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Summary

The potential of sequential grafting for the preparation of titania supported
transition metal oxide catalysts has been investigated. Highly dispersed vanadia,

chromia and tungsten oxide layers were prepared by the reaction of suitable

precursors, such as vanadium and tungsten alkoxides and chromium amides, with

surface hydroxyls of the titania support. In this first preparation step, a chemical

bond between die metal atom and die support is formed. The anchored precursors

are subsequendy transformed into oxide species by calcination or treatment under

an inert or hydrolysing atmosphere at elevated temperature.

The structural and chemical properties of die samples were investigated by
means of nitrogen physisorpdon, X-ray diffraction, diermal analysis, Raman

spectroscopy, electron paramagnetic resonance spectroscopy, temperature

programmed reduction, temperature programmed desorption and electron

microscopy. Special emphasis was given to the catalytic properties of the samples in

die selective catalytic reduction of nitric oxide wiui ammonia (SCR).

VOx/TiC<2 catalysts with a wide range of surface area (70 S Sbet ^ 190 m2 g-1)
and vanadia loadings (2.5 - 17 (imol nr2) were prepared by grafting of vanadyl-

triisopropoxide onto titania aerogel support materials. Both, structural information

obtained by Raman spectroscopy, X-ray diffraction and electron microscopy, and

SCR activities, indicated complete dispersion of die vanadia species up to a loading

diat corresponds to a theoretical monolayer ofV2O5. The high surface area of die

titania aerogels makes large amounts of active vanadia species per gram of support

accessible to die reactants, which results in higher overall SCR activities, compared

to catalysts based on conventionally prepared titania. The intrinsic activity increased

by one order of magnitude when die V loading was increased from 2.5 to

6 |j.mol nr2, whereas die morphology and acidity of die titania (anatase) support

had litde influence. Temperature programmed desorption after exposure to SCR

feed gas (SCR-TPD) of bodi the titania supports and die VOx/Ti02 catalysts,

indicated diat die acidity of die titania aerogel supports depends on the crystallite

size, as smaller crystallites (dc< 10 nm) result in increased acidity. Ammonia was

preferentially adsorbed on Lewis acid sites at low vanadia coverage, whereas at

higher loadings desorption from Bronsted type sites was dominant. The occurrence

of oxidation products of adsorbed ammonia with high vanadia loadings reflects die

enhanced oxidation capability of these catalysts at elevated temperatures.

Summary
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CrOx/Ti02 samples were prepared in two different ways:

Impregnation of T1O2 with chromium (III) nitrate in aqueous solution with

subsequent calcination in oxygen led to the formation chromia species and clusters

with formal oxidation states ranging from +6 to +3. The structure and distribution

of the corresponding species was found to be strongly dependent on the Cr

loading: highly dispersed Cr(VI) and Cr(V) species were predominant at low Cr

content, whereas above -13 |imol(Cr) nr2 clusters of Cr(III) and Cr(IV) coexisted.

The specific SCR activity, based on the total amount of Cr, was constant up to

~13 (lmol(Cr) nr2, which roughly corresponds to a monolayer of CrOs, and

decreased at higher loading. Selectivities to nitrogen and nitrous oxide were not

influenced by the amount of deposited Cr at £ 13 umol(Cr) nr2, but depended on

the pretreatment of the catalysts. Oxidative pretreatment at 573 K resulted in the

formation of undesired N2O, whereas previous exposure to Hg/Ar at 723 K yielded
selectivities to N2 exceeding 90% in SCR tests at T £ 473 K. Thermal analysis
indicated that a Cr(III) 'phase' was formed by prereduction.

Cr(III)Ox/Ti02 systems, containing 3.5 -10 nmol(Cr) nr2, were prepared by

grafting of chromium (III) amides with ensuing transformation of the anchored

precursors into chromia species under hydrolysing atmosphere at 670 K. The

spectroscopic features of the samples indicated the existence of highly dispersed

polynuclear surface complexes of Cr(III). In oxidation - reduction cycles the

reversible formation of coexisting Cr(III), Cr(IV), Cr(V) and Cr(VI) species was

observed. Cr(III) systems prepared by hydrolysis catalysed the reduction of NO

yielding N2 at T £ 473 K, whereas calcination, addition ofvapour to the SCR feed or

a previous catalytic test up to 600 K favoured the formation of N2O. Oxidised Cr

species were observed after these catalytic tests. With regard to SCR performance,

samples containing dispersed Cr(III) species were found to be superior to Cr(IV) -

Cr(VI) systems. Yet, their stability limits practical application, as they undergo

partial oxidation under SCR conditions.

WOx/Ti02 samples with loadings ranging from 3.5 to 11 (imol(W) m"2 were

prepared by multiple grafting of tungsten alkoxides. Tungsten deposition increased

the thermal stability of the catalysts. During temperature programmed reduction

(TPR) of the W(VI) containing samples W(IV) was stabilised. Based on this, TPR is

a suitable method for W quantification on Ti02- A tungsten oxide layer, characteri¬

sed by a Raman band at 985 cm"1, was formed upon calcination at 1023 K in 02/Ar.

For a sample containing 11 (imol(W) nr2, calcination in moist air at 1023 K

afforded a minor amount of paracrystalline WO3 coexisting with a WOx monolayer,

whereas no WO3 was observed at lower tungsten loadings. Calcination at elevated

temperature, 1023 K compared to 573 K normally used, doubled the SCR reaction

rate. SCR-TPD indicated that additional Brensted acid sites, adsorbing ammonia

less strongly than Lewis sites, were formed by high temperature calcination.

Zusammenfassung
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Zusammenfassung

In dieser Arbeit wurde die Herstellung von tragergebundenen Vanadium-,

Chrom- und Wolframoxiden auf Titandioxid mittels mehrstufiger 'grafting'-
Praparation untersucht. Die chemische Verankerung von Alkoxiden des Vanadiums

oder Wolframs, oder von Amiden des Chroms durch Reaktion mit Oberflachen-

Hydroxylgruppen des Tragers fuhrt bei dieser Herstellungsmethode zur Bildung
einer chemischen Bindung zwischen dem Metallatom und dem Trager im ersten

Praparationsschritt. Die verankerten Verbindungen wurden durch Behandlung
unter oxidierender, inerter resp. hydrolysierender Atmosphire bei erhohter Tem-

peratur in Oxidspezies uberfuhrt

Die strukturellen und chemischen Eigenschaften der Proben wurden mittels

Stickstoff-Physisorption, Rontgendiffraktometrie, Thermoanalyse, Raman Spektro-

skopie, Eletronenspin-Resonanz Spektroskopie, temperaturprogrammierter Reduk-

tion und - Desorption und Elektronenmikroskopie charakterisiert. Von besonde-

rem Interesse war das Verhalten der Proben bezuglich der selektiven katalytischen
Reduktion von Stickstoffmonoxid mit Ammoniak (SCR).

VOx/Ti02 Katalysatoren mit einem weiten Bereich von spezifischen
Oberflachen (70 <. Sbet £ 190 m2 g-1) und Vanadium Beladungen (2.5 -

17 |xmol nr2) wurden mittels 'grafting' von Vanadyl-trisisopropoxid auf Titandioxid-

Aerogelen hergestellt. Sowohl strukturelle Untersuchungen (Raman-Spektroskopie,

Rontgendiffraktometrie, Elektronenmikroskopie), als auch die hohe SCR Aktivitat

zeigten eine vollstandige Dispersion von Vanadiumoxidspezies auf den Trager-
materialien an, bis zu einer Beladung, die einer theoretischen Monolage von V2O5

entspricht. Die hohe spezifische Oberflache von Titandioxid-Aerogelen machte

grosse Mengen von aktiven Vanadium-Zentren der Reaktion zuganglich, was eine

sehr hohe Aktivitat pro Gramm Katalysator bewirkte. Die intrinsische Aktivitat stieg

zwischen 2.5 und 6 nmol(V) nr2 um rund eine Grossenordnung. Die Morphologie
und die Aziditat der Titandioxid (Anatas) Trager sind dagegen von unbedeu-

tendem Einfluss. Temperaturprogrammierte Desorption nach Kontaktierung mit

SCR Reaktionsgas (SCR-TPD) zeigte, dass die Aziditat des Titandioxid mit kleiner

werdender Kristallitgrosse (< 10 nm) zunimmt. Die Verlagerung der Ammoniak-

Aktivierung von vomehmlich Lewis- zu mehrheitlich Br0nsted-sauren Zentren mit

steigender V-Beladung der Proben zeigte sich in SCR-TPD Untersuchungen. Die

Bildung von N2C* und NO aus adsorbiertem Ammoniak demonstrierte die

verstarkte Oxidationskraft der Proben mit hoher V-Beladung.

Summary
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CrOx/TiC«2 Proben wurden auf unterschiedliche Weise hergestellt:

Impragnieren von T1O2 mit Chromnitrat in wassriger Losung und anschlies-

sende Kalzinierung der Proben in Sauerstoff fuhrte zur Bildung von Chromoxid

Spezies und -Cluster der formalen Oxidationszustande +6, +5, +4 und +3, wobei

deren Verteilung und Struktur stark von der Cr-Beladung abhing: Hochdisperse
Cr(VI) und Cr(V) Spezies dominierten bei kleiner Beladung, wogegen ab

13 nmol(Cr) nr2 Cluster von Cr(IV) und Cr(III) vorherrschten. Die spezifische SCR

Aktivitat war konstant bis -13 umol nr2, was ungefahr einer Monolage von CrOg

entspricht, und nahm mit weiterer Beladung ab. Die Selektivitaten zu Stickstoffund

Lachgas waren ab 13 Hmol(cr) nr2 unabhanig von der Cr-Beladung, anderten sich

aber bei unterschiedlicher Vorbehandlung: Kalzinierung bei 573 K bewirkte die

Bildung von unerwunschtem N2O, wogegen eine Behandlung in H2/Ar bei 723 K

eine Selektivitat zu N2 > 90% ergab. Thermoanalytische Untersuchungen zeigten
die Bildung einer Cr(III)-'Phase' bei reduktiver Vorbehandlung auf.

Durch 'grafting' von Chrom(III)-Amiden und anschliessender Uberfuhrung in

Chromoxidspezies in hydrolysierender Atmosphare bei 673 K wurden

Cr(III)Ox/Ti02 Systeme mit 3.5 - 10 |J.mol(cr) nr2 prapariert. Die spektroskopi-
schen Eigenschaften dieser Proben zeigten auf, dass hochdisperse mehrkernige

Cr(III)-Komplexe vorlagen. In Oxidations - Reduktionszyklen wurde die reversible

Bildung von koexistierenden Cr(III), Cr(rV), Cr(V) und Cr(VI) Spezies gezeigt. In

SCR zeigten Cr(III) Systeme fur T < 473 K eine hohe Selektivitat zu N2, wogegen

vorgangige Kalzinierung, Beimischung von Wasserdampf zum SCR Reaktions-

gemisch, oder ein vorgingiger SCR Test bei 600 K die Bildung von N2O begunstig-
ten. Dabei wurden die Cr(III)-Spezies oxidiert. Hochdisperse Cr(III) Spezies auf

Ti02 zeigen gegeniiber Cr(IV)-Cr(VI) Systemen vorzugliche katalytische Eigen¬

schaften, aber ihre Stabilitat unter praxisnahen SCR Bedingungen ist beschrankt.

Durch mehrstufiges 'grafting' mit Wolframalkoxiden wurden WOx/Ti02

Proben mit Beladungen von 3.5 - 11 |imol(W) nr2 hergestellt. Die Beschichtung
von Titandioxid mit Wolframoxid erhohte die thermische Stabilitat der

Katalysatoren. Im Verlaufe der temperaturprogrammierten Reduktion der W(VI)-

haltigen Proben in H2/Ar wurde W(IV) auf T1O2 stabilisiert. Diese Methode ist

dadurch zur Quantifizierung von W auf TiC<2 geeignet. Eine hochdisperse

Wolframoxidschicht, charakterisiert durch eine Raman-Bande bei 985 cm"1, wurde

durch Kalzinierung bei 1023 K in 02/Ar gebildet. In einer Probe, die

11 (lmol(W) nr2 enthielt, bildeten sich durch Kalzinieren in feuchter Luft bei

1023 K neben einer WOx-Monolage Kristallite von WO3, wogegen kleinere

Beladungen keine Kristallitbildung zeigten. Kalzinierung bei steigender

Temperatur (573 -1023 K) verdoppelte die SCR-Reaktionsgeschwindigkeit. SCR-

TPD zeigte, dass durch die Hochtemperaturkalzinierung zusatzliche Br0nsted-saure

Zentren fur die NH3Adsorption gebildet wurden.

Zusammenfassung



Chapter 1

Introduction

SUPPORTED OXIDE CATALYSTS

Transition metal oxide catalysts play a very important role in industrial

chemistry. Some industrial applications of oxide-catalysed processes are listed in

Table 1 [1, 2]. Unsupported catalysts (e.g. V2O5', 1), as well as supported catalysts

(Ti02-supported V, W, Mo oxides', 12) are used in industrial processes. Several

types of reactions are known to be catalysed by oxides, including oxidation-,

hydrotreating-, amination- and polymerisation reactions [3]. Processes based on

these reactions are found in different fields of chemical industry, e.g. inorganic

Table 1: Transition metal oxides m industrially applied catalysis:

Process Catalyst(s)

1 Sulphuric acid by oxidation of SC>2( also in flue gases) V2O5

2 Styrene by oxidehydrogenation of ethylbenzene Fe203

3 Phthalic anhydride from o-xylene TiC? supported V oxide

4 Maleic anhydride from butane (VO)2P207

5 Linear low density polyethylene (fluidized bed process) supported Ti, Cr oxides

6 Epoxidatjon of olefins Si02 supported Ti oxide

7 Aniline from phenol and ammonia Si02,Al203Supp.Mg,B,AI,Ti oxides

8 Methanol to olefins (C2 - C4), Xylene (etc.) isomerisation ZSM-5 zeolites, AI2O3

9 Isobutene by dehydrogenation of isobutane AI2O3 supported Cr oxide

10 Hydrotreating of gasoline to remove heteroatoms (S, N) AI2O3 (Si02) supp. W, Ni, Co, Mo

oxides

11 H2S removal by selective oxidation with O2 CC-AI2O3 supported Fe oxide

12 N0X removal from flue gases by reduction with NH3 TIO2 supported V, W, Mo oxides

Introduction
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industry (1), production of synthetic rubber, fibres and plastics (2, 3,4,5), fine

chemicals (6), fuels (8,9,10) or pollution control (1,11,12).

Heterogenous catalysis mostly occurs at solid/fluid interfaces, where the

ability to coordinate and activate reactant molecules on die surface is the decisive

property providing catalytic activity. The development of novel heterogeneous

catalysts demands the design of surfaces with suitable chemical properties for a

specific reaction. Therefore both the chemical and structural properties of novel

oxide surfaces and the catalytic performance of the oxides are explored to better

understand their interrelationship and thus the nature of the catalysed reaction

itself.

We shall first describe the most important characteristics of oxide surfaces in a

general way and then outline the relevance of the chosen test reaction and its

sensitivity to different oxides.

PROPERTIES OF OXIDE SURFACES

Pertinent descriptions of the properties of transition metal oxides were

provided by Kung [3]. Morrow [4] and Tanabe et al. [5]. They reviewed the

spectroscopic characterisation of surface groups and the acid-base properties of

oxides.

To create additional surface area of an oxide we cut a single crystal along

different planes. This newly created surface exposes cations (Mn+) and anions (O2")
and contains dangling bonds and defects whose valency requirements will be

satisfied by a chemical reaction with the ambient atmosphere and/or

reconstruction of the near surface atoms. Therefore, most oxide surfaces contain a

variety of sites ranging from hydroxyl groups, coordinatively unsaturated Lewis acid

and base sites, and perhaps Bronsted acid/base sites [5, 6, 7]. Since the cations

often have a number of commonly obtainable oxidation states, the oxides can

Table 2; Important properties as to the surface chemistry oftransition metal oxides:

Variety of adsorbed species (chemically bonded and physisorbed).

Surface acidity and basicity (protic, Brensted type), due to hydroxylated surface.

Coordinative unsaturation of surface exposed ions, forming Lewis acid and base sites.

Ability of cations to undergo oxidation and reduction.

Mobility of lattice oxygen and the possibility that lattice oxygen is involved in a reaction.

Chapter 1
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undergo oxidation and reduction and rather high densities of cationic and anionic

vacancies may occur. Therefore the surface of a transition metal oxide is very

heterogeneous and contains a mixture of sites, whose composition depends on the

nature of the oxide, the preparation method used, the activation conditions and on

the presence of foreign species. Such species can be present as impurities or they

are intentionally added, as in the case of supported catalysts (see below). Some

properties that are important for the surface chemistry of oxides are summarised in

Table 2.

Coordinatively unsaturated sites are responsible for chemisorption and the

binding of molecules to a surface in most instances. Under ambient conditions

water is strongly adsorbed on oxides. The degree of coordinative unsaturation

usually increases at elevated temperature for thermodynamical reasons:

Mn+(cus) + Hfi ^1 Mn+OH2 (i)

O2- OH' 0H-

MH+ Mn+(cus) + H-p ^ Mn+ Mn+ (2)

In (1) water is adsorbed molecularly to satisfy the coordinative unsaturation of the

metal ion, whereas in (2) the coordinatively unsaturated cation and anion pair

adsorbs a water molecule dissociatively.

Surface acidity

A partially hydroxylated oxide surface exposes hydroxyl groups and

coordinatively unsaturated metal cations and oxygen anions. Each of these species

can participate in an acid-base reaction.

Lewis acidity: Exposed coordinatively unsaturated cations may act as

acceptors for free electron pairs of adsorbed molecules and are therefore denoted

as Lewis acid sites. Their strength depends on the charge and size of the cations,

both ofwhich vary with the oxidation number of the cation.

Breasted acidity: Surface hydroxyl groups may act as Bronsted acid sites.

They may dissociate to protonate adsorbed bases. The conjugate acid-base pair is

stabilised on the surface by electrostatic interaction (or by die dipoles of a polar

solvent if used as the fluid phase). The stabilisation of charges on the surface of an

oxide is simlar to the solvation of ions in aqueous solutions. If an oxide is dispersed

Introduction
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in water the amphoteric surface-OH groups exhibit pH-dependent Bronsted-acidic

properties. The pH at which the surface charge is equalised is called the isoelectric

point or 'point of zero charge', pHpzc. It varies for the best-known oxides from basic

(MgO: 12.5) to acidic (TiOs 4.5-6.5; V205:1.4) or strongly acidic (WO3: <0.5).

Three different methods are commonly used to characterise the acidic

properties of oxides [3 8]: (i) spectroscopic investigation of adsorbed molecules

(commonly NH3 or pyridine), (ii) determination of the isoelectric point or (iii)

titration with indicators. While monitoring of the adsorption of ammonia and

pyridine by infrared spectroscopy allows distinguishing between Lewis- and

Br0nsted acid sites because of the different spectroscopic features of the differently

bound molecules (protonation, lone electron pair bonding and hydrogen bonding)

the other two methods allow only determining protic acidity. The acidic properties

of a selection of pure transition metal oxides are listed in Table 3.

Since TiC>2 was the support material used for all catalysts in this thesis it is

described in more detail. Titania exists in three crystalline modifications, anatase,

rutile and brookite ofwhich the first two are the most common and will be the only

ones discussed here. Anatase is the stable phase at low temperature and probably
the most important modification as to catalysis because it can usually be prepared at

much higher surface area than rutile. Rutile is often formed from anatase by

heating above 1000 K. The surface ions of both phases can easily be reduced by H2

or other reducing agents, or by vacuum treatment at elevated temperatures. Upon

reduction the colour changes from white to blue and the acidic properties change

dramatically. Both Ti02 phases show Lewis- as well as Bronsted acidity and T1O2 is

classified a weakly acidic metal oxide. The acid sites are of Bronsted type when

calcined at low temperature and of the Lewis type when calcined at higher

Table 3: Acidic properties ofpure metal oxides'

Oxide Mode of bonding (1)a isoelectric point (11)

H-bonding Lewis Brensted

Ti02 + + 45-62

V2O5 + + 1.4

Cr2<)3 + 7.0

WO3 + + <05

a) Acid sites determined by ammonia or pyridine adsorption, samples pretrealed at 400°C

Chapter 1
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temperature (cf. Table 3). Moreover titania shows a tendency to coordinate

molecular water at a surface concentration comparable to the density of surface

hydroxyls (i.e. ca. 3 (imol nr2, as H2O). This H2O starts to desorb under

atmospheric pressure at ca. 370 K and under vacuum conditions at ambient

temperature (ca. 1 mbar), which leads to the formation of weakly Lewis acidic sites

[9]. (Cf. [4] and [5] for further details.)

PROPERTIES OF SUPPORTED OXIDE PHASES

Compared to bulk materials, supported catalysts possess two major advantages.

First a support material can provide useful textural properties, such as high surface

area (per volume or mass unit) accessible to the reactants, combined with high

thermal stability. The second advantage is based on the changes of the surface-

chemical properties. Upon supporting a transition metal oxide on die surface of

another oxide in a dispersed phase the surface properties of the oxidic system may

change significantly. The redox and acid-base properties often differ from those of

the supported (bulk) oxide, as well as from those of the support material itself.

Similar effects occur for supported metal catalysts. The support material can not

only change die chemical properties of the surface but it may thus influence die

reaction pathway as well. Adsorbed reactants may spill over from the 'active' phase

to the support and vice versa or a support material may provide one of the

functions of a bifunctional catalyst. However, the dispersions of supported oxides

strongly depend on the interaction of the supported phase with the support

material. Only if the interaction is strong enough the formation of crystallites can

be suppressed and well dispersed supported oxides are obtained. Highly dispersed

surface layers ofan oxide on a support can only be achieved if die supported oxide

interacts strongly with die support.

Table 4: Capacities oftheoretical monolayers This is often the Case for Oxides of Cr,

Mo, W, V, and Re supported on AI2O3,

and to a lesser extent when supported

on TiOg. Otherwise three-dimensional

crystallites are formed whose

properties are similar to large bulk

crystals. The maximum amount of an

oxide that might be stabilised in a

supported single layer is denoted as a

dieoretical monolayer. The capacity of

a dieoretical monolayer is estimated

Oxide (bulk) Monolayer capacity / umol rrr2

TIO2 15.6/16.8 «

V2O5 13.2

Cr2(>3 19.8

Cr03 10.7

W03 11.7

a) anatase and rutile modification, respectively

Introduction
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from the space need of a virtually cubic cell of one metal oxide unit, MeOx. Its

volume is derived from the bulk density of the respective oxide, and the dense

packing of such 'cubes' on a flat surface results in the above mentioned monolayer

capacity. Calculated values for a selection of oxides are given in Table 4. Note that

for different oxidation states of the metal ion this hypothetical value differs

significantly. The spacial density of Cr ions in CrOs is only 54 % of the density in

Ct2Qs, which reflects the determining role of the oxygen ions in the packing of the

two chromium oxides.

The stabilisation of a surface layer of an oxide on another supporting oxide

needs a driving force. This means that in any thermodynamically governed case the

total free enthalpy of the system has to be lowered when the oxide is spread over

the support and does not form crystallites or clusters. Haber [10] and Knozinger

[11] ascribed this phenomenon to a minimisation of surface free energy and

developed the preparation method of supported oxide monolayer catalysts by 'solid-

solid-wetting'. When e.g. V2O5 is ground together with TiC<2 (anatase) and the

mixture is exposed to moist oxygen at an elevated temperature, vanadium oxide

migrates over the surface of anatase, forming a layer of vanadates.

How can we gain information about dispersed oxide species? We need to

describe the structural and chemical properties of this supported oxide overlayer to

derive any mechanistic explanation of the catalyst behaviour observed in the test

reaction.

To describe the accessibility of the supported oxide to the reactants we should

know the pore structure of the sample and the dispersion of the active phase on the

support. While the pore structure can be quantified satisfactorily by e.g. nitrogen

adsorption techniques [12], no reliable titration method that is sensitive to the

cation exposed is yet known for oxide surfaces. We therefore make use of

experimental techniques that provide information about collective properties of a

constituent, such as X-ray powder diffraction analysis (XRD, describing crystallinity)

and electron paramagnetic resonance (EPR, sensitive for paramagnetic species

only). Electron microscopy in the transmission (TEM) or scanning mode (SEM)

can provide additional information about the crystallinity and the micrcHStructure

of the samples. Surface sensitive methods, such as vibrational spectroscopy (DRIFT

or Raman spectroscopy) as well as vacuum methods (XPS, SIMS) or EXAFS

(radiation available to limited extent) are powerful tools to describe the structure of

the supported phase. (Cf. [13,14] for further details on the methods mentioned.)

