarsgnet observed. This increase in surface area afte
catalysis is due to the catalyst being conditionader the reaction mixture in the reactor. This taid
remove the V(V) impurity phases and hence incretisedurface area. The same trend was not observed
for the 1%-Ru-promoted catalysts and this can lamed by the oxidizing property of the metal with
the given loading, such that the impurity phasemotbe removed at the same rate as for the other

catalysts.



Table.4.3:

[+

BET-surface area analysis of the VP@lystis
CATALYST NAME PRECURSOR (mg?) USED (nf.g")

Un-promoted VPO 10 17
0.1%Fe-promoted VPO 16 22
0.3%Fe-promoted VPO 11 21
1%Fe-promoted VPO 10 27
0.1%Ru-promoted VPO 16 29
0.3%Ru-promoted VPO 10 23
1%Ru-promoted VPO 27 25

4.1.5 Redox titrations: Determination of the averag vanadium oxidation state (AV)

Redox titrations were performed on the VPO sampiesletermine the average oxidation state of

vanadium in the samples. From the data obtain€bialie.4.4 the average oxidation state lies close to

4.00 for both the un-promoted and the promotedysita

Table.4.4:

The data shown in Table.4.4 correlates well with itiformation from the x-ray diffraction patterns i
Figs.4.6 to 4.10 which displayed no traces 8f 8pecies, e.g. VOPOFurthermore, the data supports the

Average oxidation states of the preauasd the used catalysts
CATALYST NAME PRECURSOR USED
Un-promoted VPO 4.04 4.09
0.1%Fe-promoted VPO 4.00 4.03
0.3%Fe-promoted VPO 4.08 4.05
1%Fe-promoted VPO 4.06 4.05
0.1%Ru-promoted VPO 4.12 4.08
0.3%Ru-promoted VPO 4.09 4.12
1%Ru-promoted VPO 4.08 4.10




results obtained from the ICP-OES in Table.4.1 4i2d Literature has reported the necessity foights|
excess of phosphate (P/V=1.05) to maintain thet riggmpromise between the reducibility and the
oxidizability of the catalysts, thereby stabilizittee V** phases relative tophase$.

4.1.6 Energy dispersive x-ray Spectroscopy (EDS)

To confirm the results obtained from ICP-OES, epedispersive spectroscopy was utilized. This
technique provides information about the elemerattd at the catalyst surface. The difference betwe
the results of this analysis and ICP-OES is lowdatihg that most of the phosphorus is at the setfa
This provides evidence of surface phosphorus emeécti in the catalyst for both the un-promoted ded t
promoted catalysts as has been observed for gli@itoted catalysts.Furthermore, the lower P/V ratio
observed in the energy dispersive x-ray spectrose@s also expected since EDS is a surface techniqu

penetrating a few microns of the catalyst surface.

Table.4.5: P/V elemental molar ratios of the VP@alyats from EDS

CATALYST NAME PRECURSOR USED
Un-promoted VPO 0.95 0.97
0.1%Fe-promoted VPO 0.92 0.95
0.3%Fe-promoted VPO 0.98 0.92
1%Fe-promoted VPO 1.00 0.91
0.1%Ru-promoted VPO 0.92 0.96
0.3%Ru-promoted VPO 0.96 1.02
1%Ru-promoted VPO 0.92 0.94

4.1.7 Scanning electron microscopy (SEM)
4.1.7.1 Scanning electron microscopy of the un-prooted VPO catalyst

The scanning electron microscope image of the ompted VPO after catalysis in Fig.4.11 shows the
characteristic stacked platelet morphology. Tlitadcorroborates the x-ray diffractograms obtaimed
Fig.4.6, where a dominant (001) reflection obtaiigedssociated with a VPO precursor having a sthcke

platelet morphology.
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Fig.4.10: Scanning electron micrographs of an wmvmted VPO catalyst

4.1.7.2 Scanning electron microscope of the Fe-prated VPO catalyst

Promoting the catalysts with iron modifies the ntmiogy of the catalysts from stacked platelet to
agglomerated rosettes, Fig.4.12. The x-ray pattefrtee promoted catalysts also had a stronger)(220

reflection corresponding to a characteristic aggmated rosette-type morphology.
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Fig.4.11: Scanning electron micrographs of the Fenpted VPO catalysts



4.1.7.3 Scanning electron microscope of the Ru-prasted VPO catalyst

The inclusion of ruthenium also modifies the catlynorphology to agglomerated rosettes as was
expected from the XRD patterns. This indicates thatinclusion of these metal-salts functions talifyo

the morphology of the catalysts from a stackedefgito agglomerated rosettes morphology.
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Fig.4.12: Scanning electron micrographs of the Ruted VPO catalysts

4.1.8 Temperature programmed reduction (TPR) profies of the VPO catalysts

The TPR profile of the studied catalysts is giverrig.4.14. In this profile, the un-promoted VP@wsis

the maximum reduction peak at a temperature of’®@4QThis peak shifted to a lower reduction
temperature of 78C in the Ru-promoted VPO catalysts, but remainthénsame position for the Fe-
promoted VPO catalysts. The un-promoted VPO andFdy@romoted VPO catalysts shows one peak
corresponding to a characteristic*V V** reduction, whereas the Ru-promoted analogue stows
shoulder at a temperature of 8@80which can be ascribed t&V V* reduction. Furthermore, hydrogen
consumption by the Ru-promoted VPO catalyst wasiteest compared to the un-promoted and the Fe-
promoted catalysts. This data show that the inatusf a ruthenium cation in the VPO formulatiorsde

to a modification of the vanadium oxidation statewever, this effect is not as pronounced (Fig.}.14
Furthermore this data corroborates the XRD pattéabsence of VOP{phases). Therefore, this metal
cation may function to modify the®/V/>* ratio leading to a slight increase in the averaxjdation state

of vanadium, as was indeed observed (Table.4.4).
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TPR profiles of the VPO catalysts
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Fig.4.13: TPR profiles of the used un-promoted pirmnoted-VPO catalysts (catalysts compared at 0.1%
loading)

4.1.9 Solid staté’'PNMR spectra of the VPO catalysts

The 3P NMR spectra of the catalysts are given in appédndihe®P NMR spectra of the un-promoted
VPO catalyst shows signals at (i) 0 ppm indicatie® atoms connected to°Vin the orthophosphate
phases and (ii) between 200 to 400 ppm range itidéicaf P atoms in the vicinity of ¥- V°* dimers.
These dimers have been reported to exist in thelyporystalline (VO)P,0; matrix, however*P NMR
spectra of the un-promoted catalyst in appendikdws a crystalline nature. On the contrary to what
observed in the un-promoted catalyst, #fe NMR spectra of the Fe-VPO and the Ru-VPO caslyst
shows signals in the regions mainly close to 0 pphis gives an indication of the presence 6fQPQ,

in these catalysts. This data corroborates thexrgttation results; where by the average oxidattates

of vanadium in the samples is higher than an okidagtate of 4+. Furthermore, in the XRD patterfis o
the catalysts, only the reflections attributed DJ},P,O; were observed. The absence of the VQPO
phases in the XRD patterns could be due to thearpihous nature such that they were not detectee sin
XRD is a technique for the characterization of talfime surfaces. An improved yield observed when
0.1%Fe-VPO was used can be explained in terms ofmwdels proposed by (i) Volet al*® and (i)
Trifird et al'®In the first model, Voltaet al’® believe that the active sites consist of a mixnfra well

crystallized (V*0),P,0; and an amorphous®™OPQ,, while in the latter model, Trifiréet al*® reported
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the importance of the presence of a controlled amafi V** phases as the selective phases in the

presence of the active (V@O;.
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CHAPTER 5

5.1Results and Discussion

5.1.1 Conversion vs. Temperature
Preliminary investigations to find the optimum réaic temperature were carried out. The catalystewe
investigated from a temperature of 250to a temperature of 4%D. The selectivities to different

products are displayed for the tested catalystsanstant GHSV of 3051Hor the un-promoted VPO,

the promoted iron and the promoted ruthenium csitaigt 1% metal loading.