Chapter 1
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On the other hand, a chemical approach is useful to characterise the

properties of the catalyst surface. The acidic properties are investigated with the

methods described above. Moreover the reducibility can be investigated by means

of temperature-programmed reduction (TPR, using diluted hydrogen or CO as

reductants). Other temperature programmed methods like temperature

programmed desorption (TPD) or thermal analysis (thermogravimetxy, TG, or

differential thermal analysis, DTA) can provide information on the amount and

coordination strength of adsorbed species or on bulk reactions occurring under

different atmospheres, respectively. The reactivity of a catalyst in well-known

testreactions helps to characterise features, such as the oxidising strength, acidity

and/or basicity (e.g. oxidation of methanol, i-propanol, t-butanol: product
distribution and activity correlate with the redox properties of the catalyst [15]).

PREPARATION METHODS

PURE OXIDES

Pure oxides can be synthesised as single crystals, or as polycrystalline or

amorphous samples. For most practical uses, where a large specific surface area is

essential, the polycrystalline or amorphous forms are desirable. Different

techniques, such as precipitation, gelation, or complexation [S] are used at low

temperatures to obtain oxides of large surface areas, and it is often not the

thermodynamically most stable phase that is formed. In the case ofTiOg this would

mean that anatase is formed, and rutile could be produced by high temperature

treatment of anatase (phase transformation). The above-mentioned preparation

methods have in common that they are based on the separation of a solid

containing the metal ion of the oxide from a solvent (often water) with subsequent

washing, drying and calcination steps. Titania is often prepared by hydrolysis of a

titanium alkoxide or chloride precursors [4,16]. Two different methods have been

used to provide the support materials used in this study:

Commercial Ti02 'P25' from Degussa is produced by flame hydrolysis of titanium

tetrachloride. It consists of both anatase and rutile crystalline domains and has a

specific surface area of ca. 50 m2g"' (+15 m2^1) [17].

M. Schneider [18] recently succeeded in synthesising meso- to macroporous

anatase with a surface area of no less than 180-200 m2g"' using a sol-gel-aerogel

preparation with supercritical drying of the gel. The study presented in Chapter 3

makes use of such samples.

Introduction
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Other bulk oxide samples are mainly used for comparison with the

corresponding supported oxides. Curry-Hyde et al. prepared both amorphous and

crystalline chromia by gelation of Cr(NOs)s with ammonia in aqueous solution

(subsequent drying in air at 373 K and heating under a hydrogen containing

atmosphere at 653 K [19]). Such catalysts were used as reference samples in the

study presented in Chapter 4.

SUPPORTED TRANSITION METAL OXIDES

Several possible preparation procedures ofsupported metal oxide catalysts are

known. The simplest and most widely used method is wet impregnation. Supports

have been impregnated by dissolving a known amount of a highly soluble salt

(nitrates [20], acetates [21], citrates or ammonium salts [22, 23]) and subsequently

evaporating the solvent. When the solution volume corresponds to the pore volume

of the support the term 'incipient wetness' is used. Usually the catalysts are dried

and calcined at elevated temperature (570 -1270 K) in air or oxygen. In the drying

step the metal salt is reformed from the individual solvated ions and redistributed

on the support in a way which depends both on the drying conditions and the

support porosity. During calcination the deposited salt is decomposed into oxide

and iono-covalent bonds of the metal oxide species with the support may be

formed. Coprecipitation [24 - 26] or sol-gel processes [27] have been used to

synthesise the binary oxide system in a one-step procedure. However, such

impregnation or one-step preparation methods can result in weak interaction of

the active species with die support and lead to poor dispersion of the active

component [27 - 2 9]. The 'solid-solid-wetting' preparation has already been de¬

scribed: a mechanical mixture of two oxides, when heated, leads to the spreading of

the active oxide over the supporting oxide, whereby the presence of water assists

the process through the formation of mobile oxyhydroxides [SO].

SELECTIVE GRAFTING

The outstanding role of highly dispersed VOx/Ti02 catalysts in the oxidation

of o-xylene to phthalic anhydride, as well as in the selective reduction ofNO by NHs

was pointed out by Bond et al. [29]. They described grafting techniques to be

superior to impregnation techniques because of the specific interactions of the

oxide precursors with the support material. According to the properties of oxide

surfaces, specific interaction of a metal ion with the support oxide can be achieved

either by electrostatic interaction of the ion with the charged surface (e.g. in

Chapter 1
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aqueous solutions) or by ligand exchange of a solvated complex with functional

groups of the surface to form a surface complex. The most selective interaction,

however, is the chemical reaction of the oxide precursor with surface hydroxyl

groups of the support:

VOX3 + 2Ti-OH ^1 VOXfOTih + 2HX

In such a grafting procedure die precursor (e.g. VOX3) reacts either from the gas

phase or from solution [29, Si, 32]. The anchoring of the precursor is stoichiometric

with respect to the concentration of reactive hydroxyls and a possible excess of

precursor is usually removed from the sample before it is dried and calcined or

otherwise conditioned. Suitable precursor compounds include halides (e.g.

VOCI3), alkoxides (e.g. VO(i-OCsH7), and acetylacetonates (e.g. VO(acac)a)-

Because of the selective reaction of the precursor widi surface hydroxyls the

metal species are immobilised in a highly dispersed state. Therefore the

corresponding supported oxide species can presumably be obtained at high

dispersion by kinetically controlled transformation of the anchored precursor into

oxide species, i.e. that the formation of an iono-covalent bonding between the

metal ion and the support during the first step of preparation should prevent

migration and agglomeration of the supported species during calcination or other

thermal treatments. The highly dispersed state of the oxide thus obtained does not

have to represent the thermodynamically most stable structure of the supported

oxide phase. On the other hand the concentration of active surface hydroxyls of the

support limits the amount of deposited transition metal atoms per grafting step.

Impregnation methods allow to deposit higher loadings of the active phase. But die

successive evaporation of solvent occurring in the drying step of most impregnation

procedures often leads to nucleation and hence to the undesired formation of

crystallites of the supported phase.

The maximum amount which is deposited by a single grafting step is often

referred to as an experimentally observed monolayer. It may typically corresponds

to a fraction of about 0.5-0.9 of the capacity of a theoretical monolayer, depending

on the reactivity of the precursor and on steric effects. Higher loadings can be

achieved by successive grafting steps as demonstrated by Bond et al. [S3] and Baiker

et al. [31] for the VOx/TiC>2 system.
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REMOVAL OF NOx FROM FLUE GASES

As mentioned on page 8 titania supported vanadia catalysts were found to be

suitable for the selective reduction of NO by NH3. I will briefly illustrate the

technical relevance of this reaction and its sensitivity towards different catalytic

systems.

Excellent reviews on the sources and effects of Nitrogen Oxides and on the

emission control policy and technology have been published [34, 55]. NOx,

including NO and N02, are known to be highly toxic and their reactions with other

gaseous pollutants in urban areas contribute to a great extent to the formation of

photochemical smog and acid rain. About 70 % of the world-wide emissions ofNO*

are caused by biomass burning and combustion of fossil fuels through human

activity [34]. The formation of NO out of nitrogen and oxygen in a combustion

process is an endothermic reaction and occurs at a significant rate above 1000 K. In

most western countries legislation has set limiting values for NOx emission to

regulate air pollution and demands more stringent limitation according to the

principle of emission control at the level of the 'best practicable means' (UK

legislation).

Although the decomposition of nitric oxide into nitrogen and oxygen is

NOx Control Technologies

Primary Measures

'Clean Techniques'

N content of fuel

Furnace

Burner

Secondary Measures

'Clean-Up Techniques'

Dry Systems

Selective

Catalytic Reduction

Non-selective

Catalytic Reduction

Non-catalytic
Reduction

Adsorption

1

Wet Systems

Gas-phase Oxidation
& Absorption

Complexation

Scheme /: Available techniquesforNQ, emission control.
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energetically downhill and major progress has been reported recently [86 - 38], no

industrial application of the complete catalytic decomposition is known. A reducing

agent is needed in the flue gas in any NOx control system. For automotive exhaust

emission control, 'three-way' catalysts are nowadays industrial standard. The

catalysts are based on noble metals (Platinum and Rhodium), supported on a

monolithic alumina matrix. They operate at high temperature (> 1000 K) and

convert NOx, hydrocarbons and carbon monoxide into nitrogen, carbon dioxide

and water.

Stationary NOx sources, such as thermal power plants, diesel engines and

waste incineration plants allow the application of different NOx-emission control

techniques [39, 40]. They are represented in Scheme 1 and can be divided into two

groups: (i) Primary measures or 'Clean Techniques', including the reduction of the

nitrogen content in the fuel and modifications of the burner or furnace design, and

(ii) secondary measures, also termed flue-gas treatments or 'Clean-Up Techniques'.
The latter are grouped into systems operating under wet and dry conditions. In wet

systems the nitrogen is usually fixed by absorption, whereas dry systems convert

NOx to N2 or adsorb it on filters.

Integrated flue-gas treatment is used to decrease the emitted amounts of SOx,

NOx »nd particulates. Lately investigations on the costs and the efficiencies of

different emission control technologies have been published [40, 41 ]. As to NOx

emission control the selective catalytic reduction of nitric oxide by ammonia (SCR-

DeNOx or SCR) is the most effective (-85 % conversion ofNO to Ng), but also the

most expensive measure available. It is the only technique to meet very stringent

emission standards [40].

SCR DeNOx was commercialised in the late 70's in Japan. Different reducing

agents such as NH3, CO, CH4 or urea, and more than one thousand different

catalyst compositions have been tested. The catalysts use zeolites or supported

noble metals or oxides. Supported vanadium oxide catalysts showed particularly

high activities for the reduction of NO with NH3 and were therefore paid the

utmost attention.

The overall reactions for NO and NO2 are:

4 NO + 4 NH3 + 02 ^1 4 N2 + 6 H20

6 N02+ 8 NH3 ^ 7 N2+ 12 H20

Several side reactions are known including the formation of nitrous oxide,

N2O, by oxidation of ammonia with oxygen [39].
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Although the SCR reaction was investigated for more than two decades the

reaction pathway is still a matter of debate. Certain acid (mainly Br0nsted acid

centres) and redox properties have been identified to be favourable for high

activity and/or selectivity in the conversion of NO to N2. For the supported oxide

catalysts presented in this thesis the SCR reaction was chosen to characterise their

catalytic activity because of its relevance to practice and its sensitivity to both acid

and redox properties of die catalysts.

SCOPE OF THIS WORK

The aim is to apply the grafting method for the synthesis of novel transition

metal oxide sub-monolayer and monolayer catalysts, using various transition metals,

such as V, Cr, W, or Mo. This includes die search for suitable precursor substances,

e.g. alkoxides, halides, amides, etc., for die respective transition metal.

The SCR reaction is chosen to characterise die activity of die catalysts.

The interrelation of structure and catalytic reactivity shall be investigated for

the supported oxide catalysts, and the dependence of these properties on

preparation conditions, including activation/calcination in different atmospheres
and in a wide temperature range, shall be described.

It is of further interest to explore possibilities of creating layered oxide

structures widi sequential grafting of different metal oxide precursors. The concept

is to generate novel structural and catalytic properties by combining different

oxides on another oxide support material. It is hypodiesised diat die stronger die

interaction of the different supported species, the more likely their properties will

be changed. The grafting mediod, known to allow anchoring of highly dispersed

species, should enable us to mix the supported oxide species molecularly. For

furdier details refer to [42].
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Chapter 2

Experimental

PREPARATION OF THE CATALYSTS

As pointed out in Chapter 1, the catalysts were prepared by grafting methods

using suitable precursors of the metal oxides, such as alkoxides or amides of the re¬

spective metal. The specific preparation parameters of the different catalytic

systems will be given in the following chapters. However, some general aspects of

the preparation procedures and a description of the apparatus used are presented

here.

Different modifications of titania were used as support materials: commercial

T1O2 ('P25'), consisting of both anatase and rutile, was delivered by Degussa,

Germany [1], and pure anatase was prepared by M. Schneider in a sol-gel aerogel

process [2]. The TiC*2 powders were agglomerated either by dispersing them in

water and drying or otherwise by pressing them to disks. Then the titania was

crushed and sieved to obtain mechanically stable granules, convenient for all

characterisation methods including catalytic tests. Prior to grafting steps by liquid

phase or vapour phase deposition, the support oxides were conditioned under

vacuum at elevated temperature to desorb molecularly bound water and thus to

obtain mildly dehydrated surfaces.

drafting from Liquid Phase: The preparation of supported vanadia catalysts

by liquid phase immobilisation of vanadyl alkoxides is well established [S].

Alkoxides and amides of the transition metals under investigation were grafted on

the titania supports in a similar way.

Vapour Deposition: Gas phase impregnation using vanadyl-triisopropoxide

(VTIP) in a nitrogen carrier gas stream was established by Nickl [4] and applied in

this work according to the procedure described [5],
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The transformation of the anchored precursor into oxide or oxyhydroxide

surface species of the transiuon metal was effected by several steps, such as desorp-

tion or drying in an inert atmosphere, hydrolysis of the alkoxides in a moist

nitrogen stream, or calcination in an oxygen containing atmosphere, all steps at

temperatures ranging from 573 to 1023 K.

Figure 1: Apparatus usedfor the catalyst preparation The support material, introduced as granules, was treated

m-situ without any contact to atmosphere through all preparation steps, i e prelreatment (heat, vacuum),

impregnation and conditioning (calcination, hydrolysis). [4]
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A multi-purpose apparatus was used for all preparation steps of both liquid

phase and vapour phase procedures [4]. It allowed for control of gas composition

(flow of N2, O2, etc.), total pressure (10 Pa -1 bar), and temperature (273 K -

723 K). Liquids could be admitted from the top of the reactor and exuded from the

bottom through a capillary. Figure 1 shows die preparation unit schematically.

ACTIVITY MEASUREMENTS

The apparatus used for the catalytic tests has been described in detail [4]. It

consisted of a continuous flow tubular fixed bed microreactor coupled with a

computer controlled quadrupole mass spectrometer (MS, Balzers QMA 112,

QMG420). The MS was used to analyse die partial pressures of NO, NHg, HgO,

NgO, O2 and N2 and the data were quantitatively analysed using matrix calculations

by a dedicated software (Balzers, QuadstarPlus). Calibration gases were used to

determine sensitivities and fragmentation patterns.

The feed gas for die catalytic tests was composed from single gas mixtures in

argon. If not stated differently, it contained 900 ppm NO, 900 ppm NH3 and 18000

temperature / K Q | *— | SCR-feed

a) calcination & b) SCR reaction c) SCR reaction d)SCR-TPD
stabilisation integral reactor mode differentially

Figure 2: Illustration ofthe catalytic tests. Both integral and differential SCR reactivity tests are shown. Step a)

alternatively consisted ofdifferent pretreatments, such as hydrolysis in a stream ofmoist inert gas or conditioning

under reductive atmosphere. Step d) indicates the procedure for temperature programmed desorption after

exposure to SCRfeed at room temperature, which was appliedfor selected cases.
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ppm O2. In order to compare experimental results from different catalytic systems,

the samples were subjected to an automated standard test program which consisted

of an integral activity test (conversion versus temperature at constant flow of SCR

feed) and a differential measurement. For the latter the space velocity (gas flow per

total catalysts bed volume; STP) was gradually raised from 17,000 h"1 to 100,000 h"1,

and the temperature was adjusted to keep the NO conversion below 20%, which

was found to be suitable for maintaining differential reactor conditions. The

experimental procedure is illustrated in Fig. 2.

PHYSICO-CHEMICAL CHARACTERISATION

The catalysts were characterised by means of different physico-chemical

methods, such as nitrogen physisorption, X-ray diffraction (XRD), temperature

programmed reduction (TPR), temperature programmed desorption after

exposure to SCR feed gas (SCR-TPD), thermal analysis (TG, DTA), transmission

electron microscopy (TEM), Electron paramagnetic resonance (EPR), and Laser

Raman spectroscopy (LRS).

In the following chapters (3 -6) important details of the instrumental setup

used and die measurement conditions and procedures applied will be reported in

further detail. The theory of the characterisation methods as well as their

application in the field of heterogeneous catalysis have been the subject of

numerous review articles, autographs and symposia series [6-12]. Please refer to the

literature cited for more profound information.
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Chapter 3

Vanadia supported on Titania

Aerogels

ABSTRACT

Vanadia on titania-aerogel catalysts with a wide range of surface areas (Sbet of

70 -190 m2 g"1) and vanadia loadings (2.5 -17 umol m"2) have been prepared and

tested for the selective catalytic reduction of NO with NHs (SCR). The high surface

area of the titania aerogels allows the immobilisation of larger amounts of active

vanadia species per gram of support, which results in higher overall SCR activities,

compared to catalysts based on conventionally prepared titania. Transmission

electron microscopy, X-ray diffraction measurements and the SCR activities indicate

total dispersion of the vanadia in the VOx/ TiOg-aerogel samples up to a theoretical

monolayer of V2O5. Raman spectroscopy showed that monomelic vanadyl species

and two dimensional polyvanadate layers were present on the titania surface.

Increase of the vanadia loading favoured the formation of polyvanadate species.

The intrinsic SCR activity depends on the vanadia (surface) concentration, whereas

the morphology and acidity of the titania (anatase) support seem to have little

influence. Temperature-programmed desorption after exposure to SCR feed gas

(SCR-TPD) of both the titania supports and the VOx/TiOg catalysts, indicates that

the acidity of the titania aerogel supports depends on the crystallite size, as smaller

crystallites (dc<10nm) result in increased acidity. Upon deposition of

< 6 umol m"2 (V) on the TiOg-aerogels, the adsorption capacity of the samples

decreases and centres binding NHs more strongly are formed. These catalysts show

low SCR activity. Further vanadia immobilisation restores the total amount of

adsorbed species and leads to the formation of adsorption centres with moderate

acidity, which results in up to ten times higher SCR activity. The occurrence of

oxidation products of adsorbed ammonia with high vanadia loadings reflects the

enhanced oxidation capability of these catalysts at elevated temperatures.

VO„/ TiOrAerogels
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INTRODUCTION

Vanadia on titania catalysts [l] are used for various processes such as partial
oxidation of o-xylene and other hydrocarbons, the ammoxidation of aromatic

hydrocarbons and the selective catalytic reduction (SCR) of nitric oxide by
ammonia. For the reactions of aromatic hydrocarbons at high temperature, the

reaction rate is often controlled by intraparticle mass transfer even for small

particle sizes whereas in SCR, due to the high diffusivity of the reactants,

intraparticle diffusion is hardly limiting the rate of reaction for non microporous

catalysts. Thin coatings of highly (meso-)porous catalyst material can be used with

good efficiency. As demonstrated by Handy et al. [2] the overall SCR activity as well

as the specific reaction rates (TOF) can be increased when using 20% to 50%

titania-silica mixed gels with high specific surface areas (> 100 m2g-!) as support

materials for grafted vanadia catalysts. Titania grafted on silica represents another

suitable high surface area support material [3]. Recently, a member of our group

reported about the preparation of meso- to macroporous titania aerogels with BET

surface areas of almost 200 m2^1 [4] which mainly consist of well-developed anatase

crystallites. Such aerogels offer an interesting alternative support material to the

often applied commercial Ti02 prepared by flame hydrolysis (e.g. P25 Degussa),

which generally possess a much lower BET surface area (< 60 m2 g"1).

Though many catalysts have been studied for SCR, vanadia-titania is still the

most widely applied material [5]. Various methods of preparation, such as

impregnation [l], precipitation [6], solid-solid wetting of Ti02 with V2O5 [7, 8],

grafting from non-aqueous solutions [1, 9] or chemical vapour deposition [1, 10]

have been studied. Nickl et al. [11] report that the formation of particularly active

vanadia species, which have been identified as two-dimensional surface layers by

Raman spectroscopy [12, IS], is favoured when vapour deposition steps are

alternated with calcinations. In this work a multi step vapour deposition

preparation was chosen as an alternative to a multistep grafting procedure for the

VOx/Ti02-aerogel catalysts. These methods allow a broad variation of the vanadia

loading together with an excellent anchoring of the vanadia species on the support

material [11].

The aim of this work was to gain information about the physico-chemical

properties of the high surface area VOx/TiC>2-aerogel catalysts and to test their

suitability for the selective catalytic reduction of NO by NH3. Temperature

programmed desorption was used to investigate the changes in the adsorption

characteristics of the titania aerogel resulting from the vanadia deposition.
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EXPERIMENTAL

CATALYST PREPARATION

The vanadia on titania aerogel catalysts were prepared by chemical vapour

deposition (CVD) or by grafting in non aqueous solution, using vanadyl

triisopropoxide (VTIP, 98%, Gelest) for both procedures. The apparatus used has

been described in detail elsewhere [10]. It allows complete in-situ treatment of the

catalyst during the preparation due to the control of the temperature, partial

pressures, vacuum conditions or gas flows through the catalyst bed.

The catalysts are referred to as "SvL" where S represents the approximate

specific surface area (BET) in m2^1 and vL the approximate loading of vanadia in

|lmol nr2.

Prior to the vapour deposition or grafting, five different titania aerogel

powders (prepared according to [4], density of 0.05 - 0.1 g ml"1, previously calcined

in air at 623 K) were agglomerated at 3 MPa for 1 min using a pellet press, then

crushed and sieved to mechanically stable granules of 0.3 to 0.5 mm secondary

particle size, which resulted in a bed density of 0.4 - 0.65 g ml"1 £cf.: catalysts based

on agglomerated Ti02, P25 Degussa: 0.74 g ml"1). This agglomeration procedure
did not change the textural properties of the aerogels to a great extent. The five

titania aerogel support materials are designated as 70v0, 80v0, 90v0, 160u0 and

290t/0.

The CVD preparation procedure was chosen according to Nickl et al. [10].

The procedure includes a pretreatment at 423 K for 2 h under vacuum (0.1 mbar)

to obtain a mildly dehydrated surface, vapour deposition at 293 K in a flow of

500 ml min"1 Ng saturated with VTIP (partial pressure ca. 0.14 mbar) for at least 8 h

and a subsequent heating step in N2 (500 ml min"1) to desorb surplus VTIP. For the

desorption step the temperature was raised at 15 K min"1 to 573 K and then

immediately lowered to room temperature (RT). Finally the samples were calcined

in an oxygen flow (50 ml min"1) at 573 K for 3 h. For high vanadia loadings the

preparation procedure was repeated, partially applying longer exposure times to

the VTIP vapour stream (max. 20 h). The support materials 160v0 and 190v0 were

loaded in a grafting process with VTIP in 2-propanol according to Ref.14. The

sample 140v6.3 was prepared by calcination of 190v4.5 at 673 K for an additional

3 h in an oxygen stream containing 0.9% water and 140vll was obtained by a

subsequent second grafting.
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CATALYST CHARACTERISATION

Nitrogen physisorption: The specific surface areas, Sbet. and the mean

pore diameters, <dp>, were determined from nitrogen physisorption at 77 K using a

Micromeritics ASAP 2000 instrument. Prior to the measurements, all samples were

degassed to 0.1 Pa at 423 K. BET surface areas were calculated in a relative pressure

range of 0.05 to 0.2 assuming a cross-sectional area of 0.162 nm2 for the nitrogen

molecule. The pore size distributions were calculated from the desorption branches

of the isotherms [15] using the BJH method [16].

X-ray diffraction, XRD: X-ray powder diffraction patterns were measured

on a Siemens 0/0 D5000 powder X-ray diffractometer. The diffractograms were

recorded with CuKa radiation over a 2©-range of 15° to 30°. A position sensitive

detector with Ni-filter was used. Particle size estimates were obtained by using the

{101}-reflection for anatase [17]. The angle, 0, at which the peak maximum

occurred, full width at half maximum intensity, FWHM, and the wavelength, A, of

the copper radiation were inserted into the Scherrer equation dc = 0.9 A /b cos0

[18] to obtain the mean dimension of the crystallites, dc. b represents the corrected

FWHMaccording to b = (FWHM2 - B2)0i, where the instrumental broadening, B, is

equal to 0.08.