VPO: 250-450C

' ™
Conversion vs. Temperature: VPO
120
100 7 49 conversion
80 —li— % Selectivity MA
>R 60 % Selectivity CO
40 - =5 Selectivity CO2
20 -
o . ; = - —~ .
o 100 200 300 400 500
Temperature °C
- vy

Fig.5.1 Conversion vs. Temperature: VPO

For un-promoted VPO, conversion was found to inseewith temperature; a 66 mol% conversion
obtained at 40 increased to 100 mol% conversion at “50The selectivity to maleic anhydride
decreases with temperature with a correspondingedise to the carbon oxides which are favored at
higher temperatures. An optimum yield towards MAdeinthese conditions was observed at°@)0
corresponding to a yield of 42 mol% at 64 mol% @sion. The selectivity towards carbon oxides is

lower than the selectivity to MA for the entire teanature range.
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1% Fe-VPO: 250-450C
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Fig.5.2: Conversion vs. Temperature: 1% Fe-VPO

The 1% iron promoted catalyst shows the same t@mdhe ruthenium (1%) promoted catalyst.
Conversion is further increased from 73 mol% in1Be Ru-VPO to 79 mol% conversion at 40Gand a
GHSV of 3051/h. This increased conversion affectedeic anhydride selectivity, resulting in 50 mol%
selectivity at 79 mol% conversion leading to malaitydride production of 40mol%. In general these
graphs show that ruthenium and iron doped VPO ysttaincreases n-butane conversion relative to the
unpromoted VPO catalyst while increasing the siliggtof carbon oxides at the expense of maleic
anhydride under the given conditions.

1% Ru-VPO: 250-450C
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Conversionvs. Temperature: 1% Ru-VPO
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Fig.5.3: Conversion vs. Temperature: 1% Ru-VPO
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An improved conversion was encountered for 1% R®Melative to the un-promoted VPO catalyst.
Conversion of n-butane increased from 64 mol% tond®%6 conversion at the same temperature and the
same GHSV of 3051h Maleic anhydride selectivity was drastically atisd at a temperature of 280
allowing carbon oxides to be the only major produattthis temperature. The optimum maleic anhydride
yield obtained for 1% ruthenium promoted VPO catalyas 37 mol% at 400.

5.1.2 Product distribution data as a function of n-butaneconversion

Following the preliminary catalyst testing over tAB0 to 456C temperature range to determine an
optimum temperature for maleic anhydride produgtiam optimum temperature of 400 was
established. The catalysts were then tested ateimigerature (40C) while varying the gas hourly space
velocities (The optimum GHSV'’s to produce optimuetestivities for a given conversion per catalyst is
given in Table.4.6 and 4.8).

5.1.2.1 VPO: Selectivity vs. Conversion (product dtribution)

% Selectivity
o 8 88
'k_l__l_

30 ia
M % Selectivity MA 51 64 as .
m % selectivity CO 91 100
% selectivity CO2 oz Conversion
- S

Fig.5.4: Selectivities towards different productsaafunction of n-butane conversion over an un-otech
VPO catalyst

For the un-promoted catalyst, high selectivity ta¥gacarbon oxides is apparent at conversions higher
than 80 mol%, while the selectivity towards mal@inhydride is high at lower conversions. An
approximate constant selectivity is obtained fbtted products at conversions higher than 80 mdibe
above plot indicates that maleic anhydride proditgtiwill be most favored at lower conversions, e
the carbon oxide production is limited. Hence malanhydride production should be optimal at

conversions within the 60 to 70 mol% range.
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5.1.2.2 0.1% Fe-VPO: Selectivity vs. Conversion (pduct distribution)

-~ ~

20 Selectivity vs. Conversion: 0.1% Fe-VPO

60

|
\
4
II
a0 -
\
20 -‘I
| . —
o _‘,-;'_',_7_7_7 T .
17—7—7__’—*1-7—7_,_7_ O —
29 T —
65 LI ———
74 s8 “—1/
92

% Selectivity

m % selectivity MA
W % Selectivity CO
% Selectivity CO2

% Conversion
s

Fig.5.5: Selectivities towards different producssaafunction of n-butane conversion over 0.1% F&VP
catalyst

The 0.1% Fe-VPO catalyst improved the selectivitydrds maleic anhydride by suppressing the carbon
oxides formation. An average selectivity to carloaides of approximately 35 mol% was obtained up to
about 88 mol% conversion, giving an average maeicydride selectivity ota. 60 mol%. It can be
observed from Figure.5.5 that while the selectitdwards carbon oxides stabilizes within the stddie
conversion range, maleic anhydride selectivity fiasd to increase within the very same range. In
comparison to the ruthenium-promoted and the umpted VPO, the 0.1% Fe-VPO led to an improved
catalytic behavior by improving the selectivity tasds maleic anhydride and giving a 10% vyield
improvement relative to the reference catalyst.