Transmission electron microscopy, TEM: For TEM the samples 190v0 and

190v4.5 were ground in a mortar and supported on holey carbon films mounted on

TEM copper grids. The micrographs were obtained on a Hitachi H-600 microscope

operated at 100 kV which allowed a point resolution of ca. 0.5 nm.

Laser Raman spectroscopy, LRS: For Raman spectroscopical investigations

0.1 g of calcined catalysts (90v3.5, 160v3.5, 140v6, 70t/7and 80vl2) were ground

and the samples were kept in a glass cuvette which could be heated in a furnace and

evacuated to < 10 Pa. Spectra were recorded for each sample, before and after

degassing (dehydrating) them for 2 h at T = 623 K and P < 10 Pa; these conditions

will be referred to as 'ambient' and 'dehydrated', respectively. The spectra were

excited using the 1064 nm line of a NdYAG laser and recorded with a 'Perkin-Elmer

2000 NIR-FT-Raman' spectrometer. The laser power was 50 mW for the 'ambient'

and 20-100 mW for the 'dehydrated' samples. For better presentation of the signals

due to the grafted vanadia, a representative background (support) was fit to a

polynomial and subtracted from the spectra in the 1100 - 800 cm-1 wavenumber

range [19].
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Temperature programmed desorption, TPD: SCR-TPD experiments were per¬

formed in situ with the same samples as used for the catalytic tests. SCR feed gas

(SOmlmin*1) was passed through the catalyst bed at 303 K for 1 h after the

complete SCR testing (20 h, see below). After purging for one hour with argon

(99.999%, Pan Gas, 20 ml muv1) the temperature was raised at 10 Kmur1 up to

723 K and the concentrations of the evolving species H2O, NHs, NO, N2 and N2O

were monitored by MS. To assess the influences of mass transfer and readsorption

on the TPD spectra, the criteria of Demmin and Gorte were applied [20]. For the

working conditions used, intraparticle concentration gradients are negligible as the

ratio of the carrier gas flow rate to the rate of diffusion was calculated to 0.07 (0.05

is given as a limit for negligible gradients). Readsorption phenomena cannot be

ruled out in TPD-measurements carried out at atmospheric pressure. The diffusion

rate of the desorbed species as well as the carrier-gas flow rates are much lower than

the adsorption rate of e.g. NHs even under optimum flow-TPD conditions.

CATALYTIC TESTS

Catalytic tests for the selective catalytic reduction, SCR, of NO by NH3 were

carried out in a continuous flow fixed-bed microreactor made of a quartz glass tube

with 4 mm inner diameter. Volumes of 0.126 cm3 corresponding to 53-83 mg of

catalyst granules were used for the measurements. The reaction gas mixture

consisted of 900 ppm NO, 900 ppm NH3 and 1.8% O2 in an argon balance. This

gas mixture, which is referred to as the SCR feed, was mixed from argon (99.999%)

and single component gases in an argon balance (3600 ppm NO/Ar, NHs/Ar

certified by ±2%, Union carbide). Feed and product concentrations of NO, NO2,

NH3, H2O, N2O, O2 and N2 were quantitatively analysed on line using a computer

controlled Balzers quadrupole mass spectrometer QMA 112A.

Conversion measurements as a function of temperature were carried out at a

gas hourly space velocity, GHSV, of ca. 17,000 h"1 (273 K, 1 atm; STP) after steady-

state SCR activity had established at 423 K (typically after 2 h). For differential

activity measurements the space velocity was gradually raised from 17,000 h_1to

100,000 h"1 (STP), and the temperature was adjusted to keep die NO conversion

below 20%, which was found to be suitable for maintaining differential reactor

conditions. The criterion ofWeisz and Prater (Da =-^5 F&/(DeyCg) < 1) was used to

estimate the influence of internal mass transfer [21]. For 190v4.5, the catalyst with

the smallest pore diameter, <dp> = 18 nm, at T = 470 K (tno/Cno= 5.14 s"1,

/J=0.25mm, Dfjo= 4.3 10_7m2s"1) The Damkohler number was calculated to

Da = 0.75. This indicated that pore diffusion was not limiting at this temperature,
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but it can be influential at T > 470 K. Therefore all kinetic parameters were

determined based on tests at temperatures lower than 450 K.

For all measurements a nitrogen-balance including feed and product stream

concentrations of all N containing compounds was calculated Even for high con¬

versions ofNO and NH3, the error in the nitrogen-balance did not exceed 1 5%

Table 1- Morphological properties ofVOx/TiOfraerogel catalysts calcined inflowing oxygen (573 K, 3 h)

Sample Sbet V loading V loading crystal structure from XRD

/m2gi / umol g1 / umol m 2bet and <dc> / nm a)

70v0 68±2 ") 0 c) 0 b) A 17

70v4 - 279 ±10 40102

70v7 70±2 487 ± 10 70104 A 16

80v0 82±2 0 0 A 13

80v2.5 80±2 208 ± 10 26101

80v12 77±2 945±10 123106 A 13

90v0 89±2 0 0 A 13

90v3.5 88±2 296110 34102

90v7 87±2 594 ±10 68103

90v17 80±2 1340114 168108 A 13

140v6 <D 141 ±4 843126 60103

U0v11 138 + 3 1575120 114106 A 8

160v0 162 ±4 0 0 A 7

160V3.5 161 ±4 577114 36102 A 7

190v0 191 ±5 0 0 A 7

190v4.5 197 ±5 843 + 26 43 + 02 A 7

Note a) A (anatase)> <dc> represents mean crystallite sizes

b) '+' indicates the estimated maximum error (±5 %)

c) 95% confidential limitsfor atomic absorption measurements

d) catalyst calcined at 673 Km 02/09% H20
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RESULTS AND DISCUSSION

PROPERTIES OF CALCINED CATALYSTS

The morphological properties of the calcined VOx/Ti02-aerogel catalysts and

the respective support materials are listed in Table 1.

The ground catalysts were dissolved in hydrofluoric acid to determine the

vanadia loading by atomic absorption spectroscopy, AAS. The average amount of

deposited vanadia per vapour deposition step as well as per grafting step amounted

to ca. 3.5 umol (V) nr2. Larger amounts, up to 9 (imol (V) nr2 were deposited

during the final vapour deposition step on the highly loaded samples (80vl2,

90ul 7) due to the long exposition times applied.

The specific surface area, Sbet. and the average pore diameters, <dp> (varying

from 17 nm for 190v0 to 28 nm for 70v0), of the support materials were not

changed significandy by the agglomeration step. However, agglomeration resulted

in a slight decrease of the contribution of micropores to die total surface area (e.g.

for 190v0 from 10 to 5 m2g"1). Microporosity became negligible upon furdier

deposition and calcination steps {190v4.5:1 m2^1). BET surface areas decreased

widi higher vanadia loadings (cf. 90vL), whereas pore diameters, <dp>, remained

unchanged.

XRD analysis of die agglomerated support materials and die highest loaded

catalyst of each series showed for all samples only reflections due to crystalline

anatase (Table 1). No crystalline V2O5 could be detected, not even for 90vl7, die

catalyst widi the highest surface concentration of vanadia (corresponding to

12.2 wt% "VvPs"). Calcination of diis catalyst in dry O2 at 673 K had no influence on

the mean crystallite size of die Ti02 aerogel. The fact that the crystallite sizes of die

anatase particles did not change as a result of the multiple deposition and

calcination steps confirms that die main morphological features of the support

materials were preserved during the preparation. In contrast, the hydrodiermal

treatment of 190o4.5, applied for die preparation of 140u6.3and 140vll, resulted

in a significant change in die crystallite size and a decrease in Sbet of ca. 50 m2 g"1

togedier witii a lower pore volume in die <dp> range from 5 to 20 nm.

The fact that the morphological properties of the support material remained

unchanged upon vanadia deposition was further confirmed by the TEM

investigations. Representative images of the agglomerated support material 190v0

(Fig. 1A) and the catalyst 190v4.5 (Fig. IB) illustrate this fact. The structure of

branched and interconnected colloidal primary-particles is characteristic for
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aerogel materials. The diameters of the primary particle he between 6 and 11 nm,

which is in good agreement with the mean anatase particle size of 7 nm determined

by XRD line broadening. Concerning the vanadia phase in 190v4.5 (7.8 + 0.5 wt%

"VaOs')' no evidence for long range ordered vanadia species (small crystallites) was

found, corroborating the assumption of a high dispersion of the vanadia

component.

Figure 1A: Transmission electron micrographs of catalyst 190v0. The sample was calcined for 3 h at 570 K in

oxygen
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Laser Raman spectroscopy was used for characterising the different vanadia

species grafted on the T1O2 aerogels. Raman spectra were recorded before and

after degassing the samples, according to the procedure described in the

experimental part. Figure 2 depicts spectra of samples recorded under 'ambient'

conditions. For samples with vanadia loadings > 6 p.mol nr2 no spectra could be

recorded under these conditions, due to strong absorption leading to sample

heating and dehydration of the samples [22]. In the V=0 stretching region two

bands at -940 cm"1 and -985 cm-1, indicative for polymeric metavanadate

(tetrahedrally coordinated: -935 cm-1 [23]) and decavanadate-like species (sixfold

coordinated: -990 cm1 [23]), respectively, can be distinguished. The coexistence of

Figure IB: Transmission electron micrographs of catalyst 190v4.5 The sample was calcined for 3 h at 570 Km

oxygen.
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two-dimensional sixfold coordinated vanadia species and metavandate-like chains is

indicated for vanadia loadings up to 6 umol nv2 under hydrated surface conditions.

Upon dehydration (623 K, 2 h, < 10 Pa), Fig. 3, the Raman spectra due to the

grafted vanadia species changed drastically. A broad feature centered at 920 -

930 cm'1 appears together with a sharp band at 1030 cm-1. The latter is assigned to

distorted tetrahedrally coordinated vanadium ions present either as monomelic

vanadyls [24,25] or chain-like species [25]. At higher vanadia loadings, the intensity
of the band around 930 cm-1 is increasing relative to that of the 1030 cm-1 band,

indicating that metavandate-like species (~930 cm-1) become prevalent under

dehydrated surface conditions. A similar behaviour was reported by Went et al. [19]

for vanadia deposited on T1O2 (P25, Degussa) which had a BET surface area below

40 m2 g-1. Note that no crystalline V2O5 is indicated by the Raman spectra for die

c

a

CO
c

CD

1100 900 700

Raman shift / cm

500 300

Figure 2: Raman spectra of VOx/Ti02-aerogel catalysis with different VOx loading recorded under ambient

conditions after calcination at 570 K. Enlarged spectra are displayed with subtraction of a polynomial

background over the region of 800-1100 cm'K
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VOx/TiOa-aerogel catalysts at vanadia loading £ 12 umol nv2, which corroborates

the XRD findings. The Raman results demonstrate that the surface concentration

of vanadia is decisive for the relative amount of the different vanadia species,

irrespective whether low - or high surface area titania is used as support.

1100 900 700 500 300

Raman shift / cm"1

Figure 3: Raman spectra of VOx/Tt02-aerogel catalysts with different VOx loading recorded after calcination at

570 K and degassing of the samples (dehydration) for 2 hat T- 620 K and P< 10 Pa. Enlarged spectra are

displayed with subtraction ofa polynomial background over the region of800 -1100 cm'1
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CATALYTIC BEHAVIOUR

Table 2 summarises the results of the SCR activity measurements Note that

the specific activities at 473 K are compared on the basis of turnover frequencies,

'TOF, in [(mol NO) (mol V)'1 s"1] as well as NO reaction rates per BET surface

area The 'TOF'-values are related to the total amount of vanadia in the catalysts

(determined by AAS, Table 1) This means that the 'TOF' are based on the

Table 2: Selective catalytic reduction ofNO by NH3 The kinetic data aregwen as reaction rates per total surface

area (Vj) and per catalyst mass (tm), as turnoverfrequencies ('TOF'), all determined at 473 K, and as apparent

activation energies (Ea) As a measure of the overall activity, the temperature to obtain 50% NO-conversion

(TXNO=0 5) was determinedfrom the integral reactor tests

Sample TOFIO4*) rs 109 rm 106 Ea Conversion*:)

/ NO V1 s1 / mol s1 m 2 / mol s1 gcat1 / kJ moM Txno=o 5 'K

70v0 - - - -

70v4 41 16 011 60±4 b) 501

70v7 153 106 0 74 67±5 442

80v0 - - - - -

80v2.5 12 03 0024 66±3 565

80v12 96 118 0 91 64±3 435

90v0 - - - - -

90v3.5 39 13 011 60 + 2 491

90v7 135 92 080 62±5 433

90v17 91 140 112 57±4 430

140v6 67 45 063 63 + 2 450

140v11 158 181 246 60±3 414

160v0 - - - - -

160v3.5 65 23 0 37 62±1 469

190v0 - - - - -

190V4.5 35 16 031 63±2 471

Note a) TOF based on total amount ofVin catalyst

b) 95 % confidence hmits ofArrhemus type linear regression

c) determined at constant GHSV of 1TOOO h1for all samples
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assumption that all vanadia species are accessible and active for the SCR reaction,

which is reasonable for vanadia concentrations in the submonolayer region. A

monolayer of V2O5 was estimated to be ca. 16 umol nr2 [9, 26, 27], which

corresponds to the maximum loading of the catalysts prepared, 90vl 7. Note that

the TOFs represent 'conservative' estimates of intrinsic turnover frequencies due to

the assumption that all VOx species are accessible for the reactants.

The temperatures necessary for 50% NO-conversion under standard SCR

conditions, Txno=0.5> are given as a measure of the integral activity. At a GHSV of

17,000 h"1, the catalysts with surface vanadia concentrations £ 7 umol m-2 show high

activity judged from the values (430 to 440 K). Values in the same range have been

reported by Nickl et al. [10] for similarly prepared T1O2 (P25, Degussa, Sbet " 50

m2 g"1) supported catalysts with surface concentrations of 6.3 to 8.5 ^mol(V) nr2.

Catalyst HOvll shows the lowest Txno=0.5 anc^ tne highest NO reaction rate at

473 K based on the catalysts mass, rm. This sample combines high surface area with

relatively high loading of very active vanadia species (cf. 'TOF') and demonstrates
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figure 4: Comparison of the SCR activity of the VOx/Ti0^aerogd catalysts based on integral activity

measurements (GHSV * 17000 A~f). The inverse of the temperature at which NO conversion reached 50%,

TxNO^O.S- " Plotted versus the logarithm ofthe vanadia concentration in the catalyst bed. Datafrom Ref. [9],

measured for similarly prepared catalysts based on a commercial P25 titania support, are included for

comparison. The numbers denote the approximate vanadia loading in flmol m'2 and the shaded area indicates

the expected dependence assuming identical intrinsic activity for all vanadia (cf. text).
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nicely the benefit of high surface titania aerogels as support materials for

VOx/ T1O2 SCR catalysts

The inverse TxNO=0 5 values reflect the integral activity of the catalysts In

Fig 4, this activity measure is plotted versus the logarithmic vanadia concentrations

in the catalyst bed, in [jimol(V) ml1], together with the above mentioned data

from Ref 10 Assuming an Arrhenius type temperature dependence of the NO

reaction rate and identical intrinsic activity of the catalytic centres, one would

expect a linear dependence of (Txno=0 5)-1 on the logarithmic vanadia

concentration, which represents a density of potentially active centres The shaded

range in Fig 4 indicates the expected temperature dependence according to the

highest activity observed (valuable for Ea = 62 ± 5 kj mol'1, see below) The fact that

no linear dependence can be observed, demonstrates that the intrinsic activity

depends markedly on the surface vanadia concentraUon, as already stated by several

authors [12, 14] For the five catalysts with high vanadia concentrations similar

intrinsic activities as for the double and triple loaded P25-sample can be stated The

value at In (V bed-cone ) = 5 9 (4 5), representing 190v4 5, indicates that the

increase of specific surface area (Sbet) results in a higher vanadia concentration in

the catalyst bed, but not in the formation of vanadia species with high intrinsic

activity Further evidence for this behaviour emerges from the results of the

O
z

specific vanadia loading / iimol m'

figure 5: Dependence ofthe intrinsic SCR-acttvtty on the vanadia concentration The turnoverfrequency, TOP,

determined under differential reaction conditions, is plotted versus the vanadia loading Data from various

references [12, 22, 23] are includedfor comparison
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differential catalytic tests.

The TOF values, determined at 473 K and 423 K are presented versus the

specific vanadia concentration in Fig. 5 together with reference data of different

authors [ 14,28, 29]. For the catalysts of this study (Fig. 5A) maximum activity of the

vanadia is obtained at a surface concentration of about 7 nmol(V) nr2. Higher

loadings result in a slightly lower activity, whereas lower surface coverages lead to

remarkably lower TOF's. For a comparison with data from earlier investigations on

grafted VOx/Ti02 catalysts [14] and vanadia-titania mixed aerogels [29] the TOF

were determined at 423 K (cf. Fig 5B). Extrapolation beyond the temperature

range used for the determination of the kinetic parameters was necessary in the

case of the low vanadia loadings (maximum 25 K for80v2.5). Note that the results

are generally in good agreement with the earlier data measured for catalysts with

moderate surface areas. They prove that for the wide range of surface areas

(45 mSg-1 < Sbet ^ 190 m^1) the intrinsic activity depends mainly on the surface

concentration of vanadia.

For all catalysts the apparent activation energies of the NO conversion, Ea,

were in the range of 62 ± 5 kj mol"1. No distinct dependence of Ea on the vanadia

surface concentration was found. Similar values for Ea were reported recently for

vanadia-titania mixed aerogels [29]. In the whole temperature range from 373 K to

573 K, no significant N2O formation was observed during the integral SCR reaction

tests for all catalysts and pure support materials.

TEMPERATURE PROGRAMMED DESORPTION

The most important results of the TPD investigations are summarized in Fig. 6

(A and B). The desorption rates of water and ammonia during TPD, after exposure

to SCR feed gas (SCR-TPD), are plotted as specific concentrations in the carrier gas

stream versus temperature. No evolution of NO was observed during any SCR-TPD.

The monitored N2 and N2O desorptions will be desribed in the text. Note that the

desorption of H2O originates from two sources, either from desorption of

molecularly bound water or from H2O formed by the reaction of surface species

(e.g. recombination of hydroxyls, oxidation of NHs(ads). etc.). In contrast NH3 is

not regarded to be formed by surface reaction. Above 650 K, the desorption profiles

of N2 and N2O (m/z = 28 and m/z = 44) were interfered by evolutions of CO and

CO2, resulting from residues of C in the aerogel particles, and will consequently not

be interpreted.

Ti02-Aerogel supports
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The TPD curves (Fig. 6, A and B) ofwater and ammonia show similar features

for all Ti02-aerogel support materials (curves labelled with '0'). Water desorption

starts at ca. 320 K, forms a shoulder at 400 K and reaches a distinct maximum at

470 K. With increasing surface area of the titania, a growing proportion of H<>0

desorbs in the range 550 to 700 K. Malet et al. [30] described TPD of H2O from

Ti02 (anatase, Sbet = 25 m2 g"1) with desorption maxima at 370 K and 470 K and

ascribed both desorption steps to molecularly bound water, whereas Morishige et al.

[31 ] found a single desorption maximum at 370 K for high surface area TiC>2

(80<Sbet<160 m2^1). Based on IR spectroscopy the surface hydroxyl groups

were stated to be unaffected by a thermal treatment up to 370 K and to be mostly

stable up to 470 K. Furthermore the high surface area Ti02 showed Bronsted

acidity when ammonia was adsorbed at room temperature. The interpretation that

water desorption at T<470 K originates predominantly from molecularly bound

H2O seems to be questionable because it resulted in surface hydroxyl

concentrations < 2 OH nm"2, [31], which is far below the value reported by Iwasawa

(ca. 6 OH nm"2, [32]). We tend to assign the desorption at 470 K to the evolution of

H2O formed by easily condensable OH groups (which can act as Br0nsted

coordination centres) and the long tailing of this evolution at higher temperature

to the further recombination of hydroxyls.

In the SCR-TPD, ammonia was found to desorb with a distinct peak at 440 K,

followed by a broad maximum at 550 - 650 K. The absence of loosely bound water

can be seen in conjunction with the desorption of NH3 at 440 K, which was

attributed to Bronsted bound ammonia [11, 33]. In die concurrent adsorption of

water and ammonia on Bronsted acid sites, NH3 adsorption is favoured because of

its stronger basicity and by its higher partial pressure at the adsorption conditions

used (SCR feed, RT). Therefore the desorption of H2O due to the combination of

support OH-groups is observed subsequent to the desorption of NHs from such

Ti-OH sites, which explains the shift of 20 K to higher temperature in the H2O

desorption compared to the H2O-TPD recorded at the same heating rate [10] for

Ti02 previously exposed to moist conditions.

N2 evolved in small amounts from all supports at low temperature only (400-

450 K, < 25 ppm m"2). Such an evolution can be explained either by an oxidation of

NH3 adsorbates or a stabilisation of NO-NH3 reaction intermediates at room

temperature on the titania surface. As this feature was not observed with adsorption

of NH3 on previously reduced or oxidised Ti02 [ 11, 28], the evolution of N2 after

exposure to SCR feed gas is ascribed to the desorption of stabilised NO-NH3

reaction intermediates on the Ti02 surface. Note that the concentration of the
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corresponding HgO evolution (25-40 ppm m"2) roughly matches die expected 1:1

NO-NHs stoichiometry. Although the adsorption of NO on TiOg has already been

described [35, SS], the formation of reaction products at this temperature was only

reported for similar adsorption conditions by Nickl et al. [11].

Because N2 and N2O are absent at higher temperature (> 500 K) and NH3 is

die only N containing species desorbing, all water evolving from T1O2 is attributed

E

E

a

300 400 500 600 300 400 500 600 700

temperature / K

Figure 6A: Temperature-programmed desorptum curves ofHyf) and NH3 after exposure to SCRfeed at room

temperature (SCR-TW) The concentrations are referred to the total surface area (BET) of the samples usedfor

the experiments TPD in flowing Ar (20 ml«»'', STP), sample bed volume 0 126 ml, heating rate

10 K nun'*. According to the notation m the text, the numbers SvL denote the approximate specific surface area

($BET> in the top left comers) and the vanadia loading, L L values are given as numbers and point to the

respective desorptum graph m the series ofcatalysts with simtlarSBET
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to the condensation of surface hydroxyl groups as stated above The relative

amounts of NH3 and H2O desorbmg in the range 350-500 K decrease with

increasing surface area (and hence decreasing crystallite size) compared to the

corresponding evolution at 550-700 K, which indicates that ammonia is more

strongly adsorbed and the surface hydroxyls undergo recombination less readily As

the total amount of adsorbates does not significantly change with the titama

crystallite size, a qualitative change in surface acidity towards stronger Lewis acid

sites is indicated Nakabayashi et al [34] descnbed the generation of strong Lewis

acid sites on small anatase particles They found that for crystallite sizes < 10 nm

the amount of adsorbed NH3 went up slightly together with an increase in the high

temperature evolution of ammonia (at 663 K) during NH3-TPD (same heating rate

250

1 ' ' I '

300 400 500

I 1 1 p 1 I 1 1 1 1 I

600 300 400 500 600

temperature / K

700

figure 6B: Temperature-programmed desorption curves of HyO and NHj after exposure to SCR feed at room

temperature (SCR TPD) Same conditions asm Fig 6A
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as in this study, oxidative pretreatment). Compared to the 70v0, 80-00 and 90v0

samples a similar increase in acidity can be ascribed to the 160v0 and 190u0

samples.

VOx/Ti02-Aerogel Catalysts

For the six series of catalysts with different surface area the desorption

characteristics of NH3, H2O and the reaction products (N2 and N2O) were

consistently dependent on the vanadia surface concentration. The features

observed can be ascribed to two ranges of vanadia loadings: below ca. 6 nmol nr2

and from 7 (imol nr2 up to the capacity of a theoretical monolayer coverage, i.e. ca.

16 jimol nv2.

For low vanadia concentrations (< 6 (imol m"2) no desorption ofN2 and N2O was

observed below 650 K and consequently the desorption of H2O was not influenced

by NH3 oxidation reactions. While the maximum ammonia desorption was

recorded at 440 K for all titania supports, it was markedly shifted to higher

temperature upon deposition of vanadia in small amounts. The maximum rate was

observed at 650 K and less strongly bound NH3 evolved at 350 - 500 K. The shift in

the ammonia evolution is more pronounced for catalysts with moderate surface

areas than for catalysts with Sbet > 150 m2 g-1. This indicates that the formation of

strong NHj-adsorption sites in conjunction with the destruction of weaker

coordination sites is more pronounced for moderate surface area catalysts than for

high surface area catalysts. As concluded above, high surface area titania shows

stronger acidity than titania with lower surface area (Sbet < 100 m2^1).