5.1.2.3 0.3% Fe-VPO: Selectivity vs. Conversion (pduct distribution)
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Fig.5.6: Selectivities towards different producssaafunction of n-butane conversion over 0.3% FOVP

catalyst



The selectivity towards maleic anhydride is favobgdhe 0.3% Fe-VPO up to a conversion of 80 mol%,
thereafter carbon dioxide becomes favored. An iwgxoyield is visible from 70 to 80 mol% conversion.
In comparison to the results obtained for the wwmted catalyst, the 0.3% Fe-VPO improves the
selectivity at higher conversions. An optimum yields established at conversions within the rang® 70

80 mol%.

5.1.2.4 1% Fe-VPO: Selectivity vs. Conversion (practt distribution)
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Fig.5.7: Selectivities towards different producssaafunction of n-butane conversion over 1.0% F&VP
catalyst

The 1% Fe-VPO catalyst displays similar behaviah®0.3% Fe-VPO; however, for the former catalyst
maleic anhydride selectivity was lower than thepuomoted catalyst. The 1% Fe-VPO catalyst also

displays improved maleic anhydride selectivity witthe 70 to 80 mol% range. Therefore it is sedms t

the iron promoter functions to promote the VPO lgataat higher conversions and improves the

selectivity to maleic anhydride at these conversion

5.1.2.5 0.1% Ru-VPO: Selectivity vs. Conversion (duct distribution)

Selectivity vs. Conversion: 0.1% Ru-vPO
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Fig.5.8: Selectivities towards different producssaafunction of n-butane conversion over 0.1% R®VP

catalyst



The selectivity towards maleic anhydride decredsedhe 0.1% Ru-VPO relative to the reference un-
promoted catalyst. Total conversion resulted i@lteombustion, since no other products could be
observed at 100 mol% conversion for the 0.1% Ru-VB&ectivities towards carbon oxides increased to
almost 50% at lower conversions (40 to 60 mol%) whalated to the reference catalyst. This catalyst
displays considerable oxidizing properties as aoliserved from the high carbon oxides formatia@nev
at lower conversions. However, no other phases pex(¢0).,P,O; were detected from the x-ray
diffractograms, but the average vanadium oxidatiate in Table.4.4 indicated a slightly higher atidn

state relative to the other catalysts under study.

5.1.2.6 0.3% Ru-VPO: Selectivity vs. Conversion (duct distribution)

Selectivity vs. Conversion: 0.3% Ru-VPO
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Fig.5.9: Selectivities towards different producssaafunction of n-butane conversion over 0.3% R®VP

catalyst

An approximately constant selectivity towards &k products is observed for 0.3% Ru-VPO over the
range of conversions studied. An average maleigdiide selectivity ofca. 48 mol% was obtained
within this range of conversion. Another observatibat is apparent from this data is the approxémat
equal selectivities to the carbon oxides, evenigtt honversions i.e. carbon dioxide was not favaed
higher conversions (with the exception of 97 moifwyontradiction to what was encountered for the un

promoted VPO catalyst.



5.1.2.7 1% Ru-VPO: Selectivity vs. Conversion (praatct distribution)

For the 1% Ru-VPO catalyst, a small decrease i®rgbd in maleic anhydride selectivity and this

decrease is accompanied by a constant increake fiortmation of the carbon oxides within the rai@e

to 70 mol% conversion relative the un-promotednaafee catalyst.
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Fig.5.10: Selectivities towards different produassa function of n-butane conversion over 1.0% R®V

catalyst

At conversions higher than 80 mol%, the selectittitycarbon oxides increases leading tdb0%
contribution. This, however, does not affect maktiydride selectivity, since relative to the refere
catalyst, the selectivity improved at 80 mol% afid Inol% conversions, improving the yield at those
conversions. The three ruthenium-promoted cataby@te similar results (yield: to the un-promotedd/P
and promotion proved to be beneficial only at cosivms higher than 70 mol%). Hence one can deduce

that the ruthenium-promoted catalysts are seleetiveégher conversions.

5.2 Selectivity vs. Conversion

5.2.1 Comparison of the catalytic behavior for thain-promoted VPO and the Fe-VPO catalysts at

constant temperature of 400C.

From the data obtained in section 4.2, the perfacaaf the different catalysts could thus be ekthbtl

and compared graphically, at a constant temperafut6(C.



Selectivity vs. Conversion: VPO and Fe-VPO
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Fig.5.11: Selectivity vs. Conversion: VPO and Feo/P

In the iron promoted series, improved maleic aniaydselectivity relative to the un-promoted VPO was
observed at conversions greater than 70 mol%. Thesdts show a decrease in maleic anhydride

selectivity with increasing conversion for the 0.3%d 1% iron promoted catalysts. However, the 0.1%
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iron loaded catalyst shows the opposite trendsttectivity was found to increase with conversian.

optimum yield of 55% was obtained at 88 mol% cosi@r. The optimum percentage yield obtained for

the different catalysts are given in Table.5.1doect comparative purposes.

Table.5.1: The optimum percentage yield (MA) foe tron promoted and the un-promoted VPO catalyst

at 400C.

CATALYST NAME % CONVERSION GHSV (H MA
% YIELD
VPO (Reference) 64 3051 42
0.1% Fe-VPO 74 2573 46
0.1% Fe-VPO 88 1450 55
0.3% Fe-VPO 52 6360 42
0.3% Fe-VPO 80 3579 40
1.0% Fe-VPO 71 2833 40
1.0% Fe-VPO 79 3029 40
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Table.5.2: The specific activity and specific sélgty data for Fe-VPO catalysts at 50% and 80%

conversion (MA %Yield given in brackets)

CATALYST SPECIFIC SPECIFIC SPECIFIC SPECIFIC
NAME ACTIVITY SELECTIVITY | ACTIVITY | SELECTIVITY
0, 0,
50% (X) 80% (X) 80% (X)
50% (X)

VPO(Reference) 3.0 4.2(37) 4.8 2.2(37)
0.1% Fe-VPO 2.3 2(27) 3.7 2.749)
0.3% Fe-VPO 2.5 3(82 4.0 2.238)
1.0% Fe-VPO 2.0 2(28) 3.0 1.738)

The specific activity and the specific selectivity the catalysts were calculated based on theseirf
areas of the catalysts and they are given in TdbRsand 5.3. The specific activity and specific
selectivity of the iron modified samples did nofpiove at 50% conversion, though the surface area ha
increased in these samples. At 80% conversionspieeific selectivity increased in the 0.1% and the
0.3% Fe-VPO catalysts, giving an improved yieldi®fand 38% respectively, relative to the un-promhote
VPO (37). This shows that, the presence of iromaasodifier increases the surface area, and the
beneficial effect is observed at higher conversigngng an improved maleic anhydride production

relative to the un-promoted VPO catalyst.

Table.5.3: The specific activity and specific séigty data for Ru-VPO catalysts at 50% and 80%

conversion (MA %Yield given in brackets)

CATALYST SPECIFIC SPECIFIC SPECIFIC SPECIFIC
NAME ACTIVITY | SELECTIVITY | ACTIVITY | SELECTIVITY
50% (X) 50% (X) 80% (X) 80% (X)
VPO(Reference) 3.0 4.2(37) 4.8 2.2(37)
0.1% Ru-VPO 1.8 1.8(27) 2.8 1.3(30)
0.3% Ru-VPO 2.2 2.1(35) 3.6 2.0(38)
1.0% Ru-VPO 21 2.5(25) 3.2 1.8(38)
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The results obtained for the Ru-VPO catalysts ibhlg.4.8, indicated that both the specific activatyd

the specific selectivity of the catalysts were etiéel at 50% and 80% conversions. The surface drea o
these catalysts increased relative to the un-predn®tPO (Table.4.3). This finding illustrates thhet
presence of ruthenium in these samples was todseréhe surface area of the catalysts; however, an
improved performance did not follow. From the résin Table.5.2 and 5.3, it shows that the inclusid

iron in the VPO formulations improves the performarf the catalyst at higher conversions relative t
the un-promoted VPO (see Table.5.1), whereas arlgigéd was obtained for the ruthenium promoted
catalysts for all the range of conversions studMdreover the improved yield obtained for the iron

promoted catalyst was observed at relatively higloeversions.