Consequently the formation of strong coordination sites upon vanadia deposition

leads to a less pronounced shift towards more strongly adsorbed NH3 for the 160vL

and 190vL samples.

In contrast to the desorption profile of H2O from the pure support materials

(peak evolution at 475 - 490 K) water desorption shows a relative maximum at ca.

410 K and increases again at ca. 550 K. The desorption at 410 K is assigned to

molecularly coordinated water, as no simultaneous desorption of N2 and N2O was

observed. Above 500 K, the desorption of water follows qualitatively the ammonia

evolution, but with consistently smaller concentration. This suggests that the

recombination of surface hydroxyls, which is the predominant source of water

evolution at this temperature, occurs, subsequent to the NH3 desorption and that

ammonia is bound to Br0nsted as well as Lewis acid centres, as stated by various

authors [35, 36, 37].
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Compared to the pure titania supports the total amount of adsorbed species

decreased upon vanadia deposition The immobilisation of vanadia on T1O2 by

grafting or CVD with vanadium alkoxides or VOCI3 is known to occur via anchoring

at OH groups of the titania support [10], and it has been reported that the total

acidity decreases upon deposition of vanadia on T1O2 which leads to lower

adsorption capacities for NH3 and H2O [38] The decrease in H2O desorption can

be explained by the lower hydroxyl concentration of the VOx/Ti02 systems, and

the shift in NH3 desorption towards higher temperature together with the slight

decrease in total ammonia desorption by the formation of stronger coordination

sites compared to the sites present on the titania support

With increasing vanadia loadings (6-7 |imol m"2) the relative amount of strongly

coordinated NH3 desorbing at T > 550 K decreases Ammonia desorbs with a broad

maximum at around 460 K. At high vanadia concentrations (140vll, 80ul2 and 90vl 7)

the desorption characteristics become influenced by surface reactions and the

desorption of N2 occurs at 550-600 K (< 60 ppm m 2) Small amounts of N2O (<6

ppm nv2) were recorded at 600 K for 90vl 7 The simultaneous decrease of the NH3

evolution together with a maximum H2O desorption indicates the occurrence of

NH3 oxidation The desorption of N2 and N2O at this temperature during TPD has

been related to the formation of large two-dimensional vanadia patches and V2O5

clusters which exhibit an enhanced ammonia oxidation capability under SCR

conditions at T > 600 K [10, 39] The influence of NH3 oxidation on the desorption

profiles grows with increasing vanadia concentration, as indicated by the

concentrations of evolved N2, by the surplus H2O peak at T > 600K, and particularly

by the N2O formation over the catalyst with the highest vanadia concentration

300 400 500 600 300 400 500 600 700

temperature / K

Figure 7: Influence of temperature of exposure to SCR feed on TPD curves offf20 and NH3 illustrated with

catalyst 7(M TPD curves resulting after exposure at 470 K vnthfast cooling to room temperature in^iotutng

argon are compared with those measured after exposure at room temperature ( cf Fig 4, 70v4)
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To investigate the influence of the adsorption conditions on the desorption
behaviour TPD experiments were performed on catalyst 70v4 after fast cooling in

an argon stream from the adsorption temperature of 470 K (cooling to 300 K in

30 s). Consequently, surface coverages of ammonia and water were established at a

temperature where high SCR activity is measured. As shown in Fig. 7 the desorption
curve of water at 470 - 500 K approaches the curve measured after exposure to SCR

feed at room temperature (RT-SCR-TPD) and matches it at higher temperature.

Note that the ammonia desorption after SCR exposure at 470 K is retarded. No

NHj desorbs in the range 470-530 K, and the total amount ofNHs which desorbs at

higher temperature is significantly smaller than in the RT-SCR-TPD. This result can

be interpreted as follows: under reaction conditions at T = 470 K, the surface

coverage of water is expected to be higher than after equilibrated water adsorption,
because H2O is formed by the surface reaction of NH3 and NO. Therefore the

water desorption characteristics of the RT-SCR-TPD are completed readily. As no

NH3 desorbed up to 530 K, I conclude that under steady-state SCR reaction

conditions only sites adsorbing ammonia strongly are occupied by NH3, whereas

the weakly adsorbing sites seem to be free of ammonia. NH3 adsorbed on the latter

sites is suggested to react readily with NO and is therefore not observed in TPD.

CONCLUSIONS

High surface area titania aerogels are very suitable supports for grafting

vanadia because larger amounts of active vanadia species can be immobilised per

gram of support, than widi conventionally prepared titanias, which results in higher

overall SCR activities.

The absence of crystalline vanadia, as shown by the TEM investigations and

the XRD measurements, indicates excellent dispersion of the vanadia in the VOx /

Ti02-aerogel samples up to the highest loading that corresponds to a theoretical

monolayer of V2O5 (ca. 16nmol nr2). This finding is further supported by the

dependence of the SCR activity on the surface concentration of vanadia. The

kinetic data of all the catalysts used in this study, with vanadia concentrations of 2.5

to 17 |imol m"2, support the previously described rise of the intrinsic activity with

increasing vanadia loading until the saturation point at ca 6 |imol nr2 is reached.

The intrinsic SCR activity depends on the vanadia (surface) concentration, but

seems not to depend on the morphology (surface area and crystallite size) of the

anatase support material.

VO,/ TiOrAerogels



46

TPD of NH3 and H2O after exposure to SCR feed gas showed that the acidity
of the titania aerogel supports depends on the crystallite size. For smaller crystallite

sizes (dc< 10 nm), a higher fraction of sites onto which ammonia is strongly

adsorbed is observed and the recombination of hydroxyl groups is shifted to higher

temperature. Upon deposition of vanadia on the Ti02-aerogels, sites for weak

coordination ofNH3 decrease. Such adsorption has been described as being mainly

of Bronsted type. The simultaneous decrease in water desorbing at 400 - 500 K,

which results from the recombination of OH groups, supports this assignment.

Deposition of small amounts of vanadia leads to an increase in the acid strength of

the samples, which results in low intrinsic SCR activity. With increasing vanadia

concentration, both H2O and NH3 desorptions are shifted to 450 - 550 K,

indicating the formation of sites with moderate acidity, and the SCR activity reaches

a maximum. The enhanced oxidation capability of VOx/Ti02 catalysts with high

vanadia loading (ca. one theoretical monolayer) at elevated temperature is

reflected by the occurrence of ammonia oxidation products during SCR-TPD.

The increased acidity of TiC»2 aerogels with high surface area does not directly

influence the acidity of vanadia catalysts derived from them. The desorption

profiles as well as the intrinsic SCR activity are only dependent on the surface

concentration of vanadia. SCR-TPD is a simple method to describe the changes in

acidity and oxidation power ofVOx/TiC>2 catalysts.
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Chapter 4 Part 1

Chromia on Titania Catalysts

Prepared by Impregnation with

Chromium Nitrate

ABSTRACT

A series of chromia on titania catalysts containing 0.07 to 4.0 mmol(Cr) g"1 was

prepared by impregnation with aqueous chromium nitrate solution. The chemical

and structural properties of the catalysts have been investigated after different

pretreatments and after use for the low temperature selective catalytic reduction

(SCR) of NO by NH3. The catalysts exhibited high activity for SCR in die low

temperature range (T < 470K). The NO conversion rate was proportional to the

chromia loading up to 0.65 mmol g"1. Higher loadings resulted in a less efficient

use of the chromia species. Selectivities to N2 and N2O were not influenced by die

amount of deposited chromia at higher loadings (S 0.65 mmol g"1), but depended

markedly on the pretreatment of die catalysts. Oxidative pretreatment at 573 K for

3 hours led to enhanced formation of undesired N2O, whereas previous exposure

to a H2 containing atmosphere at T < 720 K yielded selectivities to N2 exceeding

90%. The overall conversion of NO was comparatively litde influenced by these

pretreatments.

Thermal analysis (TG, DTA) and temperature programmed reduction

indicated die formation of Cr(III) species upon reduction in the H2 containing

atmosphere at 720 K. These species were reoxidizable in air at 670 K and probably

highly hydroxylated as indicated by the substantial formation of water during die

thermoanalytical run. Exposure to higher temperatures (> 720 K) in an inert or a

hydrogen containing atmosphere lead to the formation of less active a-Cr^Qs

which was not reoxidizable under similar conditions.

CrOx / T1O2 impregnated
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Electron paramagnetic resonance (EPR) measurements of catalysts exposed to

SCR conditions indicated the presence of both Cr(IV) and Cr(III) oxide clusters.

After TPD (up to 750 K) uniformly sized clusters of Cr(III) were fund together with

Cr(V) surface species. After oxidative pretreatment and SCR use
,
EPR revealed the

existence of Cr(I) species, probably present as {CrNO}^+ surface complexes. Such

species were not observed after reductive pretreatment of the catalysts.

INTRODUCTION

In Chapter 1 it was mentioned that chromia based catalysts were found to

show interesting catalytic properties because of their redox and acidic properties.
Their application for the selective catalytic reduction (SCR) of nitric oxide with

ammonia in excess oxygen was investigated by several authors [1, 2, 3, 4]. The

significant N2O production above 470 K made the chromia based catalysts

unsuitable for technical SCR applications. However, Curry et al. [5] have shown that

amorphous chromia exhibits interesting properties for low temperature SCR of

NO. The latter modification was found to reduce NO selectively to N2, whereas over

crystalline chromia formation of N2 and N2O occurred together with significant

NHs oxidation [6]. This difference in the catalytic behaviour has been attributed to

the fact that the labile oxygen on crystalline chromia is more weakly bound than on

amorphous chromia, and therefore desorbs from the surface already at lower

temperature. The higher activity of amorphous chromia in SCR has been attributed

to the higher density of labile oxygen available on the surface under reaction

conditions [7-10].

Upon deposition of chromia on a support, the surface structure and reduction

behaviour may change significantly. Several oxidation states of chromium can

simultaneously be present in the supported chromium oxide phase: Cr(III) to

Cr(VI) have been observed for supported chromia [11 - 13] as a function of

chromium loading and calcination temperature. With this in mind the studies have

been extended to titania supported systems. The impregnation method with

aqueous solution of chromium nitrate, which was used for the preparation of the

catalysts, represents the most common preparation for supported chromia systems.

Part I of chapter 4 focuses on the catalytic behaviour of the impregnated

CrOx/Ti02 catalysts and the structural changes resulting from different

pretreatments and exposure to SCR conditions. Part II of diis chapter will report on

CrOx/Ti02 catalysts prepared by grafting methods.
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DPPH

figure /: EPR spectra ofchromia/titania samples:

a) - d) After calcination m02alT = 573K, recorded atT = 293 K; a) O.07, bl) 0.26, c) Or.65, d3) Orl.3,

andforCr.26and Q-1.3 at different recording temperatures: dl) 413 K d2) 343 K, b2) 203 K, b3, d4) 133 K.

e) After TPRfor Or.07 : Crilll) incorporated into rutile (0) and anatasc (O) overtayed by surface resonance of

Cr(V) (S), recording temperature T-293K.
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The chemical and structural changes in the genesis of the impregnated CrOx/TiOg

catalysts were studied by EPR [14]. Fig. 1 shows the main findings, which are briefly

reviewed: After calcination at 573 K, using pure oxygen, Cr(V) and Cr(VI) surface

species, detected by EPR or UV/VIS spectroscopy, were predominant for chromia

contents up to 0.26 mmol g"1 (Fig. la, 7-signal). The (3-signal in Fig. lb, lc can be

assigned to Cr(IV) or Cr(III) species. The temperature dependence of linewidths

and intensities for the 0.65 mmol g"1 sample, however, indicate the predominance

of Cr(IV). therefore clustered CrC>2 species are stated to cause the observed

P-signal. For chromia contents > 0.65 mmol g-1 (Fig. Id) the spectra show a very

striking temperature dependence of g tensor, intensity and linewidths. This

complex magnetic behaviour was explained by collective properties (clusters) of the

simultaneous existing antiferromagnetic a-C^Oj and ferromagnetic CrO?.

Accordingly, Cr(V) and Cr(VI) surface species were stated to coexist with C1O2 and

Cr203 clusters at higher loadings.

EXPERIMENTAL

CATALYST PREPARATION

The impregnation of the titania support was performed by addition of

different amounts of Cr(NOs)s-9H20 (Fluka, p.a.) dissolved in distilled water to an

aqueous Ti02 (P25, Degussa) slurry under vigorous stirring for 2 h. Subsequently

water was removed at 6.7- 10s Pa by slowly heating to 363 K within 4 h. After

crushing and sieving to 0.3 - 0.5 mm grain size, catalysts were rapidly heated in a

nitrogen stream (50 ml min-1) and immediately cooled down to room temperature.

To avoid undesired crystallisation of cc-C^Os during preparation, calcination was

carried out under an oxygen atmosphere at T < 573 K. Samples with chromia

contents of 0.5, 1, 2, 3, 5, 10 and 30 wt%, referred to theoretical wt% C^Os per

total catalyst mass (TiC>2 and Q^Os) were prepared. The catalysts are denoted as

"CrL" where L gives the approximate loading of chromium in mmol (Cr) g^cat'-

Cr.07- Cr4.0.

Two reference catalysts were used in the catalytic tests: a vanadia/titania

catalyst prepared by grafting of vanadyl alkoxide according to the procedure

reported in Ref. [15], referred to as V2O5 /TiC>2, and an amorphous chromia

sample described in Ref. [6].
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CATALYST CHARACTERISATION

Temperature-Programmed Reduction (TPR) The apparatus used for TPR

measurements has been described in detail elsewhere [16]. The measurements were

carried out using 6% hydrogen in argon as reductant gas and a flow-rate of 75

ml(STP) min-1. Sample weights were between 0.2 and 0.5 g, depending on the

chromia content Granules of 0.3 - 0.5 mm were used. The temperature was ramped
from 298 to 973 K at 10K min-1.

Thermoanalytical Studies Differential thermal analysis (DTA) and

thermogravimetry (TG) measurements were performed on a Netzsch STA 409,

using 20-50 mg of sample and a heating rate of 10 K min"1. Crl. 3 samples were used

for the measurements. Runs were performed under a pure Ar atmosphere

(30 cm3 min-1) and under Ar containing 6% H2 (60 cm3 min"1). (X-AI2O3 was used

as a reference material. Gases evolving during thermal analysis were monitored with

a Bakers QMG 424 mass spectrometer.

EPR Measurements EPR spectra were recorded on a Bruker ESP300 system

at X-band (Varian E-9 spectrometer at Q-band) frequency at temperatures between

77 and 293 K. The spectra were measured at a microwave frequency of about 9.4

(35.0) GHz, with microwave powers of 1-5 mW, with a modulation amplitude of

0.2 mT, and a modulation frequency of 100 kHz. For further details refer to Ref.

[14] reporting on the genesis of the catalysts, monitored by EPR. Measurements

after exposure to SCR reaction conditions are included in this study.

CATALYTIC TESTS

Catalytic tests were carried out in a continuous flow tubular fixed-bed micro-

reactor. The reaction gas mixture consisted of 900 ppm NO, 900 ppm NH3 and

1.8% O2 in an argon balance. This gas mixture which is referred to as the SCR feed

was mixed from argon (99.999%) and single component gases in an argon balance

(3600 ppm NO/Ar, NHs/Ar certified by ±2%, Union carbide). Feed and product
concentrations of NO, NOg, NH3, H2O, N2O, O2 and N2 were quantitatively

analysed using a computer controlled Balzers quadrupole mass spectrometer QMA

112A. Details of the apparatus have been described [6].

Volumes of 0.09-0.11 cm3 corresponding to 80-140 mg of catalyst sieved to 300

- 500 Urn particle size were used for the measurements. If not specially mentioned

the calcined catalysts (O2, 3h, 573 K) were used for the catalytic tests without fur¬

ther pretreatment. Additionally, Cr.65 samples were pretreated in 6% H2/Ar at

CrOx / TiOg impregnated
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653 K or 723 K, or subsequently heated to 873 Kin Ar before activity measure¬

ments Conversion measurements as a function of temperature were earned out at a

gas hourly space velocity (GHSV) of 24000 (Nm3 h *) m 3cat after steady-state SCR

activity had established at 423 K (typically after 2 h) For activity measurements the

space velocity was gradually raised to 100000 h ] and the temperature was adjusted

to keep the NO conversion below 20%, which was found to be suitable for

maintaining differential reactor conditions Selectivines to N2 and N2O are defined

as S, = 2-F, / (Fno.ui + FNHS.in - FNO.out - FNHS.out) where F! is the molar flow-rate

(mol/s) of species 1 (N2 or N2O) at the reactor oudet and the subscripts 'in' and

'out' indicate the flow rates of NO and NH3 at the reactor inlet and outlet,

respectively Both reactants, which were equimolarly mixed in the SCR feed, were

taken into account because of the uncertain stoichiometry of the reacuons leading

to N2 and N2O formation, respecuvely [17]

For all measurements a nitrogen-balance including feed and product stream

concentrations of all N containing compounds was calculated Even for high

conversions ofNO and NH3, die error in the N balance did not exceed ±5%

Table 1 Catalystproperties after calcinationfor3h under an oxygen atmosphere at 573 K.

Sample Sbet CrOx loading CrO* loading H2-TPR TPR

(m2g1) (umolg1) (umolm2BET) (umolg1) (AOSCrOx)

Cr.07 47 66 14 75 23

Cr.13 48 131 27 178 27

Cr.26 46 260 57 295 22

Cr.39 45 390 89 452 24

Cr.65 49 650 13 799 26

Cr1.3 48 1300 27 785 12

Cr4.0 49 3950 80 1271 064

Amorphous CrzOs 248 13160 - 3448 b) 052 b)

Crystalline fyOa 86 13160 - 184 b) 0 03 b)

V2O5/T1O2 45 53a)

Note. H2-TPR(Hmolgl) represents total hydrogen consumption during TPR.

TPR (AOS CrOx) represents hydrogen consumption expressed as average decrease ofoxidation stale,

a) VO2.5 respectively, determined by consumption ofhydrogen during TPR, b) takenfrom Ref [61
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RESULTS

PROPERTIES OF CALCINED CATALYSTS

Properties of the calcined catalysts are listed in Table 1. The BET surface areas

of all titania supported samples were within 47±2 m2 g-', indicating that the textural

properties of the titania support did not markedly change by the impregnation.
This was further confirmed by pore size distribution measurements using the BJH

method [18]. The catalyst loadings are given in (imol CrOx referred to mass or BET

surface area, respectively.

TPR profiles of some samples are shown in Fig. 2. Pure TiOg did not show any

significant Hg consumption. For the chromia catalysts a prominent peak was found

at 573 - 578K, which shifted to higher temperatures with increasing loading. A

second maximum appeared at 680 - 710K. The relative amount of H2

corresponding to the second peak did not exceed 5% of the total consumption and

decreased with increasing chromia content. The specific total hydrogen

consumptions determined by TPR (both peaks included) are listed in Table 1 (H2-

TPR) for all CrOx/Ti02 catalysts. As only CrOx is reduced, the consumption of H2
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Figure 2: TPR profiles of chroma on titania catalysts. In order of increasing peak amplitude: Cr.13, Cr.39,

Crl.3 and Cr4.0. The hydrogen consumption u represented by the TCD response in flVg1.
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can be expressed as an average decrease of the oxidation state (AOS) of Cr. The

AOS values of 2.2 to 2.7 listed in Table 1 indicate a considerable reducibility of the

CrOx species. Above 0.65 mmol g"1 chromium loading increasing CrOx contents

yield lower AOS, which indicates lower relative amounts of higher oxidised CrOx

species after calcination. EPR investigations on the samples after TPR (ex situ:

samples stored under ambient conditions) revealed that Cr3+ ions were partially

incorporated into the rutile and anatase lattice of the carrier (Fig. le).

Simultaneously die crystallites of Ct-CrgOs and Cr02, found for higher Cr contents

on calcined catalysts, were transformed to amorphous Cr111 species (large clusters).

Only traces of Crvand no Cr^ were found.

In order to gain information about the decomposition (Fig. 3) and die redox

behaviour, thermoanalytical (TG, DTA) measurements were carried out widi Crl.3

calcined at 523 K in oxygen for 3 hours. During decomposition under an argon

atmosphere the main species evolving was oxygen accompanied by evolution of
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figure 3: Decomposition ofCrl.3 under an argon atmosphere studied by thermogravimetry (TG), combined with

mass spectroscopy (MS) (m/e = 18, 32) The sample was previously calcinedfor3h underan oxygen atmosphere

at 523 K MS data are reported as the ton currents ofthe corresponding masses
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adsorbed water below 670 K (main broad maximum at 470 K, lower maximum at

620 K). The oxygen evolution showed two maxima at 620 K and 690 K and was

complete at 920 K. The loss of weight due to oxygen evolution was 1.3%,

corresponding to 0.3 mol Og per mol Cr assuming total decomposition of CrOx

species to CrgOs.

Figure 4 depicts the reduction behaviour measured by thermal analysis using

the same gas composition as used for TPR. A similar shape of the reduction profiles
is observed as in TPR (Fig. 2). Due to the different calcination temperatures of the

samples used for thermal analysis (523 K) and TPR (573 K), the amount of Cr

species with valence (V) or (VI) was smaller in the thermoanalytical investigations,

leading to a smaller weight loss than expected from the hydrogen consumption

measured in TPR. During catalyst reduction, water (m/e = 18) evolved in three

discernible steps. Below 570 K mainly adsorbed H2O evolved, resulting in a weight
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Figure 4: Reduction behaviour ofQrl.3 under a hydrogen atmosphere (6% H2I Ar) studied by TG and DTA

combined with MS. The sample was previously calcinedfor 3h under an oxygen atmosphere at 523 K. Intensities

(MS) are reported as ion currents of the corresponding masses. Temperature differences (DTA curve) between

sample and reference (50 mg ofa-Al&j) are expressed in ItVfor Ptl0%Rh-Pt thermocouple.
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loss of 0 3 % The prominent peak spanning from 570 K and 720 K is due to water

originating from the exothermal reduction of surface species by hydrogen (m/e =

2) This process is partially overlapped by the third significant evolution of water

which occurred in a wide temperature range up to 970 K. The total weight loss

during thermal analysis up to 1073 K amounted to 1 8 %

The water, which evolved between 570 and 970 K, corresponds to 1 5 wt% of

the catalyst In the temperature range from 720 to 970 K the total water which

evolved from the system exceeded the hydrogen consumption sigmficandy This

behaviour indicates the formation of CrOx(OH)y species and their subsequent

dehydration at higher temperatures

To obtain a high amount of the CrOx(OH)y species two other Crl 3 samples
were isothermally reduced dunng 3 hours at 693 K in Ar containing 6% H2 One of

the samples was subsequently heated under Ar atmosphere Water evolved with two

373 473 573 673 773

temperature / K

873 973

Figure 5: Oxygen and water evolution from Crl.3 The calcined sample wasfirst reducedfor 3h at 693 Kunder

a hydrogen containing atmosphere (6% H2 / Ar) and then reoxtdised m air at 693 Kfor 1 h
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distinguishable maximum rates around 620 K and 820 K. Each evolution resulted in

a weight loss of approximately 0.1%. Small amounts of oxygen evolved between 720

and 1020 K causing a loss of 0.05 wt% (not shown). The other sample was

reoxidised in air at 673 K for 1 hour. The thermal analysis of this sample in Ar

atmosphere (Fig. 5) shows the evolution of oxygen between 580 and 1020 K with a

maximum rate at 780 K causing a loss of 0.6 wt%. No water evolved above 570 K.

Note that the water which evolved below 570 K had been adsorbed after the

pretreatment during the transfer of the sample.

PROPERTIES OF CATALYSTS AFTER USE IN SCR

Calcined samples of Cr.07, Cr.26 and Cr7.3were exposed to SCR feed gas at

temperatures up to 620 K for a complete reactivity test and subsequent temperature

programmed desorption up to 750 K. The EPR spectrum of Cr.07 measured

immediately after this treatment consists of two superimposed powder spectra

(Fig. 6). Spectrum (a) is identical with the Cr(V) -y-signal (gi = 1.974, gii = 1.959),

whereas spectrum (b) is characterised by a comparatively large g anisotropy (axial

DPPH

K

«f

5mT
—i 1—>

Bo

Figure 6: EPR spectrum ofthe dmmia/tilania catalyst (Cr.07) afterSCR (10 krs., r,^ - 400K), T - 293 K

assignment:a) Cr5*(J-signal), b) (CrNO)z\
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symmetry): gi = 1.989, gu = 1.944, Ai (53Cr) = 17-10"4 cm"1. In the "perpendicular

part" a hyperfine triplet with Ax = 5-l(H cm-1 is indicated (interaction with one

nucleus 1=1, 14N). The same g tensor parameters were derived from the analysis of

the Q-band spectra. Identical spectra were obtained by the use of NHs (T=473K)

instead of SCR feed gas. Using NO as feed gas, only the ysignal was observed. The

temperature dependence of the intensity of the powder spectra (Fig. 7) is similar

striking as for the y-signal after calcination (antiferromagnetic exchange coupling,

Fig 1, discussed in Ref. [14]). For high receiver gain, a broad ^-signal (ABpp = 70

mT, X-band) superimposed by the spectra described above is observed. In the

spectra for higher Cr contents, this Cr(III) P-signal clearly dominates. In contrast to

the spectra of the calcined catalysts, the linewidths of the |}-signal are equal for all

samples indicating about the same average cluster size of (amorphous) Cr20s for

all chromia contents: ABpp = 70 mT (60 mT for Q-band) at room temperature and

85 (70) mT at T = 130 K. The size of chromium (III) clusters seems to be uniform

and too small to show collective magnetic properties (amorphous) for all total

chromia contents. For Crl.3 additionally some amount of Cr(III) incorporated into

the rutile lattice is observed. The Cr(VI) content is remarkably reduced by SCR

treatment as deduced from experiments with ethylene glycol (see Ref. [14]).

5mT
-i 1->

Bo

Kgurt 7: Temperature dependence of the EPR spectrum of the chromia/titania catalyst (Cr.07) after SCR

a)413K, b) 293 K, and c) 130 K (identical recording parameter)
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Based on chemistry and spectroscopy, we interpret spectrum (b) as arising
from {Cr' NO}2+ surface complexes. The EPR parameters agree well with diose of

comparable Cr(I) nitrosyl complexes (3d5, "low-spin", S = 1/2, [19]). It is known

from chromium chemistry that Cr(VI) forms {Crl NO}2+ complexes by the reaction

with hydroxylamine [20]. A similar reaction with gaseous NHg is well imaginable.

Analogous complexes were observed by EPR and FTIR on Cr(III) exchanged
zeolites reduced by H2 upon adsorption of NO [21]. The reductively pretreated
chromia/titania catalysts (H2, 573 K.) show only traces of Cr(V) (y-signal) after SCR,

but do not show the signal assigned to {Cr' NO)2+.

Catalytic Behaviour

The catalytic behaviour of the various catalysts in the selective reduction of

NO has been tested and the results are listed in Table 2. The selectivity to undesired

N2O is given for two different temperatures (423 and 453 K) because the catalysts

showed NO conversion in temperature ranges which only partially overlap. The

kinetics are characterised by the nitric oxide reaction rate at 423 K referred to the

BET surface area, by the turnover frequency (TOF) at 423 K expressed as NO

molecules, which reacted per chromium atom, and by the apparent activation

energy Ea for the NO conversion. NO reaction rates were calculated with the kinetic

parameters derived from the differential activity measurements.

Temperatures at which NO conversion reached 50% (Txno=0.5) provide an

additional measure for the activities of the catalysts. Note that these temperatures

decrease from 527 to 421 K when the chromia loading increases from 0.07 to 4.0

mmolg"1. A pronounced decrease in Txno=0.5 is observed when the chromia

loading is increased from 0.07 to 0.39 mmol g'1, while a further increase of the

chromia loading has only a minor effect. Complete conversion of ammonia was

achieved at a temperature of 463 K for Cr4.0 together with a maximum NO

conversion of 81%. The corresponding values for the CW.Jand Cr.07 were 486 K,

82% and 543 K, 70%, respectively. The rate of NO reaction referred to the total

surface area increases almost linearly with the chromia loading up to 0.65 mmol g"1
as emerges from the rate versus chromia content plot shown in Fig. 8. A further

increase of die loading appears to be less effective. Compared to Cr.65, Crl.3 shows

a 1.6-fold rate ofNO conversion and Cr4.0a 2.4-fold rate.
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Table 2: Results ofSCR activity measurements

Sample Conversion RateNo,423 KI TOF 423 K / Ea* no / SN20, Sn2o,
Txno=05/K lO^mols'm2 105NOCrV1 kJmoH 453K 423K

Cr.07 527 a) 02 15") - 023 a) -a)

Cr.13 501 05 19 51 ±21) 024 -

Cr.26 467 12 21 47±2 022 -

Cr.39 448 20 23 47±2 017 009

Q-.S5 438 28 21 51 ±3 016 008

Cr1.3 433 43 16 52±2 017 008

Crt.O 421 66 8 51 ±4 016 0 07

Amorphous &2O3 388 31 (46) 50±2 - 010

V2O5/TIO2 448 22 39c) 56±4 <001 <001

Cr.6S;H2653K 427 29 22 45±1 008 003

Cr.65;H2723K 441 24 18 42±2 002 001

Note a) determined at constant GHSV of24'000 h1 for all samples

b) TOF based on total amount ofOr in catafyst

c) TOF based on total amount ofVtn catafyst

d) 95 % confidence limits o/Arrhemus type hnear regression

* o>

CO 0
CM T-

*

IS M

t-
0
z </>

CD 5
<3

r-
cc

Cr Content / mmol g 1cg!L

Figure 8: Increase ofspeafic rate of nitric oxide conversion at 423 K as a function of the chroma loading

Catalyst pretreatment was 3h m oxygen at 573 K.
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The rates of NO conversion referred to surface or mass are plotted together

with results of the two reference samples (amorphous chromia and V2O5 /TiC>2) in

the Arrhenius-diagrams shown in Fig. 9. TOF values (Table 2) lie around 20-10"5 s"1

for the Cr.13 to Cr.65 samples and pass through a maximum at Cr.39. The lower

TOF values for Cr.07, Crl.3 and Cr4. Vindicate that the chromia species of these

catalysts are either less active or less accessible for NO conversion. The selectivity to

undesired N2O decreases with increasing chromia loading up to 0.39 mmol g"1.

Higher loading has no further influence on the selectivity. For the higher loaded

-19-

a

I 1
o o

O ?
z

S

CE

-20-

-21

-22-

(ss
-15-:
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2 j

0

Tit r- -16-
0)
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'5 O) J

0
z

0

E
-17-:
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CO
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-18-

1 1 1 1 I 1 t 1 1 I 1 1 'i" r"i 1 1 1

Cr4.0

• Cr1.3

A Cr.65

Cr.39

T Cr.26

* Cr.13

Cr07

O Cr203
amorphous

o v.ft/riq.

I I I I JT"1 I I I I I I I J I I I I J I I I I

1.9 2.1 2.3 2.5 2.7 2.9

1000 T1/K-1

Figure 9: Arrhmtus type plots ofthe rates ofmine oxide reaction at maximum 20% NO conversion for the entire

series of chroma/Mania catalysts (full lines) Reference catalysts amorphous chromia and the V2O5/T1O2

catalyst (dotted hnes) a) Rates referred to the RET surface area ofthe catalysts b) Rates referred to the mass ofthe

catalyst.
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samples, selectivities comparable to that of amorphous chromia [6] were found. It is

noteworthy to mention that during a long term activity test under SCR conditions

(150 h, 420 - 520 K) Cr.65did not show any deactivation.

333 373 413 453

Temperature / K

493

Figure 10: Conversions ofNO and NHj, and selectivity to N2O as a function of temperature for differently

pretreated Cr.65 catalysts The pretreatments were

0 Calcinationfor3hm oxygen at 573K

O In situ calcination m6% hydrogen / argon for 3h at 653 K

A In situ calcination m 6% hydrogen / argonfor 2h at 723 K

T Further annealing m argonfor 2h at 873 K
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Using hydrogen (6% H2 in Ar) and temperatures higher than 570 K for the

pretreatment, sample Cr.65 reached a higher activity than the corresponding

oxidatively calcined catalyst. The highest activity was obtained with the catalyst

pretreated at 653 K. Txno=0.5 was lowered by 11 K and the rate of NO conversion

and TOF values were increased. This increase of the activity emerges also from die

results shown in Fig. 10 (a) and (b) where the conversions of NO (a) and NHs (b)

are plotted as a function of temperature for differently pretreated Cr.65.

Pretreatment at 723 K in Hg /Ar lowered the activity to slighdy below the one

obtained by calcination. After further heating in an argon atmosphere up to 873 K

(2h), the activity is significantly lower as shown in the X vs. T plots (Fig. 10). The

starting activity (until conversion corresponding to a steady-state had established in

the reactor; i.e. after ca 2h at 423 K) also depended on the pretreatment. After

reaching a maximum starting activity within a few minutes (high NO and NH3

conversion), it decreased to a steady state activity in the case of reductively

pretreated catalysts, whereas after O2 calcination during a starting period (ca 20

minutes) total NH3 consumption together with gradually rising NO conversion

were monitored. The selectivity to N2O decreased significantly upon reductive

pretreatment compared to the oxidatively calcined catalysts (Fig. 10(c) and

Table 2). With the sample pretreated in H2 /Ar at 723 K or the one which was

subjected to further annealing in Ar, the concentration of N2O detected in die

product stream did not exceed 12 ppm in the temperature range up to 463 K. This

concentration was slighdy above the limit of detection (5 ppm).

The values for the apparent activation energy Ea for NO conversion were

calculated from die Arrhenius-type linear regression of die data shown in Fig. 9. Ea

values of 47 to 52 kj-mol"1 were obtained. The kinetic data of catalyst Cr. 07 did not

fit an Arrhenius-type regression, indicating die competition of at least two reactions

in die temperature range 420 - 490 K. For die catalysts diat had been pretreated in

hydrogen, slighdy lower Ea values were found.

DISCUSSION

For die CrOx/Ti02 catalysts after calcination, die presence of large amounts

of chromia of higher valence states can clearly be deduced from the hydrogen

consumption during TPR. This represents furdier support for die results reported

in Ref. [14] and resumed in die Introduction part of diis chapter: oxidation states

of Cr ranging from Cr111 to CrVI were found to coexist subsequent to calcination.

These findings are also in agreement witii die results of other authors for chromia

supported on different carrier oxides [12, 22, 23, 24], where Cr(VI) was found to
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form the predominant surface species up to a certain saturation coverage strongly

dependent on the carrier oxide (TiC>2, AI2O3, SiC>2, ZtO%). Higher loadings

resulted in the partial formation of a-Cr^s crystallites on all carrier materials, as

also found by us for titania [14].

The TPR profiles shown in Fig. 2 indicate that the catalysts were reduced in

two stages. An average decrease of the oxidation state, AOS, between 2 and 3 as

found for low and moderate chromia contents (Table 1) would correspond to the

total reduction of all species (comprising oxidation states from IV to VI) to Cr(III).

The lower total hydrogen consumption for Crl.3 and Cr4.0 confirms the existence

of larger Cr(III) fractions in the calcined catalysts, what likewise agrees well with the

EPR results [14].

A very similar TPR behaviour was found for chromia supported on alumina by

Grunert et al. [12,25]. They obtained AOS values between 2.35 for low and 1.4 for

high chromia loadings. The formation of Cr valences lower than +3 during the high

temperature reduction (T > 640 K), as proposed by Grunert for a small part of the

Cr on AI2O3. is not supported by the EPR measurements after TPR. On the other

hand the incorporation of Crs+ into the rutile and anatase lattices upon TPR is ob¬

served. As the amount of H2 consumed at 650 to 750 K is less than 5% of the Cr de¬

posited and moreover independent of the Cr concentration at > 0.39 mmol(Cr) g"1
we attribute the high-temperature H2 consumption to the release of oxygen from

the layered chromia caused by the migration of Cr** into the titania support.

The hydrogen consumption profile obtained by thermal analysis (TG, DTA;

m/e = 2, Fig. 4) is in agreement widi the TPR profile. The difference of hydrogen

consumption (litde) and evolution of water (pronounced) from the system at tem¬

peratures between 725 and 1000 K indicates that die hydrogen uptake (525 - 725 K)

is accompanied by the formation of hydrogen containing species in the catalyst

This behaviour can be attributed to two different processes: To the hydroxylation of

dispersed Cr(III)Ox surface species on die one hand and to die formation of a

hydrogen containing Cr(HI)Ox(OH)y phase, e.g. CrOOH, on the odier. The

interconversion of ordiorhombic CrOOH and tetragonal C1O2 was summarised by

Alario-Franco, Sing and Saez-Puche [26, 27] in die following scheme:

O2(400°C)

CrOOH
"Hz°

Cr02

H2 (330°C)
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After partial decomposition of Cr02 to CrgOj, only the non crystalline (a-Cr^j)

part was accessible for reoxidation.

The comparison of TPR and decomposition under an Ar atmosphere using

thermoanalytical methods (Fig. 3) showed that the evolution of oxygen takes place
in the same temperature range as the reduction in a hydrogen atmosphere, but it

could be resolved into two steps. The small difference in the weight loss compared

to the reduction in hydrogen (decomposition of CrOx: -1.35%; reduction: -1.51%)

is caused by the difference in the final oxidation state and by the incompleteness of

the decomposition, respectively. As already mentioned, it is assumed that the final

oxidation state of chromium is +3. The appearance of two discernible steps could

e.g. represent the formation of Cr(V) surface complexes, which have been shown to

be stable on the TiC<2 surface after calcination, and the subsequent reduction of the

Cr(V) to CrgOs. Solid state reactions as e.g. the incorporation of cations into the

TiC>2 are supposed to occur favourably above 900 K and have to be taken into

account as well. The superimposition of several processes leading to a possible
evolution of oxygen may explain the long tailing of the oxygen evolution curve

observed in Fig. 3.

The formation of reoxidisable Cr(III)Ox(OH)y in calcined chromia catalysts

during exposure to H2/Ar at moderate temperatures (690K) was evidenced by the

additional thermoanalytical experiments. The nature of the reoxidised species can

not be further assigned, but the possibility of partial reoxidation after reduction in

hydrogen is pointed out. The reoxidation of the chromia on titania seems to be

possible, as long as neither a-CrgOs is formed nor Cr (III) is incorporated into die

support.

It was recently shown by Schneider et al. [28] that Cr(III) species are readily
reoxidised to Cr(rV) under SCR reaction conditions at T = 470 K unless they were

stabilised in a 'C^Os-like' phase on the titania support. The Cr(III) clusters of

uniform size found after SCR and TPD thus resulted from a partial reduction of the

Cr surface species during TPD. For Crl.3
,
after reduction in O2 at 570 K, small

crystallites of Cr20s were evidenced by EPR [14.]. Their decomposition into small

clusters upon die SCR exposure and TPD further demonstrates the high mobility
and die ease of oxidation/reduction processes of chromia supported on TiC»2

under SCR conditions.

The catalysts used in this work exhibit high activity for SCR in the low

temperature range (420 - 470 K), and the NO conversion rate of the calcined

samples rises almost linearly with the chromia loading up to 0.65 mmol g"1. A
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further increase of the loading enhances the NO reaction rate per surface area

slighdy, but is less effective with regard to die TOF. At die same loadings crystallites

of CX-CrgOs have been found in the calcined samples. The capacity of a dieoretical

monolayer of Cr^Qs on die titania support (P25) calculated from die area need of a

virtually cubic cell of one Cr atom would be in the same range (8.25 wt%). Taking

into account the different reaction conditions, the results of our calcined catalysts

are in good qualitative agreement with Xno versus temperature characteristics as

well as die product distribution reported by Wong and Nobe [2] for a chromia on

titania catalyst. The distinct increase of die N2O production at 480 K, described by

diem for a chromium content comparable to Crl.3, was found for all chromia

concentrations in our system.

A comparison of die NO reaction rates using the Arrhenius type plots (Fig. 9)

shows diat die favourable properties of the bulk amorphous CrOx are mainly based

on die 4 times higher specific total surface area compared to die TiOg (P25)

supported catalysts. If die reaction rate is referred to the surface area, die

supported systems reach at the saturation coverage die same activity as die

amorphous chromia. Activation energies of 50 ± 5 kj moH are typical for SCR [2].

The slightly lower activation energies observed after reductive pretreatment

correspond to results found by Curry et al. for amorphous chromia [6].

The selectivity to undesired N2O was higher for low chromia concentrations

dian for loadings of at least 0.39 mmol g"1. As diere is no significant change in die

selectivity characteristics from 0.39 to 4.0 mmol g"1, it is stated that die selectivity is

independent of the chromia concentration. This is in agreement widi the

observation of uniformly sized chromia clusters after exposure to SCR conditions

for diis range of chromia concentrations. Based on die results of diis study no

mechanism for die formation of N2O on chromia/titania can be suggested. The

kinetic measurements indicate a stronger temperature dependence (higher

activation energy, typically 100 ± 10 kj moH) for die formation of NjO compared

to N2 production (40 ± 5 kjmol-1). However, similar temperature dependencies

were found for die consumption of NO and NH3. Therefore the source of N2O

formation can not be determined unambiguously. Investigations of ammonia

oxidation in absence of NO and of NO reduction witii NH3 in absence of O2 as

made in Ref. [17] for pure chromia samples as well as isotope labelling of die

reactants could provide furdier information about die source ofN2O.

Especially die selectivity and die initial activity of die titania supported

chromia catalysts depend markedly on die pretreatment. In the series of reductive
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pretreatments at temperatures below 720 K, an improved selectivity to N2 of >90%

was found for reaction temperatures up to 470 K without loss of the NO reaction

rate. The lowering of the activity due to further annealing in Ar at 873 K is

attributed to the partial crystallisation of a-CrgOs and to the incorporation of

Cr(III) into titania. These two processes have been proposed above to limit the

reoxidisability of the Cr(III) species as well.

The improved selectivity and the higher starting activity due to reductive

pretreatment at moderate temperatures can be discussed in the context of the

reduction of Cr(VI) and Cr(V) surface species, taking place during such a

pretreatment, and in the context of the hydroxylation of the Cr(III) surfaces

species.

In the case ofsamples calcined in O2, Cr(VI) complexes cover Cr(III) species

partially or completely [14]. At the beginning of the SCR experiment, NHjis

consumed to reduce Cr(VI) to give e.g. {Cr' NO)2+ surface complexes, which is in

agreement with the analysis of the gases leaving the reactor. The resulting Cr(I)

complexes are obviously stable under SCR conditions and as a result possibly block

catalytically active sites. On the catalysts subjected to reductive pretreatment, no

Cr(VI) is present and, consequently, Cr(I) is neither expected to be formed, nor

found. Active sites are not blocked and no NH3 is consumed for the reduction of

undesired Cr(VI) at the beginning of the reaction. This leads to an increased

starting activity.

Hydroxylated Cr(III) species formed during reductive pretreatment represent

potential Bronsted acid sites when located at the surface. Such sites have been

proposed to be the main active sites for SCR on vanadia/titania catalysts by Tops0e

[29]. As no in situ vibrational spectroscopy was used in this study, the correlations of

reactivity characteristics with ex situ observations (e.g. thermal analysis, TPR, EPR)

asked for further in-situ investigations for evidence. In-situ FTIR experiments,

combined with temperature programmed desorption revealed that Bronsted-bound

ammonia is crucial for the SCR reaction and that Lewis-bound NH3 is oxidised to

give N2O at T £ 450 K [SO]. Further studies dealing with the dependence of the

SCR-selectivity on the pretreatment conditions revealed that stabilised Cr(III)

species effect the high selectivity to N2 combined with excellent SCR activity

described in this work [28].
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Chapter 4 Part 2

Chromia on Titania Catalysts

Prepared by Grafting of

Chromium (III) Amide

ABSTRACT

Chromia-titania interfaces suitable for catalytic application were prepared by

repeated chemical reaction (grafting) of Cr(III) amides and Cr(VI) alkoxides with

surface hydroxyl groups of Ti02. Their structure, chemical reactions and redox

stability under mild conditions (293 - 673 K; 02, air, N2, H20/N2, H2, NO/NH3)

were investigated by EPR, UV-Vis (diffuse reflectance) and IR spectroscopy. The

conditions necessary to remove residual organic ligands were determined by

temperature programmed oxidation and hydrolysis monitored by mass

spectrometry. Polynuclear surface complexes of Cr(III) were obtained by hydrolysis

in a H^/I^ stream at T < 673 K. The spectroscopic features of these species

indicate that highly dispersed chromium oxide species were formed. Calcination in

oxygen yields simultaneously Cr(III), (Cr(rV)), Cr(V), and Cr(VI) surface species

dependent on the chromium content. All surface species with oxidation states

higher than +3 were reversibly reduced by hydrogen to Cr(III). Redox cycles foster

the incorporation of Cr(III) ions into the titania lattice. Precursor, chromium

concentration as well as the conditions applied were found to be decisive for the

structural and chemical properties of the immobilised CrOx species. This is also

reflected by the catalytic activity and selectivity to N2 in the selective reduction of

NO by NH3, which depended strongly on the conditions applied for the sample

pretreatment.
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INTRODUCTION

In Chapter 4.1 chromia on titania samples prepared by impregnation with

aqueous chromium nitrate were discussed. Rather ill-defined structures were

observed. The supported chromium oxide was found to coexist in several oxidation

states and in different degrees of agglomeration, which is mostly due to the fact that

chromium undergoes oxidation-reduction reactions very easily. Apparently this

holds particularly for the "more reducible" oxide supports, such as TiC>2 and ZrOj

[1]. The nature of chromium surface species is expected to depend strongly on the

preparation procedure and treatment conditions. The latter statement is not

generally accepted in the literature [2, 3].

The intention was to prepare titania supported chromium oxide systems

possessing: (i) well-defined, single oxidation states of chromium, i.e. the most

abundant, Cr(III) and Cr(VI); (ii) highly dispersed CrOx species; (iii) Cr loadings

varied in the submonolayer region. An effective method to prepare highly

dispersed supported transition metal oxide catalysts is the grafting method [4-6].

The formation of a chemical bond between the metal ion (Cr) and the support in

the first step of preparation should prevent migration and agglomeration of CrOx

during calcination or other thermal treatments and allow controlling die oxidation

state of the Cr by the choice of suitable precursors and conditions. Uncharged

molecular precursors, such as alkoxides or amides of Cr(III) and Cr(VI) were

applied. To our knowledge chromium has been immobilised on SiOg, AI2O3 and

MgO with different precursors, such as Cr(CO)6 [7] or chromium allyl compounds

[8], however, no grafting of chromium compounds onto titania has been reported
so far.

As the removal of residual organic ligands represents a crucial step in such a

considerate preparation procedure, temperature programmed methods (oxidation,

hydrolysis) were used to find the mildest conditions to fulfil both aims: preserving
the oxidation state of the chromium ion and complete removal of the ligands. The

structure, chemical reactions and redox stability of the chromium surface species

were characterised by conventional spectroscopic methods (EPR, UV-Vis diffuse

reflectance, FT-IR). As the selective catalytic reduction (SCR) ofNO by ammonia in

excess oxygen has been found to be very sensitive to the nature of the chromium

oxide phase present [9, 10], it is used as an additional source for structural

information.
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EXPERIMENTAL

PREPARATION

The chromium was deposited on the titania carrier by a sequential grafting

procedure with tris-diisopropylamide-chromium(III), Cr[N(i-Pr)2]s, dissolved in

hexane. Cr[N(i-Pr)2]s was prepared according to the procedure reported in [11].

The titania support material was conditioned as described previously [12]: TiOg

(P25, Degussa; anatase:rutile = 3:1) was agglomerated, dried, sieved to particles of

0.3 - 0.5 mm diameter and finally evacuated (< 0.1 mbar) at 390 K to obtain a mildly

dehydrated surface. Per gram of this support 0.35 mmol Cr[N(i-Pr)2]3 were added

in 5 ml hexane and the glass reactor was kept at 325 K for 12 h. The solution was

then removed and unreacted precursor molecules were washed out three times with

fresh hexane. The samples were dried in flowing nitrogen at 360 K for 1 h.