5.2.2 Comparison of the catalytic behavior for thain-promoted VPO and the Ru-VPO catalyst at

constant temperature

4 N

Selectivity vs. Conversion: VPO and Ru-VPO
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Fig.5.12: Selectivity vs. Conversion: VPO and Rue/P

The above plot (Fig.5.12) represents the effeatuttienium loading on the VPO catalysts. For all the
catalysts displayed in Figure 5.12, the selectititymaleic anhydride was found to decrease with
conversion. A negligibly improved selectivity is s#yved with ruthenium loading from 0.1 to 1% Ru-
VPO at 80 mol% conversion relative to 64 mol% caswm in the un-promoted VPO. However, the

ruthenium promoted catalysts display an overalldowield towards MA relative to the un-promoted

VPO catalysts.



At conversions above 70 mol%, all the rutheniunmpoted catalysts gave an overall MA yield within the
range 37 to 42 mol%, hence no promotional effect ba associated with the ruthenium promoted
catalysts, even though the surface area has imghraee optimum percentage yield obtained for the

different ruthenium-promoted catalysts are givefable.5.2 for direct comparative purposes.

Table.5.4: The optimum percentage yield (MA) foe tluthenium promoted and the un-promoted VPO

catalyst at 40(C.
CATALYST NAME % CONVERSION GHSV (H ) % YIELD
VPO (Reference) 64 3051 42
0.1% Ru-VPO 88 4918 37
0.3% Ru-VPO 76 3680 40
1.0% Ru-VPO 69 4762 41

5.3 Comparison of the metal promoted VPO catalystat the same loading at 40C

5.3.1 Selectivity vs. Conversion for the 0.1% pronted VPO catalysts
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Fig.5.13: Selectivity vs. Conversion: Fe and Re©/at 0.1% loading

Ruthenium and iron metal promoters were studiedcamdpared at 0.1% metal loading. From the results
obtained, ruthenium at 0.1% loading did not imprtive performance of the catalyst relative to the un
promoted catalyst. At the same loading, an ironnqmter improved the catalytic performance by

increasing the yield of maleic anhydride at highwarsions.
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5.3.2 Selectivity vs. Conversion for the 0.3% pronted VPO catalysts
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Fig.5.14: Selectivity vs. Conversion: Fe and\R0O at 0.3% loading

The improved catalytic performance resulting frome 10.3% ruthenium and iron promoted catalysts
relative to the un-promoted catalyst is almost ig#ge. The observed selectivity towards maleic
anhydride is lower for these catalysts at convessiower than 70 mol%. There is, however, a slight
improved selectivity at 80 mol% conversion relativéhe un-promoted VPO, thus increasing the yiéld

maleic anhydride.
5.3.3 Selectivity vs. Conversion for the 1% promotkVPO catalysts

The same trend as above is furthermore illustratethe 1% ruthenium and iron promoted catalysts

(Fig.5.15)
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Fig.5.15: Selectivity vs. Conversion: Fe and Ru-V&Q% loading
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An un-promoted catalyst shows a reasonable selgctiv maleic anhydride at lower conversions,

reaching an optimum yield at 64 mol% conversiongreglas the promoted catalysts displays similar

characteristics at higher conversions. However ofitenum yields obtained for these catalysts ahéig

conversions amounts to similar yields to thoseiabthfor the un-promoted catalyst at lower conversi

i.e. 64 mol% conversion relative to 70, 80 and %i%nconversion. Therefore, only a 0.1%-Fe VPO

catalyst increased maleic anhydride yield relativethe unpromoted VPO.