Different treatments, such as hydrolysis (Hyd) or calcination (Ox), were considered

to transform the anchored precursors into the desired oxide species. Temperature

programmed hydrolysis (TPHyd) and oxidation (TPOx) were used to characterise

the transformation process. In order to find the mildest conditions for most

complete removal of the amide ligands, different temperature ramps were applied.

The species evolving during the temperature programmed experiments were

characterised by mass spectroscopy (MS) on a set of masses (m/z), ranging from 12,

indicative for carbon containing species, to 57, corresponding to NC3H7+ (or

C4H<)+) fragments of the ligands.

For the sequential grafting, residual organic ligands of the amide precursor

were removed from the samples in flowing nitrogen saturated with water at 290 K,

1.1 bar, for 3 h at 670 K. The entire grafting procedure was repeated up to four

times to obtain a series of differently loaded samples. They are hereafter denoted as

"CrLg" where L gives the approximate loading of chromium in mmol (Cr) g"1Cat
and gspecifies that the samples were prepared by grafting: Cr.l6g- Cr.44g.

For the preparation of Cr(VI) reference samples, alternative ways of

chromium deposition were applied. A Cr(VI) alkoxide, Cr02[OCH(CF3)]2 [IS], was

used as precursor in an identical grafting procedure as already described (sample

Cr.l2g6). Chromate, OO42", was adsorbed onto titania (P25) from an aqueous

solution of CrOs by ion exchange. A pH lower than the isoelectric point of Ti02

was chosen to ensure electrostatic deposition of chromium (set to pH = 2 by HNOs

addition). This sample will be denoted as Cr.07e6.
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CHARACTERISATION METHODS

Surface area (BET) was determined by nitrogen adsorption at 77 K using a

Micrometrics ASAP2000 equipment. The chromium content of the catalysts was

assessed in two independent ways, (i) Ground samples were dissolved in 5 ml

aqueous HF (40 %, later diluted to a total volume of 50 ml) and the chromium

content was determined by atomic absorption spectrometry, AAS. (ii) Oxidative

breaking down of the ground samples, using K2COs and NaNOj, allowed for

spectroscopical determination of the chromium content as Cr042" in aqueous

solution by UV-Vis (charge transfer band).

The activity of differently pretreated Cr.l6g- Cr.44g samples in the selective

catalytic reduction (SCR) of NO by NHg was tested. The testing procedure and the

apparatus used have been described in detail elsewhere [12]. A feed gas containing
900 ppm of each NO and NH3 and 1.8 % Og (Ar balance) was passed over the

catalysts bed (0.126 ml). Selectivities to N2 and N20 are defined as

Si=2Fi/ (FNO,m + FNH3,m " FNO,out " FNH3,out)<

where F; is the molar flow rate of species i (N2 or N20) at the reactor outlet. Both

reactants, which were mixed equimolarly in the SCR feed, were taken into account

because of the uncertain stoichiometry of the reactions leading to N2 and N20,

respectively [9,14].

Temperature programmed reduction in H2/Ar (5 %, temperature ramped

from ambient to 970 K at lOKmin'1) was used to characterise the reduction

behaviour of samples containing chromium in high oxidation states (Cr(V) and

Cr(VI)). The apparatus used has been described in detail in a previous study [15].

Paramagnetic resonance spectra were recorded on a Bruker ESP300(E) system

at X-band frequency at temperatures between 77 and 420 K; microwave frequency
about 9.4 GHz, microwave power 5 mW, modulation frequency 100 kHz. The

measurements were carried out in a Bruker TE104 double rectangular cavity. The g

values were determined with a NMR magnetometer and DPPH as g marker. The

spectra intensity was obtained by numerical double integration of the sample and

reference (DPPH) spectra using the ESP300E software.

UV-visible spectra were recorded on a spectrometer equipped with an

integration sphere (Perkin-Elmer, model Lambda 16). The diffuse reflectance

spectra were recorded under ambient conditions using BaS04 as a reference. For

simulation and presentation the spectra were transformed to the Kubelka-Munk

Chapter 4.2



75

function The composite profile was fit by a superposition of gaussian bands [16],

the frequency positions and line widths being varied by the fit. The number of

bands was restricted to the minimum required to achieve adequate representation

of the spectra

IR-spectra (transmission mode) were taken of self-supporting 13 mm pellets as

well as of 0 5 wt% KBr pellets under ambient conditions on a Perkm-Elmer FTIR

2000 equipment 1000 Scans were colletcted for each spectrum at a resolution of

4 cm"1

RESULTS

SAMPLES AFTER PREPARATION

The chromium contents of the samples Cr 16g- Cr44g, determined by 'AAS'

and 'UV-Vis', and the BET surface areas of the samples are listed in Table 1 The

results of both chromium quantifications are equal within the experimental errors

of the two methods applied The first grafting step was most effective by depositing

ca 160 |imol chromium per gram support Each of the three subsequent

depositions yielded ca lOOiimolg"1 The specific surface area (Sbet) was found for

the agglomerated and dried support material to be within 44 9 ± 0 4 m2 g"1, l e that

Sbet was not affected significantly by the multiple grafting procedure

Table 1 Properties ofthe grafted CrOx/Ti02 samples

Sample Cr loading (AAS) a) Cr loading (UV-Vis)b) SBET

/ umol g1 / umol g1 /m2g1

Cr.16g 163±6 161 ±10 na

Cr£5g 253 ±26 267 ±20 44 3 ± 0 3

Cr.35g 346 ±26 369 ±30 na

Cr.44g 443±15 463 ± 30 441+0 3

Cr.12g6 118±6 na na

Cr.07e6 70±4 na na

Note a) Samples dtssolvtd m aqueous HF (40 %),

b) oxidative breaking doom with K2CO^ and NaNOj, CrO^ in aqueous

solution determined by WVis spectroscopy
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temperature / K
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Figure 1: TPHyd of sample Cr.l6g previously dried in N2 at 420 K and hydrolysed at 420 K in H20/N2 (N2
saturated at 300 K, 1 bar). Species evolving during the experiment in flowingH20/Ar (Ar saturated at 300 K,

1.5 bar) were monitored by MS. Three different temperature programs have been employed: (i) T increased at 10 K

mm'1 from ambient to 980 K (TPHyd, dotted), (ti) from ambient to 573 K, where the sample was kept

isothemaUyfor additional 40 minutes (TPHydiso570, fall), and (Hi) T raisedfrom ambient to 673 K, where the

sample was keptfor 30 minutes (TPHydiso670, full).
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In preliminary studies the transformation of the immobilised precursor

complex into the desired oxide was investigated by means of temperature

programmed methods. As both hydrolysis and calcination were considered, TPHyd

and TPOx experiments were followed by MS analysis. In Figure 1 the traces of m/z

= 12, 48, and 57 of the temperature programmed hydrolysis experiments with the

Cr.l6g samples are shown. The three different temperature programs are denoted

as follows: TPHyd for the rise of T from ambient to 970 K at 10 K min"1, TPHyd-

iso570 for the rise at the same rate from ambient to 570 K, where the sample was

kept for additional 60 minutes, and TPHyd-iso670 for the corresponding procedure

with isothermal treatment at 670 K. The signal of TPHyd on mass 12 illustrates that

the removal of carbon takes place in two steps, at 660 K and 800 K, and that it is not

complete at 970 K. The m/z = 28 and 44 signals (not shown) proved that CO and

CO2 were the predominant carbon containing species formed at T > 700 K. As

deduced from the traces of m/z = 14-18, other compounds, such as ammonia and

methane, desorbed at 660 and 800 K but they were not formed at T > 870 K On the

other hand, the traces of m/z = 43 and 57 indicate that the evolution of higher

hydrocarbons and C-H-N compounds was completed at 700 K.

A comparison of the traces for the two different TPHyd-iso experiments with

the TPHyd experiment allows quantifying the removal of the organic residues.

Isothermal hydrolysis at 570 K did not efficiently remove the organic residues,

whereas T = 670 K was sufficient to remove higher hydrocarbons (m/z = 43, 57)

and, as indicated by the m/z =12 trace, more than 60 % of the residual carbon

desorbed as CO or COg in the TPHyd experiment.

It is interesting to note that the samples had different colours after the

temperature programmed hydrolysis experiments: TPHyd up to 970 K produced

yellow samples, whereas the isothermal treatments at 570 K and 670 K did not

change the originally green colour of Cr.l6g. Based on these results the dried

samples were conditioned according to TPHyd-iso670 in the sequential grafting

preparation of Cr.l6g- Cr.44g.
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m/z = 12 1.0-10
-11

4.0-10

273 873

temperature / K 10 20 30

time (isothermal at 573 K) / min

Figure 2: Temperature programmed oxidation (TPOx) of Cr.l6g. The sample was previously dried in N2 at

420 K. The species evolving during the experiment inflowing O2/M (7.2 %) were monitored by mass

spectroscopy and traces are shown for (m/z) = 12, 18, 30. Experiments with two different temperature programs

are presented: a) temperature increased at lOKmin'1from ambient to 880 K(TPOx, dotted), b)from ambient to

573 K, where the sample was kept isothermaUyfor additional 60 minutes (TPOxisoSlO, full).

Chapter 4.2



79

The results of temperature programmed oxidation experiments in 02/Ar (7.2

%) using Cr.l6gzxe shown in Figure 2. The intensities of m/z = 12, 18 and 30 are

plotted versus a mixed temperature and temperature-time scale suitable for the two

different temperature programs used. In TPOx the temperature was raised from

ambient to 970 K at 10 K min'1 and TPOx-iso570 consisted of a temperature ramp

up to 570 K with a subsequent isothermal part of 60 minutes at 570 K. The masses

shown in Fig. 2 are representative for the evolution of the following species: m/z =

12 for C02 (plus CO and hydrocarbons), 18 for H20, and 30 for NO. The trace of

m/z =12 was chosen to present any carbon containing species because its line

shape matches the trace of m/z = 44 (indicative for COg). The evolutions of CO

and hydrocarbons contributed little to the carbon removal as indicated by the low

intensities of the signals of m/z = 28 and e.g. 41, respectively. Their contribution is

estimated to < 5 % considering the relative ionisation probabilities and fragmen¬

tation patterns of the corresponding species. The products of the amide ligand

oxidation, such as COj, NO and HgO, show maxima at 570 - 580 K, which indicates

that 570 K are necessary to remove the amide ligands under an oxygen containing

atmosphere. The perfect match of the TPOx and the TPOx-iso570 traces shows on

the other hand that no temperature higher than 570 K is needed to remove

residual organic ligands completely. After both TPOx and TPOx-iso570 experiments

the samples were yellow.

In order to obtain mildly calcined CrOx/Ti02 samples Cr.l6g- Cr.44gv/ere

conditioned according to TPOx-iso570 (3 h in O2 at 570 K). Because the yellow

colour of sample Cr.l6g after this treatment indicated the predominance of Cr(VI)

it was used as a reference for other Cr(VI) systems.

The total amount of residual carbon after different treatments of Cr.l6gand

Cr.44g was assessed more accurately by temperature programmed oxidation

(temperature from ambient to 1000 K) in dry air monitored with a calibrated MS

system. After drying sample Cr.lSgaX. 420 K with subsequent hydrolysis under

ambient conditions ca. 88 % of the total carbon introduced with the chromium

amide precursor was removed, hydrolysis at 570 K eliminated 95 %, and after

isothermal hydrolysis at 670 K only 3 % of the carbon remained. This corresponded

to a chromium to carbon ratio of Cr/C = 1.9 or a carbon content of 80 umol g"1.

For Cr.44g a ratio of Cr/C = 3.6 was determined after isothermal hydrolysis at 670 K

(C content: 120 umol g-1). Subsequent calcination of this sample at 570 K increased

the Cr/C ratio to 13.2 (C content: 33 umol g"1).
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The sample prepared by grafting with the Cr(VI) alkoxide precursor

Cr02[OCH(CFg)]2 under absolutely inert conditions afforded a Cr content slightly

below that of Cr.l6g (cf. Table 1). The green colour of Cr.l2g6indicated, however,

that diis procedure was accompanied by a reduction of chromium to Cr(III) (see

below). As expected, the chromium content of the yellow ion exchanged sample

Cr.07e6 was clearly smaller than the loading of Cr.l6g.

TPR RESULTS.

Profiles of the hydrogen consumption during temperature programmed

reduction experiments are shown in Figure 3 for Cr. 16g and for reference sample

Cr.07e6. The samples were previously calcined in situ for 3 h at 570 K in flowing

oxygen. For Cr.07e6 a very complex reduction behaviour is observed. Hg

consumption is maximum at 526 K, and further peaks are observed at 590 K and

689 K. The total hydrogen consumption was 110 |lmol g"1, corresponding to an

3
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Figure 3 Temperature programmed reduction profiles of(a) Cr.l6g, CKVTiC^ prepared by single grafting with

Cr(N(iPr)3)3, and (b) Cr.07e6, CrOx deposited by ion exchange m aqueous solution The samples were

previously calcined m situ at 573 Kfor 3 h m flowing oxygen TPR in 5% Hi/Ax, 10 K mm'1. The specific

hydrogen consumption » represented as the TCD response (flVg1)
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average lowering of the chromium oxidation state, AOS =3.1. The TPR profile of

Cr.l6g shows a predominant maximum at 595 K and a small additional peak at

703 K. The hydrogen consumed corresponds to AOS = 2.8 for the supported
chromium oxide. If the final oxidation state after TPR is considered as Cr(III),

which is reasonable according to the EPR and UV-Vis results and has been

suggested for similar CrOx/Ti02 samples [9] the AOS values close to 3 for both

samples prove the predominance of Cr(VI) in the calcined samples. It is clearly

shown, however, that the Cr(VI) deposited by ion exchange is more easily reducible

than grafted Cr(VI) species obtained by calcination of Cr.l6g. This hints towards

better stabilisation of the chromia species by the bonding to the titania surface

established by the grafting preparation.

ELECTRON PARAMAGNETIC RESONANCE

After grafting and hydrolysis under ambient conditions (room temperature),

die EPR spectra show broad symmetric lines at g = 1.985 (p-phase, Cr^-O2- cluster

[17]) with linewidths of about 70 mT (ABpp). An additional broad absorption at

B0 = 170 mT was observed only for the lowest loading (one grafting procedure).

The last one was not observed in Q band. Therefore, it is assigned to isolated

Cr(III) ions or dimers (5-signal) in relatively strong axial crystal fields with

distortions of lower symmetry [18].

The EPR spectra of the sample prepared by grafting with the Cr(VI) alkoxide

precursor Cr.l2g6 confirmed that practically all chromium was reduced to Cr(III)

(p-signal) during the grafting process. For the ion exchanged sample Cr.07e6, a

strong y-signal due to Cr(V) is observed even after drying at room temperature only.

Its intensity increased by calcination in oxygen.

Samples after hydrolysis at 570 or 670 K (N& water saturated): The EPR spectra

for all chromium contents show broad symmetric lines with g= 1.985 and

linewidths ABpp of about 70 mT (p-phase) without remarkable influence (± 5 mT)

of the chromium concentration (Fig. 4 a and d). There is no indication of a

chromium oxidation state other than +3 by EPR. The linewidths of these signals

increase by about 30 % for all samples when going from room temperature to T =

120 K, and the integrated intensity increases by a factor of 1.5 (Fig. 5 a). These

signals are assigned to Cr(III)-oxygen clusters (P-phase, [18]). The linewidth and

the temperature dependence of this signal have been demonstrated to depend

upon the relative strength of the exchange interaction and the dipole interaction

[17,19], The shorter the distance between two chromium ions in a cluster, the more

CrOx / Ti02 grafted



82

important the exchange interaction becomes relative to the dipolar interaction.

This results in a narrowing of ABpp. Comparing our EPR results to literature values

for other Crs+-02"-clusters on metal oxide surfaces prepared by grafting [19] and

impregnation [20], we can deduce that the exchange interaction in "our" systems is

clearly smaller because of the larger linewidth of the p-phase signal and due to the

lacking indication of an antiferromagnetism (temperature dependence of the

integrated intensities) in the temperature range investigated.

,

100 mT„
B0

Figure 4: EPR spectra recorded at room temperature in X-band of Cr.]6g after hydrolysis at 570 K (a), after

calcination in oxygen at 570 K (b), and after TPR (c), and ofO.Hg after hydrolysis at 670 K (d), after

calcination in oxygen at 570 K (e), and after reduction of (e) in hydrogen at 690 K (J). Spectrum (c) represents a

superposition ofthe spectra of Gr*+ incorporated in rutile (full circles) and anatase (open circles), compare [20]

and literature cited therein.
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Calcination m oxygen at 570 K for 3 hourSThe spectral patterns depend

strongly on the total chromium content For Cr 16g and Cr 25g only a signal due to

Cr(V) (3d1, S = 1/2, y-signal) is observable (Fig 4 b) The integrated intensity of

the axially symmetric powder pattern with g = 1 970 and g = 1 950 (±0 002) strongly

decreases with decreasing recording temperature when atmospheric oxygen is

present (antiferromagneuc coupling with O2) The intensities of the spectra of the

evacuated sample (<10"2 mbar) behave approximately according to the Curie-law

For Cr 35g and Cr44g, the chromium(V) signal descnbed above is superimposed by

a broad symmetric line at g = 1 985 (ABpp = 85 mT, Fig 4 e) The hnewidth of the

broad line remains unchanged at first approximation (± 5 mT) and the intensity

increases by a factor of 2 when decreasing the temperature to 120 K (Fig 5 b)

Interpreting these data it can be stated that no collective magnetic properties are

indicated as eg found for impregnated CrOx/Ti02 catalysts [20, 21] treated under

identical conditions The spectral pattern descnbed above are due to rather small

agglomerates, 1 e highly dispersed polynuclear chromium oxide species m the

150 200 250 300

T/K

Figure 5: Temperature dependence of the intensity (numerical double integral) of sample Cr.Hg after hydrolysis

(a), after calculation (b), and reduction m hydrogen (c)
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formal oxidation state of +3 (or +4). We do not distinguish between these two

because of the similarity of the behaviour of the EPR spectra expected for a

chromium(III) paramagnetic / antiferromagnetic (CrgOj or CrOOH like phase)

and a Cr(rV) paramagnetic / superparamagnetic (CrC>2 like phase) oxidic phase

for such small particles in the temperature window investigated. In addition,

changes in the linewidth can also be caused e.g. by a stronger bonding to the

surface resulting in distortions in the coordination sphere or by different

coordinative unsaturation of Cr(III) surface species.

Redox cycles performed with Cr.44g: An increase of the calcination tempera¬

ture to 620 K (for 5 h) increases the linewidth of the (i-signal of Cr.44gto 100 mT,

and the incorporation of small amounts of Cr3+ ions into the lattice of rutile starts.

After reduction of the oxygen calcined sample Cr.44gin pure H2 at 690 K (1 h) the

linewiddi of die |}-signal decreases to 75 mT and the incorporation of Cr3+ into the

lattice of the carrier is forced (Fig. 4 f). The integrated intensity is reduced by a

factor of 2 for a reduction of the recording temperature from 293 to 120 K (Fig.

5 c), die linewidth increases simultaneously from 75 to 90 mT. This is due to the

increase of exchange interactions and a clear indication of an antiferromagnetic

behaviour of Cr3+. No Cr5+ (7-signal) is observed. Repeated oxidation and

reduction continuously increased the amount of Cr*+ incorporated into cation sites

vacated by Tr*+ ions.

Temperature programmed reduction of sample Cr.l6g: After TPR chromium is

almost quantitatively incorporated into die rutile and anatase lattices of the support

(Fig. 4 c, for spectral parameter see [20] and literature cited dierein).

Samples after SCR reaction (T up to 600 K, 45 h): The samples calcined in

oxygen (570 K) Cr.itfgand Cr.25g after SCR show broad symmetric EPR lines with

g = 1.98 (ABpp = 95 mT at T = 293 K, and ABpp = 120 mT at 130 K). Note that after

calcination only Cr(V) and Cr(VI) were observed. This y-signal is assigned to

Cr(III)-oxygen clusters showing weak antiferromagnetism. For higher Cr contents

(especially Cr.44g) no changes were observed after SCR treatment in comparison to

the EPR line widdis and temperature behaviour of the oxygen calcined samples, but

the Cr^-signal completely disappeared. The spectra and their temperature

dependence of Cr.44gafter SCR (pretreated by hydrolysis at 670 K) are very similar

to diose of the calcined sample (ABpp= 80 mT, g = 1.985) indicating (as die colour

change to grey) an oxidation (similar to calcination) under SCR conditions (long

term = 70 h).
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UV-VIS DIFFUSE REFLECTANCE SPECTROSCOPY

The pronounced changes in the visible colour of the catalysts observed for

different treatment are a very suitable indicator for the different oxidadon states

and coordination spheres of die chromium surface species. Actually, the green

colour observed for species treated by hydrolysis at 570 or 670 K is expected for

Cr(III), whereas after calcination yellow samples were obtained as expected for

Cr(VI) for smaller Cr contents. Higher Cr contents (Cr.35g, Cr.44g) exhibit dark

grey colour after calcination in oxygen what would be an indication for oxidation

states lower than +6, i.e. +4 and +5. After reduction in hydrogen the yellow samples

Cr.l6g and Cr.25g as well as the grey catalyst turned to green, which indicates

Cr(III). In fact, these observations are confirmed by the UV-Vis diffuse reflectance

spectra of die catalysts shown in Fig. 6.

Below 400 nm, all diffuse reflectance spectra are dominated by strong

absorptions of the titania carrier (Fig. 6 a). The spectra of the grafted samples

pretreated by hydrolysis exhibit at least two absorption bands (i) at 480 nm (Cr.l6g)

- 460 nm (Cr.44g) and (ii) at 660 nm (Cr.l6g) - 677 nm (Cr.44g) (Fig. 6 b and d).

They are ascribed to die A2g —»Tig and A2g -» T2g d-d transitions due to Cr(III).

Particularly die latter one is clearly shifted towards higher wavelengths in

comparison to bulk C^Os or mononuclear and dinuclear Cr(III) in octahedral

coordination in solution (about 460 and 600 nm). Such a shift of the A2g -» T2g
band is explained by an alteration of the metal-ligand interactions in the literature

[22]. The properties of the Cr3+-02- bond in CrgOj are well characterised by the

Racah parameter, B35, in the ligand field tfieory [24 24]. Smaller values of the

Racah parameter indicate a stronger exchange interaction between d° ions, that is,

at shorter CrS+^O^-Cr3* distance. The B35 values calculated from our spectra (560

-750 cm"1) are clearly larger than e.g. die one obtained for CrgOs (B35 = 450 cm-1)

and other Cr3+-02--Crs+ clusters supported on oxide surfaces [19]. Thus, in

accordance with the EPR results, the Crs+-02_-Crs+ cluster formed after hydrolysis

exhibit much smaller exchange interactions and are structurally more relaxed tfian

diose reported in die literature [19,20] and tiian crystalline a-C^Os.

Upon calcination in oxygen, the bands due to Cr3+ observed before disap¬

peared for Cr.l6gand Cr.25g. In accordance widi die yellow colour the new pro¬

nounced band at 455 nm is assigned to die forbidden *Ai -» 'Ti charge-transfer

(CT) transition of tetrahedrally coordinated Cr(VI) centres [25] (Fig. 6 c, arrow).

An absorption due to Cr(V) d-d transitions could be identified by convolution

analysis as an additional weak absorption at about 750 nm. The diffuse reflectance
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Figure 6. UV Vis diffuse reflectance spectra ofthe pure Mama support (calaned, a) and ofOr 16g after hydrolysis

at 570 K (b) after calcination m oxygen at 570 K (c) and of Or 44g after hydrolysis at 670 K (d), after

calcination in oxygen at 570 K (e) and after reduction of(e) in hydrogen at 690 K (f) The chromium bands not

covered by the tttania absorptions are enlarged m the inset For spectra (b) and (d) the result of the convolution

analysis is gwen (dashed lines) The band above 700 nm is used to simulate a shoulder indicated m this region.

Corresponding absorptions above 700 nm were observed e g in supported and unsupported Cr(lll)OOH phases

[21] Thefit procedures wereperformed aftersubtracting the T1O2 background The arrows indicate the maxima

obtained for (c) and (f)
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spectra for the higher Cr concentrations consist of one strong, very broad

absorption over the full visible range (Fig. 6 e). The analogous situation was found

for pure C1O2 and for C1O2 on TiC>2 [10,20], where this broad band was attributed

to highly conducting phases of Cr02 (and to Cr(V)). The spectrum can also be

simulated by a superposition of Cr(VI), Cr(V), and Cr(III) bands. The presence of

Cr(VI) is indicated by an absorption at about 450 nm. The former interpretation is

more plausible because of the clearly increased intensity of the sum of absorptions

(areas) in comparison to the one before calcination.

After reduction of the calcined sample Cr.44g (reversible redox cycles), the

two bands due to Crs+ discussed above are observed with slightly shifted wave¬

lengths (456 and 690 nm).

FT-IR SPECTROSCOPY

IR spectra of self-supporting and KBr pellets were taken in order to gain

information about the possible existence of oxide phases like CrOOH, CrgOj and

CrOg on the surface. The most pronounced absorptions expected for these phases,

however, are covered by the strong titania absorptions below 800 cm"1 and between

3500-2900 cm-1 and at 1600 cm"1 (OH and HaO vibrations). A pronounced band is

observed with Cr02 (KBr pellet) at 945 cm-1, and this band is also observed in the

oxygen calcined sample Cr.44gat about 940 cm-1. It disappears reversibly upon

reduction in hydrogen (690 K) and also by decomposition at higher temperature.

This band does not appear for lower loadings and for samples pretreated by

hydrolysis. The same absorption was found for Cr02/Ti02 catalysts, where the

presence of C1O2 as the main component could be proven by ferromagnetism and

thermoanalytical methods [20].

SCR RESULTS

The results of the catalytic testing of catalysts Cr.l6g, Cr.25g and Cr.44gare

listed in Table 2. The samples, previously hydrolysed at 670 K (cf. preparation

procedure) were in situ pretreated in three different ways: (Hyd) hydrolysis at 670 K.

in flowing HaO/Ar (Ar saturated at 300 K, 1.5 bar), (Ox) calcined at 570 K in

flowing 02/Ar (7.2 %), or (Red) reduced at 720 K in H2/Ar (5 %).

As a measure of the catalytic activity a turnover number, TON, is given. It is

the specific NO reaction rate at 470 K per total amount of chromium in the catalyst

(determined by AAS, cf. Table 1). We will first comment on the experiments with

'dry' feed gas and later discuss the effect of adding ca. 3500 ppm H2O to the SCR

CrOx / TiOj grafted
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feed. For the samples investigated the TON is mainly dependent on the

pretreatment conditions and only little on the chromium content. The proportions

of the TON after the different pretreatments are approximately:

TON(Hyd): TON(Ox): TON(Red) = 2.25 :1.7 : 1

The turnover rates reported for CrOx/Ti02 catalysts prepared by

impregnation with chromium nitrate [9] are comparable to the TON reported

here: calcination at 570 K (Ox) afforded TON = 7.8 • 104 sr1, and reduction at 720 K

(Red) resulted in TON = 5.9 • 104 s*1. It should be pointed out, however, that the

samples hydrolysed at 670 K, containing Cr(IIl) species after hydrolysis, exhibited a

significantly higher SCR activity, independent ofthe Cr loading.

The product distribution in the SCR reaction is characterised by the selectivity

to nitrous oxide, Sp^o at 473 K, and the corresponding values are listed in Table 2.

The selectivities were found to depend on the pretreatment procedure (cf. Fig. 7).

Hyd afforded Sj^o < 0-1 at T £ 473 K for all samples, which was obtained by Red of

Cr.l6g as well. Calcination (Ox) lead to significantly higher N2O selctivities. Sj^q =

0.4 for low Cr loadings andca. 0.3 for Cr.44g. In a recent study [9] we found that the

selectivity of impregnated CrOx/Ti02 samples in SCR depended on pretreatment

Table 2: Catalytic reduction ofnitric oxide by ammonia in excess oxygen

Sample Pretreatment TON/10-4s-1,at473K SN20/-,at473K>>>

Cr.16g H2O/Ar;670K;2h 10.6/10.0 0.07/0.24

Cr.16g O2/Ar;570K;2h 7.5/7.1 0.41/0.40

Cr.16g hVAr;720K;2h 4.2 0.07

Cr.16g H2O/Ar;670K;2h;H2Oinfeeda> 4.8/4.6 0.13/0.14

Cr.25g H2O/Ar;670K;2h 9.5 0.06

Cr.25g O2/Ar;570K;2h 7.0 0.43

Cr.25g H2O/Ar;670K;2h;H2Oinfeeda> 3.6/3.5 0.25/0.26

Cr.44g H2O/Ar;670K;2h 8.7 0.03/0.13

Cr.44g O2/Ar;570K;2h 7.0/6.9 0.28/0.30

Cr.44g H2O/Ar;670K;2h;H2Oinfeeda) 4.0/3.5 0.25/0.25

Note: second values represent results obtained after exposure of the catalysts to reaction conditions up to 600 K.

Catalytic tests under identical conditions as for the first run. a) SCR feed contained ca. 3500 ppm H20;

b) determined at constant GHSV - 24,000 k'.
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conditions. For high chromium contents (ca. 1.3 mmol(Cr) g"1) different

chromium oxide phases were identified [10]: Cr02 was formed by calcination at

570 K and the catalyst produced N2O at T £ 500 K under SCR conditions (0.3 £

SnjO ^ 0.6). Upon decomposition of the CrC»2 phase (at 773 K, Ar) a stabilised

Cr(III) phase was formed. The resulting catalyst did not form N2O up to 530 K and

was highly active for SCR. Based on this structure-activity/selectivity relationship we

420 450

temperature / K

Figure 7: Reactivity ofgrafted CrOx/TiOz in the catalytic reduction ofNO with NHj. Conversion ofnitric oxide

(solid symbols) and selectivity to nitrous oxide (open symbols) as a function of temperature for differently

preptreated Cr.I6g and Cr.44g samples. The pretreatments were: (&A) Calcinationfor 3 h at 570 Kinflowing

02/Ar, (O0) hydrolysis at 670 Kmflowing H^p/Ar, or(DB) reduction at 720 K inflowingHyJAr.
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infer that die high activity and low Sn20 for Cr.l6g, Cr.25g and Cr.44gafter Hyd
indicates die presence of stabilised Cr(III) species on TiC>2. The lower TON

determined after Red is ascribed to die partial incorporation of Cr3+ into die titania

lattice which lowers die amount of Cr(III) accessible to the reactants. We have

shown diat the incorporation occurred for Cr. 44g at 690 K under pure H2 in die

redox cycling. The selectivity of Cr.l6g(Red), however, is the same as for

Cr.l6g(Hyd), indicating catalysis by Cr(III) species.To assess die thermal stability of

die active chromium oxide species die catalysts were exposed to SCR reaction

conditions at temperatures up to 600 K. In a following second experiment under

identical conditions changes in activity and selectivity of the catalysts were

monitored. The activity of the catalysts was only lowered to a small extent by the

exposure to higher reaction temperatures, and the influence of the different

pretreatments on die TON remained. Exposure to SCR reaction conditions at

600 K did not alter die selectivities of die calcined samples (Ox), whereas samples

previously hydrolysed at 670 K (Hyd) showed a significandy increased formation of

N2O. Although die activity of the Hyd catalysts was hardly affected, die increased

formation of N2O indicates a substantial change in die nature of die active sites. As

die colour changes from light green to greenish grey, partial oxidation of Cr is

suspected to occur under SCR conditions, i.e. tiiat die highly dispersed Cr(III)

phase is not stabilised in a 'G^Os'-like phase, but it does not undergo oxidation

eidier to die extent observed for calcination (Ox).

When die SCR feed gas contained ca. 3500 ppm H20 die activity was lowered

significandy. Independent of die chromium content the TON was only 40-45 % of

die TON determined for 'dry' reaction conditions after the same pretreatment

(Hyd) of die catalysts. Moreover, higher Sn20 were observed dian under 'dry' SCR

conditions. On die other hand, no difference was observed between die first and

second catalytic tests. The activity, as well as the selectivity patterns remained

unchanged for the diree samples tested. It seems diat die addition of water to die

SCR feed lowers the redox stability of die supported Cr species. Exposure to moist

SCR conditions at 600 K does not alter the catalytic properties because the Cr

species undergo redox reactions more readily and die Cr(III) species responsible

for highly active and selective SCR can not be stabilised. A similar effect was

described for supported vanadium, molybdenum and tungsten oxide [26]. The

addition of moisture to an oxygen containing atmosphere increased the mobility of

the supported species at elevated temperature by forming most probably

oxyhydroxide species. Therefore the thermodynamically most stable structure of

die supported species was obtained more readily.
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DISCUSSION

Scheme 1 summarises the various chromium species identified or indicated

after different treatments of the grafted CrOx/TiC>2 catalysts Cr.l6g- Cr.44g. The

grafting procedure under inert conditions yields highly dispersed, for a single

grafting procedure even mononuclear Cr(III) surface species strongly bonded to

the surface. This is confirmed by spectroscopy as well as by the obstructed

dissolution of the species in acidic/basic aqueous (boiling) suspensions. As

expected, the amount of Cr-species immobilised is largest for the first grafting step,

subsequent graftings always result in smaller, but constant additional amounts.

Using a simple picture we could imagine that by the first grafting step the most

Cr3+-02- surface clusters of

increased size

Cr3+ in T1O2 lattice

SCR

NH3, 02
<600K

Cr.44g: Cr3+M+-02- surface clusters
Cr3+ in TIO2

Reduction, H2, > 620 K

Cr6+, Cr5+

Cr3+, CK+

Calcination, O2, 570 K

NH3(02)

SCR

(NH3) 02

Cr.16g. Cr3+-Q2- surface clusters
* Cr.25g* (Cr3+ in Ti02)

Cr.44g: Cr3+/4+-02- surface clusters

CHHR3
grafted on tltania

1
Hydrolysis, H2O/N2, 67OK

Cr3+-02-
snrfane dusters

NH3(02)

SCR
*

(NH3) 02

Cr 25g: Cr3+-°2" surface clusters

Cr.44g: Cr3+/4+-Q2-surface clusters

decreasing with Cr loading

increasing with Cr loading

Cr.16g - Cr.44g

Scheme 1: Summary of (he various chromium species on OrOJTi02 systems prepared by grafting
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reactive titania surface sites react with the amide, whereas subsequent graftings

promote the reaction of fresh amide with chromium surface complexes

immobilised and hydrolysed in the preceding step. The hydrolysis of the organic

ligands occurs under ambient conditions (colour changes after exposure to air),

and about 88 % of the carbon introduced by the amide ligand leave the surface.

Organic residues can be removed almost completely by treatment in oxygen at

570 K, whereas after hydrolysis (HgO/Ar) at 670 K some carbon species remain on

the surface. Oxidative conditions, however, always produce a number of higher

oxidation states and structurally different chromium species. In contrast reduction

in hydrogen at 690 K yields quantitatively Crs+-02"-surface clusters, but with

increased degree of agglomeration in comparison to hydrolysis at the same

temperature as deduced from the stronger exchange interaction indicated by EPR

(Fig. 5 c). Hydrolysis preserves the Cr oxidation state +3 and avoids the oxidation-

reduction process, which obviously promotes agglomeration of Cr(III) oxygen

species as well as their incorporation into the lattices of the carrier made up of

rutile and anatase.

When Cr(VI) precursors were immobilised on titania, partially reduced Cr

species were obtained. A non-negligible amount of Cr(V) were found when

chromates(VI) were deposited by ion exchange (sample Cr.07e6), and grafting of a

Cr(VI) alkoxide {Cr.l2g6) resulted in the almost complete transformation of the

Cr(VI) into Cr(III) surface species even under mild conditions (room temperature,

inert atmosphere).

After an oxidative pretreatment the nature of the surface species, including

their oxidation state, is strongly dependent on the content of grafted chromium,

which is not the case for hydrolysed samples. In accordance with Cr impregnated

on titania [20], zirconia [27] and other oxides, a rather complete oxidation to

chromates(VI) and (V) is observed (the latter 20 %) for very low Cr concentrations

(< lSOumolg"1). No residual Cr(III) or Cr(IV) was found for these loadings. For

higher concentrations (Cr.35g, Cr.44g) the dominating oxidation state is +3 or +4,

whereas higher states are present in minor amounts. Reduction in hydrogen is

quantitative and yields only Cr(III) as indicated by EPR, UV-Vis and TPR (Figs. 3, 4

c, e, 6 f). A clear difference to impregnated CrOx/Ti02 systems [20] is, however,

that a rather complete oxidation to Cr(VI) and Cr(V) is observed up to much

higher loadings for the presented grafted systems (including Cr.25g,

250 (imol(Cr) g"1), but up to 70 (imol g"1 only for the impregnated ones. The direct

chemical bonding to the surface and/or the high accessibility of the dispersed

cromium species to oxygen allows oxidation of higher Cr contents. This is in
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agreement with the high dispersion of the chromium surface species in the grafted

system which is deduced from the spectroscopic results (EPR, UV-Vis). Also for

higher Cr concentrations (Cr.35g, Cr.44g) a better dispersion is clearly confinned

for the grafted samples as compared to the impregnated ones, where collective

magnetic properties of C1O2 and &2O3 where observed for comparable chromium

contents and identical treatment.

At low Cr contents the Cr(III) was oxidised to Cr(VI) (and Cr(V)) by
calcination in O2 at 570 K. Compared to a Cr(VI) on TiC>2 system prepared by ion

exchange the grafted Cr(VI) were more stable towards reduction, as indicated by
the H2-profile in TPR. Although a high-temperature peak at ca. 700 K was also

observed for impregnated CrOx/Ti02 [9] in TPR, no explanation of the underlying

phenomenon has been found yet. It was shown by EPR that Cr(III) was

incorporated into the titania lattice(s) when samples were exposed to T > 620 K

(redox cycles). This migration was enhanced at 690 K (H2) and quantitative for

Cr.l6g upon TPR up to 1000 K. As the Cr(III) incorporated into titania is supposed
to occupy Ti*+ vacancies in the defective crystal lattice, a liberation of oxygen ions is

likely to occur upon the migration of the Cr*1' ion. For impregnated CrOx/Ti02

samples the corresponding H2 consumption was independent of the chromium

content at high concentrations (S 260nmol(Cr) g-1) [9]. Thus we attribute the

consumption of H2 at 700 K to the migration of Cr(III) into the TiC>2 lattice.

The nature of the chromium species after exposure to SCR conditions is

mainly influenced by the Cr loading and by the pretreatment. Practically all Cr(VI)

and Cr(V) observed for the calcined samples were reduced to Cr(HI). In calcined

Cr.35g and Cr.44g, however, the similarity of the EPR and UV/Vis spectra with those

of the corresponding calcined samples as well as the amounts of Cr(III) deduced

indicate that only the states +6 and +5 were reduced and that e.g. Cr(IV) could be

further present. This is underlined by the observation that the hydrolysed catalysts,

containing only Cr(III), were partially oxidised under SCR conditions. The

corresponding spectroscopic features become rather similar to the calcined systems

after longer exhibition to SCR conditions (over several days). These observations

can be understood by taking into account that the SCR gas contains oxidative

(excess oxygen: 1.8 %) as well as reductive components (NH3). Obviously, the

reductive power of ammonia under given conditions is high enough to reduce the

surface species in higher oxidations states (besides the reduction ofNO of course).

The oxidative and reductive properties of O2 and NH3, respectively, effect an

equilibrium between Cr(III) and Cr(IV) and lead to the formation of larger

chromium-oxygen clusters at higher loadings under SCR reaction conditions.

CrOx / TiOj grafted



94

This supposition is further supported by the catalytic results gathered widi the

differently treated Cr.44g catalyst and by the observation that the selectivity of

chromia catalysts, suitable for SCR at low temperature, is very sensitive to the

structure of the chromium oxide species [25]. It was shown that stabilised Cr(III)

species inhibited the formation of N2O, whereas Cr02 or a Cr(IV) oxide phase are

also very active, but favour the formation of N2O. All catalysts prepared in the

present work exhibit high catalytic activity for the SCR reaction, but show

significant dependence on the pretreatment conditions. The catalysts pretreated by

hydrolysis show clearly the highest activity and selectivity to N2. We interpret this

result in terms of the stabilisation of Cr(III) surface species. Calcination (Ox) leads

to significant higher N2O selectivities as also found for CrC>2 on titania [23]. This

indicates the partial oxidation of chromium(III) on Cr.44g to Cr(IV) under SCR

conditions. The lower TON after reduction of calcined Cr. 16g is ascribed to the

partial incorporation of Cr*1', which is significant for low Cr contents. The selectivity

to N2 is, however, the same as for the hydrolysed sample, indicating catalysis by

Cr(III) species. The increase in the selectivity to N2O observed for the hydrolysed

catalysts with increasing reaction temperature is caused by the proceeding
oxidation of die Cr(III) species, in agreement with the spectroscopic results. As

expected, die calcined samples do not alter their selectivities to N2O when the

temperature is increased. Note that the differences in the catalytic properties

cannot be solely attributed to different formal oxidation states of chromium.

Br0nsted and Lewis acidity (coordinative unsaturation) are other, but

interconnected properties determining the catalytic behaviour. The sensitivity of

die SCR reaction to the oxidation state and coordination of chromium surface

species renders this reaction attractive for the structural characterisation of

supported chromium species.
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CONCLUSIONS

Though the surface chemistry of chromium (oxides) on titania is

characterised by the simultaneous occurrence of different oxidation states and

structures, such as mono- or polynuclear complexes or agglomerates and

microcrystals. It has been shown that the careful choice of precursors and

conditioning parameters allows the preparation of supported chromium oxide of

uniform structure and oxidation state. Sequential grafting of Cr(III) amide and its

hydrolysis at elevated temperature yields highly dispersed chromium (III) oxide

species in variable amounts on titania.

The catalytic reduction of NO with NH3 in excess oxygen is very sensitive to

the nature of the supported chromium species and is thus a sensitive tool for their

characterisation.
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Chapter 5

WOx/TiC>2 Catalysts prepared by

Grafting of Tungsten Alkoxides

ABSTRACT

A multistep grafting procedure with tungsten alkoxides was used for the

preparation of tungsten oxide on titania catalysts with loadings of 3.5 -

11 |imol(W) m"2BET- The efficiency of the deposition depended markedly on the

combination of alkoxide precursor and solvent used. Calcination at elevated

temperature, 1023 K compared to 573 K normally used, resulted in the formation

of additional Bronsted acid sites and doubled the SCR reaction rate. W(IV) was

stabilised during temperature programmed reduction in H^/Ar of the W(VI)

containing catalysts. This renders the method suitable for W quantification on

Ti02- The structural changes induced upon tungsten oxide deposition and

calcination in dry 02/Ar at different temperatures are elucidated by means ofXRD

and laser Raman spectroscopy. A tungsten oxide layer, characterised by a Raman

band at 985 cm"1 (measured under 'ambient' conditions) was formed upon

calcination at 1023 K. After calcination in moist air at 1023 K a minor concentration

of paracrystalline WOs was found to coexist with a WOx monolayer on a sample

containing 11 (imol(W) nr2BET, whereas no WOs was observed for the samples with

lower loading. The monolayer capacity of WOx on TiC*2 is estimated to ca.

9 nmol(W)m*2. Tungsten oxide deposition increased the thermal stability of the

catalysts.

INTRODUCTION

Supported tungsten oxide catalysts are used for hydrotreating and alkene

methathesis reactions because of their solid acid properties [1] and they are active

for the selective catalytic reduction (SCR) of nitric oxide with ammonia [2, S, 4].
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Commercial SCR catalysts are mostly based on vanadia/titania and often

contain considerable amounts of tungsten oxide and/or molybdenum oxide [5].

Chen and Yang [6] described the role of tungsten oxide in vanadia-tungsten

oxide/titania catalysts. Tungsten oxide broadens the temperature range for SCR.

Higher temperatures can be used because ammonia oxidation is suppressed and

and better resistance towards poisoning by alkali salts and arsenic is observed.

Raman [7, 8] and diffuse reflectance FT1R investigations [9] showed that tungsten

oxide did not interact with the vanadia species when both, WOx and VOx, were

deposited on TiC<2. More profound investigations on the WOx/Ti02 system and on

its catalytic behaviour in SCR are necessary for further understanding its role in

composite catalytic systems.

The morphological properties as well as the acidity of WOx/Ti02 catalysts

have been investigated for submonolayer and monolayer samples. The structure of

die supported WOx species was investigated mainly by Raman spectroscopy [8, 10,

11] and EXAFS [12]. Tungsten oxide on titania was reported to form isolated

tetrahedrally coordinated surface species as well as two-dimensional layers of

octahedrally coordinated species at low tungsten oxide concentrations [8, 12].

Upon dehydration all tungsten oxide species were converted into a distorted

octahedrally coordinated structure [8, 12]. No crystalline WO3 was detected with

XRD at surface coverages up to 10 (Xmol(W) m^ggf [is], but based on Raman

spectroscopy the formation of a paracrystalline WO3 phase at > 6 nmol(W) m~2 was

stated [8, 11]. Recendy, the acidic properties of tungsten oxide/titania catalysts

have been studied by several authors using vibrational spectroscopy [10, 14, 15, 16].

It was found diat Bronsted acid centres are formed upon deposition of WOx on

Ti02 and that strong Lewis acid centres are present as well.

Different preparation methods have been reported for WOx/TiC^ catalysts.

Impregnation methods with aqueous solutions of tungstate salts are widely used |'S,

10, n],andHilbrigetal. [12,16] reported the formation ofWOxlayers on TiC<2and

AI2O3 by solid-solid wetting. To our knowledge the preparation of tungsten

oxide/titania catalysts with grafting of tungsten alkoxides has not been reported so

far. Grafting of vanadium alkoxides on titania and mixed silica-titania support

materials resulted in highly dispersed vanadia species active for SCR and allowed

good control of the vanadia loading in the submonolayer region [17, 18,19].

The aim of diis work was to gain information on the influence of preparation

parameters on bodi the structural properties of the grafted WOn/TiC^ catalysts and

on their behaviour in SCR of NO by NHs. The structural changes induced upon
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tungsten oxide deposition and calcination at different temperatures are

investigated by means of XRD and laser Raman spectroscopy. Temperature-

programmed desorption after exposure of the samples to SCR reaction conditions

(SCR-TPD) was used to investigate the changes in the adsorption characteristics of

the titania based catalysts resulting from the tungsten oxide deposition.

EXPERIMENTAL

CATALYST PREPARATION

The WOx/TiOg catalysts were prepared by a multi-step grafting procedure

similar to the one described for VOx/Ti02 [18]. Titania (P25, Degussa) was stirred

with doubly distilled water, then successively dried in a rotary evaporator for 12 h at

323 K / 100 mbar and in an oven for 12 h at 423 K. The TiC>2 agglomerate was

crushed and sieved selecting particles with a diameter of 0.3 - 0.5 mm, to give the

desired support material. Two different precursors were used for the grafting

procedure. A tungsten(Vl)-oxo-methanolate, WO(OCHs)4 (Wm), was prepared

according to the procedure described in Ref. [20], and commercial W(OCsH5)5

(We) was obtained from Gelest. Wm and Wewere dissolved in tetrahydrofurane and

n-hexane (both FLUKA, p.a.), respectively. The following grafting procedure was

used: the pre-conditioned support was transferred into a dried glass reactor and

degassed at 398 K for 2 h under vacuum (10 Pa) to obtain a mildly dehydrated

surface. Then 0.3 mmol tungsten precursor (per gram of Ti02), dissolved in 3 ml

solvent, were injected into die reactor at room temperature. The temperature was

raised to 323 K and held constant for 12 hours. Afterwards, the solution was

removed, the sample washed three times with fresh solvent and dien dried in

flowing nitrogen at 353 K for 3 h. Subsequently a stream of 200 ml min"1 N2,

saturated with water at room temperature, was passed through die sample bed at

573 K to hydrolyse the anchored alkoxides and to remove the organic ligands from

die catalyst Calcination was performed in flowing O2 at 573 K for 3 h.

The catalysts are referred to as "SWpL" where S represents die approximate

specific surface area (BET) in m^ g-1, Wp specifies the alkoxide precursor used for

the grafting (Wm for WO(OCHs)4, We for W(OC2H5)5) and L gives the

approximate loading of tungsten in nmol (W) m"2BET- Note that upon calcination

sintering of die support material occurred and therefore different S and L values

resulted for catalysts which differed only in dieir calcination temperature.
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CATALYST CHARACTERISATION

The tungsten content of the catalysts was determined by Atomic Absorbtion

Spectrometry, AAS. Ground samples were dissolved in 5 ml aqueous HF (40%, after

ca. 12 h diluted to a total volume of 50 ml) and analysed in the N2O flame on a

Varian equipment.