5.3.4 MA Selectivity plots for the studied VPO catlgsts at constant conversions of 50% and 80%
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Fig.5.16: The performance of catalysts at constanversion (50%)
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Fig.5.17: The performance of catalysts at constanversion (80%)
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The catalysts under study were then compared asahee conversions of 50% and 80% to determine
their catalytic performances under similar conditiolt can be seen in Figure.5.16 that at a lower
conversion of 50%, an un-promoted VPO catalyspldis a relatively higher selectivity with respéat
the promoted analogues. However, the opposite fienbtserved as the conversion is further increased
The selectivity toward maleic anhydride diminisihégh conversion for the un-promoted catalyst, as a
result of the formation of carbon oxides as theveosion is increased. On the contrary, the promoted
catalysts, shows an improved selectivity towarddeiaanhydride as the conversion is increased
(Fig.5.17). Moreover, highly improved maleic anhgeér selectivity is observed in the 0.1% iron
promoted catalyst. The selectivity for this catgliyrscrease further to ca. 90% conversion. At cosioas
greater than 90%, the selectivity decreases aswarkides predominates in the product stream.

The improved catalytic performance of the 0.1%F&VPan be explained in terms of the model

1*® which states the importance of the presence afméralled amount of ¥

described by Trifirdet a
phases as the selective phases in the presence aftive (VO)P,0O; The XRD patterns of this catalyst
indicated the presence of a crystalline (W&p- whereas thé'PNMR spectra indicated signals at a
region close to 0 ppm, corresponding to P atontkarvicinity of vanadium in a +5 oxidation statin

the presence of V phases were not observed in the XRD patternsratieei TPR profiles of the 0.1% Fe-
VPO catalyst, we can deduce that this catalystqessa crystalline (V@P,0; as well as a limited and
controlled amount of ¥ species. Moreover, this data corroborates an geergidation state greater than
four obtained from redox titrations. Furthermoree tsurface area increased with the inclusion of the
promoting element and the morphology was modifiedhf platelet morphology to agglomerated rosettes.
This modification of the morphology correlates welith the XRD patterns, which indicated a
modification in the [001] / [220] relative intengi{Fig.4.6), whereby the former indicates a stacked

platelet morphology and the latter is characteristiagglomerated rossettes.



CHAPTER 6
CONCLUSIONS

The iron-promoted VPO catalysts An improvedn-butane conversion was obtained for the promoted
VPO catalysts relative to the un-promoted VPO gataht an optimum temperature of 400 This
improved conversion could be explained by an impdospecific activity observed in the iron-promoted
catalysts (Table.5.2). A higher value for the sfieeictivity obtained in the iron-promoted VPO dgtts
could be a result of the incorporation of the aaiio the (VOP,0; lattice replacing one of the*Vions
such that the next vanadium ion withdraws moretedas from the neighboring oxygen atoms and
increasing the electron density on th& Yons relative to the oxygen atom. The resultingOvbond
weakens rendering the lattice oxygen more labild ls@nce increases the activity (the specific agtivi
increases with decreasing the strength of the Veph A modification of the catalyst morphology was
observed in these promoted catalysts from stackaélgt to agglomerated rosettes. This observatiasn
confirmed by the x-ray diffractograms which indedta modification in the relative intensities oéth
(200) and the (024) plane of the (\®)O;, whereby the (200) crystal plane was more pronedtic the
un-promoted VPO and the (024) plane being moreqamced in the promoted VPO catalysts. The iron-
promoted catalysts did not modify the reducibibifythe catalysts. The peak (Fig.4.14) obtained4&®
corresponds to aV V*' reduction, this provides evidence of the abserfce°6 species in the un-
promoted as well as the iron-promoted catalystg. fEldox titrations of the vanadium materials inttida

an average oxidation state close to 4.00 in thasdysts. This information was further confirmedthg
x-ray diffractograms which showed the presence/@)¢P.O, as the major phase and other phases were
not observed. Howevet'PNMR spectra of the catalysts indicated the preseft®* species.

The optimum vyield of 46 mol% and 55 mol% for malaithydride production was obtained at GHSVs of
2573 and 1450/h respectively corresponding to ‘& &hmol% conversion for the 0.1% Fe-VPO. The
specific selectivities of 3.7 and 2.7 were obtaiirethe 0.1%Fe-VPO, while specific selectivities4o8
and 2.2 were obtained in the un-promoted VPO csttaty 50% conversion and 80% conversion
respectively. This improved selectivity can be agsted with the incorporation of the promoter catio

the (VOYP,O; increasing the lability of the lattice oxygen, hemaleic anhydride yield or alternatively
forming surface defects in the VPO structure. Fitben characterization data obtained for the Fe-VPO
catalysts, we may conclude that this cation indus&ith structural (from scanning electron microsgopy
and electronic effects from infra-red and spedifitivity data.



The ruthenium-promoted VPO catalysts:An increased-butane conversion was also observed for the
ruthenium-promoted VPO catalysts relative to theoromoted VPO catalyst at an optimum temperature
of 400°C. This improved conversion could be associateth ait increased surface area (Table.4.3). A
decrease in both the specific activity and the ifipeselectivity was encountered for the ruthenium-
promoted VPO catalysts (Table.5.4). Furthermores thcorporation of ruthenium cation in the
(VO),P,0O; was not observed, the band corresponding to Va@l latd not shift in these catalysts. The
V=0 band is known to shift when elements of varielectronegativities are incorporated into the VPO
lattice by substitution of the 4 ion by the promoting cation. A modification of thatalyst morphology
was also observed in the ruthenium-promoted catalyem stacked platelet to agglomerated rosettes.
This observation was confirmed by the X-ray diffrmrams which indicated a modification in the
relative intensities of the (200) and the (024nplaf the (VO)P,O,, whereby the (200) crystal plane was
more pronounced in the un-promoted VPO and the)(phe being more pronounced in the promoted
VPO catalysts. The ruthenium-promoted catalysts ifieodthe reducibility of the VPO catalysts. In
addition to the reduction peak (Fig.4.14) obtaime®B46C corresponding to a® V** reduction, a
shoulder was observed at a temperature ofG4frresponding to a> V** reduction. From this
finding, we can deduce that, the ruthenium catashtb a slight increase in the vanadium oxidatiates
and probably forming an insignificant amount of tréhophosphate phases which could not be traced in
the x-ray diffractograms. This observation can bppsrted by a slight increase (relative to the un-
promoted VPO) in the average oxidation state olegemn the ruthenium-promoted VPO catalysts
(Table.4.4). A comparable optimum (MA) yield of #1ol% was obtained at a GHSV of 4762/h and a
conversion of 69 mol%. From this observation we canclude that the presence of ruthenium in the
VPO was mainly to increase the surface area ot#talysts relative to the un-promoted VPO, however
the specific activity and specific selectivity diobt improve as can be observed in Table.5.3, rather

comparable yield toward maleic anhydride was olethiat relatively higher conversion.



OVERALL CONCLUSIONS

A range of iron and ruthenium promoted VPO catalystre prepared and tested for n-butane oxidation
to maleic anhydride. These catalysts were testdil1at0.3 and 1% loading. From the observations of
characterization and testing, an iron modified lgataat a loading of 0.1% led to an improved maleic
anhydride selectivity, giving a yield of 46% andbat GHSVs of 2573 and 1450 per hour respectively
and a temperature of 4@ Electronic and structural modifications were amtered leading to an
improved catalytic performance. The performance tlif catalyst is associated with a vanadyl
pyrophosphate phase, with a limited and controfletbunt of \V* species as illustrated in the x-ray
diffractograms, TPR, anttPNMR data. Moreover, this modification can be cdesid both structural
and electronic in nature as observed in the SEMy@®and ATR spectra of this catalyst. Furthermore,

this improved performance is possible at higheveosions 80 to 90% conversion.

Overall these catalysts show a similar trend totwizes been reported in the literature i.e., to owpr
maleic anhydride selectivity by modifying the moopdgy and the reducibility of the catalysts. These

have been discussed in chapter 1 under the fittertile played by metal elements in VPO catalysis”.
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APPENDIX 1: **PNMR Spectra of the used catalysts
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¥PNMR spectra of 0.3% Fe-VPO
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3PNMR spectra of 1% Fe-VPO

¥PNMR spectra of 0.1% Ru-VPO




3PNMR spectra of 0.3% Ru-VPO catalyst

¥IPNMR spectra of 1% Ru-VPO catalyst



APPENDIX 2: ANALYTICAL TOOLS
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