Nitrogen physisorption: The specific surface areas, Sbet> and the mean pore

diameters, <dp>, were determined from nitrogen physisorption at 77 K using a

Micromeritics ASAP 2000 instrument. Prior to the measurements samples were

degassed to 0.1 Pa at 423 K. BET surface areas were calculated in a relative pressure

range of 0.05 to 0.2 assuming a cross-sectional area of 0.162 nm2 for the nitrogen

molecule.The pore size distributions were calculated from the desorption branches

of the isotherms [21MS25] using the BJH method [22MS24].

X-ray diffraction, XRD: To check for the coexistence of different crystal

phases X-ray powder diffraction patterns were measured on a Siemens 0/6 D5000

powder X-ray diffractometer. The diffractograms were recorded with CuRa

radiation over a 20*ange of 20° to 44°. A scintillation counter with mono-

chromator was used. IJU ,
the ratio of the intensities of the {101}-reflection of

anatase [23] and the {110}-refiection of rutile [24], respectively, is used as a measure

of the anatase fraction of the TiC*2 phases.

Loser Raman spectroscopy, LRS: For the Raman spectroscopy 0.1 g of

calcined catalysts were ground and the samples were kept in a glass cuvette which

could be heated in a furnace and evacuated to < 10 Pa. Spectra were recorded for

each sample, before and after degassing (dehydrating) for 2 h at 623 K and < 10 Pa;

these conditions will be referred to as 'ambient' and 'dehydrated', respectively. The

spectra were excited using the 1064 nm line of a NdYAG laser and recorded with a

'Perkin-Elmer 2000 NIR-FT-Raman' spectrometer. The laser power was 50 -150 mW.

Temperatureprogrammed desorption, TPD: SCR-TPD experiments were per¬

formed in situ with the same samples as used for the catalytic tests. SCR feed gas (50

ml min-1) was passed through the catalyst bed at 303 K for 1 h after the complete

SCR testing (20 h, see below). After purging for one hour with argon (99.999%,

Pan Gas, 20 ml min'1) the temperature was raised at 10 K min-1 up to 723 K and the

concentrations of the evolving species H2O, NH3, NO, N2 and N2O were monitored

by mass spectroscopy (MS). To assess the influences of mass transfer and

readsorption on the TPD spectra the criteria of Demmin and Gorte were applied

[25]. For the working conditions used, intraparticle concentration gradients seem
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to be negligible as the ratio of the carrier-gas flow rate to the rate of diffusion was

calculated to 0.07 (<0.05 is given as a limit for negligible gradients). In contrast,

readsorption phenomena cannot be ruled out in TPD measurements carried out at

atmospheric pressure. The diffusion rate of the desorbed species as well as the

carrier gas flow rates are much lower dian the adsorption rate of e.g. NH3, even

under optimum flow TPD conditions.

Temperature programmed reduction, TPR: For TPR measurements 1.5 % Hg

in He was passed through a sample bed containing the equivalent of ca. 0.2 mmol

W at 250 mlsTP mur1. Temperature was raised from ambient to 1350 K at 10 Kmin-

1. The H% consumption was determined from the concentration measured by mass

spectroscopy. For furdier details of the method refer to Refs. [26, 27].

CATALYTIC TESTS

Catalytic tests for the selective catalytic reduction (SCR) of NO by NH3 were

carried out in a continuous flow fixed-bed microreactor made of a quartz glass tube

with 4 mm inner diameter. Volumes of 0.126 cm* corresponding to 95-120 mg of

catalyst granules were used for the measurements. Prior to SCR activity tests the

catalysts were pretreated in situ in flowing 02/Ar (7%) at the temperature specified

(573 -1023 K). The reaction gas mixture consisted of 900 ppm NO, 900 ppm NH3

and 1.8% O2 in an argon balance. This gas mixture, which is referred to as the SCR

feed, was mixed from argon (99.999%) and single component gases in an argon

balance (3600 ppm NO/Ar, NHS/Ar certified by ±2%, Union Carbide). Feed and

product concentrations of NO, NO2, NH3, H2O, N2O, O2 and Ng were

quantitatively analysed on line using a computer controlled Bakers quadrupole

mass spectrometer QMA 112A.

Conversion measurements as a function of temperature were carried out at a

gas hourly space velocity, GHSV, of ca. 24,000 h-1 (flow rate per total bed volume;

STP; £bed = Vvoid/Vtot= 0.5) after steady-state SCR activity had been established at

423 K (typically after 2 h). The activity parameters, k„ and ks, and the apparant

activation energies, Ea were calculated assuming first order kinetics in NO and zero

order in NH3 and O2 [S]. Am values were calculated according to the performance

equation of an isothermal plug-flow reactor.

kn^Fm-l-lnHl-XNo)-1),

where F is the feed flow rate in ms s"1 and m the catalysts mass in kg. The rate
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constants of the NO conversion will be presented for specific temperatures as ks on

a surface area base: ks= km (Sbet)'1-

The criterion ofWeisz and Prater [28] was checked for the most active catalyst,

38Wmll, under the reaction conditions of the SCR tests. Any influence of internal

mass transfer could be ruled out for tfiis sample and all the other catalysts showing

virtually die same pore size distribution.

Table 1: Morphological properties 0fWOx/TiO2 catalysis calanedat different temperatures (OtfAr, 72%)

Sample ^calcination Sbet W loading W loading H2 consumed in XRD la If1 b)

/K /m2g-1a> / umol g_1 / umol nv2BET TPR/umolg-1 b>

47W0 573 47 0 0 - 2.28

13W0 1023 13 0 0 - 0.00

47Wm3.5 573 47 155 33 171 -

32WmS 1023 32 155 48 - 1.65

45Wm7 573 45 314 70 323 -

42Wm7 1023 41.5 314 76 - 2.00

43Wm9 573 42.5 384 90 406 -

40Wm9 1023 40 384 9.6 351 2.12

42Wm11 573 41.5 453 109 484 2.25

41Wml1 698 41 453 11.0 - -

41Wm11 823 405 453 112 - 2.26

39Wm11 948 39 453 116 - 2.26

38Wm11 1023 38 453 11.9 - 225;W c)

29We3.5 1023 29 103 3.6 95 -

38W64.5 1023 38 172 4.5 170 -

44We5.5 823 44 229 5.2 220 -

41We5.5 948 40.5 229 57 - -

39W65.5 1023 39 229 59 210 -

Note, a) the maximum error is estimated to ±3%

b) integrated signalfrom 550 Kto ca 1140K.

c) XRD: Ia If-1: ratio ofpeak intensities (areas) ofanatase (101) and ruble (110).

c) crystalline WOj, W, was detected by XRD only after calcination at 1025 Kfor 3hm moist air
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For all measurements, a nitrogen-balance including feed and product stream

concentrations of all N containing compounds was calculated. Even for high

conversions ofNO and NH3, the error in the N-balance did not exceed ± 5%.

RESULTS AND DISCUSSION

PROPERTIES OF CALCINED CATALYSTS

The standard preparation procedure included calcination at 573 K for 3 h in a

stream of dry oxygen. Prior to the catalytic tests the samples were calcined in situ in

02/Ar (7.2 %) at a temperature ranging from 573 to 1023 K. Table 1 summarises

the morphological properties of the in situ calcined tungsten oxide on titania

catalysts. Temperature programmed oxidation experiments (conditions:

50 ml min-1 02/Ar (7%), heating rate 10 Kmhr1) performed with samples after

preparation (dried and calcined) indicated that the organic ligands had been

removed to >99% by the calcination at 573 K in dry oxygen.

Tungsten deposition: The stepwise deposition of tungsten on the titania

matrix by the multiple grafting procedure is illustrated in Figure 1. The first and

the second grafting steps with the methanolate-precursor (WO(OCHs)4,Wm)

resulted in a deposition of -160 |imol(W) g"1 each, whereas the following two

grafting steps increased die loading only by -70 (imol g-1. Using the ethanolate-

precursor (W(OC2Hs)5), We), the first deposition was still the most effective,

500

Vo> 400

number of grafting steps

Rgure.l: Tungsten loading ofthe WOx/TiO^catafysts, determined by AAS, shownfor the two series ofcatalysts

prepared with different precursors: O SWmL, OSWeL.
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giving ~105 (lmol(W) g"1. The subsequent two steps both resulted in additional

-BBumolg"1. The WOx deposition was obviously more effective when using

WO(OCH3)4 in THF than W(OC2Hs)5 in n-hexane.

Two effects possibly contribute to the higher efficiency of the Wm procedure:

different wetting abilities of die titania support by the solvent, and a steric effect

due to the different size of the ligands of the alkoxides. THF results in better

wetting of die support material because it is more protic dian n-hexane. Note that a

saturation effect is observed at a loading corresponding to 7 - 9 nmol(W) nr2BET for

di preparation which is less hindered by bodi steric effects and incomplete wetting.

A theoretical monolayer coverage, deduced from a virtual spreading of a single layer

of the WOg structure on the support material, would correspond to

11.7 (imol(W) nr2. Bond et al. [11] found an experimental monolayer capacity based

on XPS measurements of 6.7 nmol(W) nr2 for both, pure anatase- and P25-based

samples. This is slighdy more dian a ratio W:Tis of 0.5 (Ti8 = Ti*+ ions exposed to

die surface; 6.25 nnr2 for {100} anatase surface [29]) and matches double anchoring

on surface OH groups on titania as well (ca. 6 nnr2 [SO]). Hilbrig et al. [12, 16]

prepared fully dispersed tungsten oxide on titania containing up to

9 |imol(W) nr2BET by 'solid-solid wetting'. Let us keep in mind for the further

discussion of die morphological properties and the activity results, diat the loading

of the catalysts SWmll exceeds the capacity of an experimentally observed

monolayer [11, 12] and their WOx surface concentrations correspond

approximately to a dieoretical monolayer. Sample SWm9 contains approximately

die experimentally observed monolayer of WOx on T1O2, whereas all die other

samples, including die catalysts of die SWeL series, contain less tungsten dian would

correspond to a monolayer ofWOx on Ti02.

Sintering and crystaUinity: A slight decrease in total surface area, Sbet>

occurred witii die multiple grafting steps for the samples calcined at 573 K (47 to

41.5 m2^1). Calcination at elevated temperatures up to 1023 K resulted in sintering

of die TiC<2 matrix and transformed anatase into rutile. The extent of die phase

transformation and die loss in surface area depended markedly on the tungsten

content. The pure titania support was fully converted into rutile and Sbet decreases

by 72 % from 47 to 13 m^g"1, whereas die loss in surface area was less pronounced

for SWmll (8 %) and the ratio of die two titania phases remained unchanged

upon in situ calcination at 1023 K (cf. Ia/Ir. Table 1). As already stated by Ramis et

al. [10] tungsten deposition on TiC<2 stabilises die morphology of die titania. It

inhibits sintering as well as anatase to rutile transformation and dierefore leads to a

higher diermal stability of die catalysts. Crystalline WO3 was not detected after
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calcination at 573 K with all catalysts. Both, XRD analysis and laser Raman

spectroscopy, indicated a crystalline tungsten oxide phase only for SWmll, but its

formation depended strongly on the pretreatment conditions. After calcination in

moist air at 1023 K, XRD reflections ofWOj were observable (cf. Fig. 2), and after

in situ calcination in dry C^/Ar (7.2 %) with subsequent exposure to SCR reaction

conditions for 24 h there are indications of very weak and broad reflections.

However, in situ calcination in dry 02/Ar alone at T £ 1023 K did not lead to

discernible WO3 patterns. The same picture emerges from the LRS measurements

presented in Fig. 3. The characteristic peaks for WO3 observed at 807, 715, 324, 293

and 270 cm*1 [SI] are clearly present for the SWmll sample only after calcination in

moist air. Chan et al. [32] have shown that the relative Raman intensities of the
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Figure 2: XRD analysis ofthe WOx/Ti02 catalyst with the highest tungsten loading, SWmll. Changes are due

to different calcination procedures applied: a) calcination in £>2 at 573 Kfor 3 h; b) Oojhr (7.2 %), 1023 K,

3 h; c) 02/Ar (7.2 %), 1023 K, 3 h, and subsequent exposure to SCR conditions at ca. 600 Kfor 24 h;

d) calcination in moist air at 1023 Kfor 3 h.

Reflections due to crystal phases are marked: T anatase, O ruttte, * WO3.
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major bands for WOs (807 cm*') and of the surface tungsten oxide compound (at

983 cm"', cf. discussion of the surface tungsten species, below) is 160:1. An

estimation on this basis indicateds an amount of ca. 1 % paracrystalline WOs of the

total tungsten content.

Hilbrig et al. [12,16] reported on the spreading of WO3 on TiC>2 in O2 at

T = 723 K and found that this process took place only in the presence of moisture,

whereas the spreading ofvanadia on both, T1O2 and Y-AI2OS, occurred under dry
conditions as well, but was accelerated by the presence of water vapour [SS].

Although the microscopic mechanism of the 'solid-solid wetting' is still not known

in detail, the phenomenon is attributed to a minimisation of surface free energy

and the influence of water is related to the possible formation of oxihydroxides as

the mobile phase of the layered oxide [S3]. The formation of crystalline WOs at

elevated temperature in the presence of water vapour (under SCR reaction

conditions and upon calcination in moist air) is therefore attributed to the inverse

process of the spreading phenomenon. Still the minimisation of surface free energy

is the driving force of the process. Tungsten oxide that is not stabilised in a surface

layer agglomerates and forms crystallites of WO3 as soon as its mobility is increased

by elevated temperature and by the presence of water vapour. We conclude that a

highly dispersed tungsten oxide overlayer was produced by the multiple grafting

procedure which exceeds the monolayer capacity in the case of SWmll. Upon

annealing under moist conditions die thermodynamically most stable proportion of

surface tungsten oxide species and paracrystalline WOs is established.

RAMAN INVESTIGATIONS

To describe structural changes of the supported tungsten oxide upon

calcination at elevated temperature, Raman spectra of the SWmL series were

recorded after calcination at 573 K in O2 and after in situ calcination in 02/Ar

(7.2 %) at 1023 K under 'ambient' as well as under 'dehydrated' (673 K, 2 h,

< 10 Pa) conditions. Observable peaks attributed to tungsten (surface) species are

expected in die 740 -1060 cm"' region for the symmetrical W=0 stretching modes

[54]. Crystalline WO3 shows sharp bands at 805 and 715 cm"1 and in the range of

240 - 350 cm"' [55]. The bands due to the anatase and rutile modifications of the

support are detected at 635, 515, 400 cm"' and at 440, 612 cm"', respectively, and a

second order feature of Ti02 occurs at 783 cm"' [56]. For better visualization of die

scattering caused by the grafted tungsten oxide a magnification of the 1100-

750 cm"1 region is shown in the figures (magnification factor of 5) together with

Chapter 5



107

normalised spectra in the 1100 - 220 cm-1 range (the most intense peak of anatase

at 635 cm"1 was set to 100 %).

The structural changes occurring upon calcination under different conditions

of the SWmll samples are shown in Figure 3. The Raman spectra after calcination

at 573 Kin dry oxygen, after calcination under dry conditions (in situ, O^/Ar 7.2%)

at 1023 K, and after calcination at 1023 K in moist air are presented. As discussed

above (see sinteringand crystalUnity) the tungsten exceeding the monolayer capacity
of the titania support forms crystalline WOs in the presence of moisture at elevated

i2
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Figure 3: Raman spectra ofthe grafted WOx/TiC>2 catafyst with the highest tungsten loading, SWmll, recorded

under 'ambient' conditions. Different calcination procedures were applied: a) calcination in 02at573 Kfor 3 h;

b) 02/Ar (7.2 %), 1023 K3h;c) calcination m moist air at 1023 Kfor 3 h.

Scaled spectra: most intensive peak of anatase at 635 cm'' was set to 100 %. For better visualization of

scatteringdue to WOx species the region of 750-1100 cm'' is enlarged (magnification factor 5).
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temperature. The layered oxide on the sample calcined under moist conditions is

therefore regarded as a thermodynamically equilibrated monolayer, and its Raman

spectrum shows a single maximum at 983 cm-1 with some tailing towards 850 cm-1.

Compared to the spectrum recorded after dry calcination at 1023 K, die shoulder at

~930 cm"1 is absent.

The Raman spectra after calcination at 573 K recorded under 'ambient'

conditions are presented in Figure 4A for the Wm catalyst series. The spectrum of

47WmJ.5shows a band at ~940 cm-1 together with the second order feature ofTiOa

at 783 cm-1 [3 6]. With increased loading the band shifts upward to 985 cm-1

(43Wm9) and it is centred at 970 cur1 for 42Wmll. The difficulties to assign Raman

bands of surface tungsten species between 915 and 980 cm'1 have been discussed by

Horsley et al. [34]. They suggest a characteristic frequency range of 740 - 980 cm-1

Figure 4: Raman spectra of the SWmL catalyst series with different WOx loading recorded under 'ambient'

conditions: (A) samples after calanatton at 573 K- a) 47W0, b) 47Wm3.5, c) 4SWm7, d) 43Wm9, e) 42Wmll;

(B) after addtUioruU m situ calcination for 3 h at 1023 K m ctyAr (7.2 %): a) 32Wm5, b) 42Wm7, c)

40Wm9, d) 3SrVmll. Presentation ofIntensities (value axis) as m Fig. 3.
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for octahedrally coordinated WOx species and bands between 913 and 1060 cm"1 to

be indicative for tetrahedral species. It has been reported by Deo et al. [37] that the

molecular structure of various supported transition metal oxides follows structures

observed in aqueous medium and depends on the net pH at the point of zero

charge. For WOx on Ti02 they predicted the presence of species with structures

like WC>4(aq) (at -930 cm'1) and Wi20s9(aq) (at -960 cm'1), the latter being die

major species at monolayer coverage. The band observed in the 930 to 990 cm"1

region shall Uierefore be interpreted as an overlay of two characteristic bands. At

low tungsten loadings mainly isolated fourfold coordinated tungsten species are

formed (band at -935 cm'1 dominating the spectrum). With increasing loading

polytungstate species with an octahedral environment become predominant (band

at 985 cm"1). The shift to higher Raman shifts observed with increasing tungsten

loading and die above assignments are supported by odier authors [8,11]. Note that

in die studies cited, the samples were calcined at T = 723 K. The formation of a

polytungstate layer appears to be complete for 43Wm9 (maximum vibrational

frequency). Upon a further grafting step surplus tungsten is deposited and the

band is shifted downward to 970 cm"1.

The changes occurring upon calcination at 1023 K under dry conditions

become apparent when die spectra in Figs. 4A and 4B are compared. In the Raman

spectra recorded under 'ambient' conditions die band observed at 940 cm"1 after

calcination at 573 K for die single loaded catalysts (47Wm3.5- 32Wm5) is shifted to

965 cm"1. A similar shift to higher wavenumbers occurs for the doubly loaded

samples (from 960 cm"1 broadened to 960 - 980 cm-1). The tiiree to fourfold grafted

samples show a sharp band at 985 cm"1 after in situ calcination at 1023 K .
For

40Wm9 a superposition with a broad band centred around 890 cm"1 is visible,

whereas for 38Wmll a shoulder at 930 cm'1 is formed. The presence of die Raman

band at 985 cm"1 indicates the formation of a two-dimensional surface layer of

polytungstate species, as also observed after the moist calcination of SWmll at

1023 K (cf. Fig. 3). The position of this band coincides with die one reported for

surface tungstate species produced by solid-solid wetting [S3].

It is interesting to follow die effect of dehydration on die tungsten species widi

Raman spectroscopy. In die v(W=0)-region a new band at 1010 cm"1 appeared after

degassing at 623 K. Higher degassing temperatures led to die reduction of surface

Ti4* to Ti8*, as indicated by a change in die colour of the sample to blue, which

rendered it unsuitable for Raman spectroscopy. The band at 1010 cm"1 can clearly

be distinguished for die 47Wm3.5, 45Wm7and 43Wm9 samples after calcination at

573 K (Fig. 5A), but its intensity is decreasing upon calcination at elevated
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temperature (1023 K) (Fig. 5B) According to Horsley et al [34], this band is

assigned to distorted tetrahedral WO4 species and it was shown by Chan et al [38]

that this feature is formed at the expense of a band centred around 966 cm-1 upon

dehydration m an oxygen atmosphere at 773 K. Readmission of H2O reconverted

the spectrum into the one recorded under 'ambient' conditions

Based on XANES and EXAFS investigations carried out with submonolayer

WOx/Ti02 and WOx/Al^s after thermal treatment at 673 K m 02, Hilbng et al

conclude, that tetrahedral WO4 groups coexisted with pentahedral WO5 centres,

the ratio ofwhich is controlled by the tungsten oxide loading Chains ofWO5 units,

terminated with WO4 groups, were stated as a plausible structure for the supported

tungsten species [12] Upon adsorption of water the tungsten sites became pseudo-

1100 900 700 500 300 1100 900 700 500 300

Raman shift/cm1 Raman shift / cm
1

Figure 5: Raman spectra ofthe SWmL catalyst series with different WOx loading recorded after 'dehydration'

(623 K < 10 Pa for 2 h) (A) samples calcined at 573 K a) 47W0, b) 47Wm3.5, c) 45Wm7, d) 43Wm9

(B) additionally m situ calaned at 1023K a) 32WmS, b) 42Wm7, c) 40Wm9 Presentation ofIntensities

(value axis) as in Fig 3
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octahedrally surrounded by oxygen and water. The observed decrease in the

intensity of the 1010 cm-1 band at higher calcination temperature (Fig. 5B)

indicates the formation of a two-dimensional WOx layer, consisting of WO5 chains,

which develops at the cost of monomeric WO4 units (as found after dehydration of

the samples calcined at 573 K; 1010 cm"1 band). Such two dimensional tungsten

oxide layers are characterised by the 983 cm"1 band under hydrated ('ambient')

conditions (Fig. 4A).

In addition to these findings, the dehydration conditions applied in this study

(623 K, 2h, <10Pa) also effected also a perturbation of the titania spectrum

(cf. traces a) in Figs. 4A, 5A). An additional band at ca. 290 cm"1 occurred together
with deformations in the 540-580 cm"1 and the 800-1100 cm-1 wavenumber

region, which makes it difficult to interpret features in the the W=0 stretching

region. The perturbations of the 'dehydrated' titania spectra caused by the

degassing conditions and the general ambiguity in the identification of the

tungsten species based on Raman results need further investigation.

TEMPERATURE PROGRAMMED REDUCTION, TPR

The TPR profiles of the SWrnLseries are represented in Figure 6 for samples

calcined in O2 at 573 K. A maximum is observed at 1050 -1065 K and a second peak

at 750 - 820 K for all samples, whereas the small peak observed for 42Wmll at 920 K

corresponds to a shoulder for 43Wm9, and is not resolved for the one- and twofold

grafted Wm samples. It emerges that the reduction is not complete at 1150 K. The

hydrogen consumed at -500KST< -1150 K in TPR corresponds for all samples

approximately to the total tungsten content determined by AAS (cf. Table 1).

Therefore a reduction of W(VI) to W(IV) is observed in TPR up to ca. 1150 K,

which is a strong indication that W(IV) species are stabilised on the titania surface

at ca. 1150 K, and the reduction to lower oxidation states of W occurs at higher

temperature, as indicated by the TPR profile. The reduction processes have not

been further investigated by e.g. XPS, XRD or other spectroscopic methods and

therefore an interpretation of the stepwise reduction at 500 -1150 K, best resolved

for 42Wmll, would be rather speculative. Vermaire et al. [S9] used TPR (10%

H2/Ar, lOKmin"1) to investigate the reduction behaviour of WOs/TiOg (P25)

samples prepared by ion exchange. The stepwise reduction followed the

stoichiometry observed in this study. The authors proposed W(PV) to be stabilised

on Ti02 (anatase and rutile) because of the similarity in die ionic radius ofW4* and

Ti44, the W-O and Ti-O bond legdi and the crystal structures ofWO2 and titania.
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The influence of calcination at elevated temperature on the reduction

behaviour was checked for 43Wm9 by TPR subsequent to calcination at 1023 K. The

'low' temperature peak was shifted by ca. 30 K to higher temperature and decreased

in intensity. The amount of 'easily' reducible WOx species was lowered by die high

temperature treatment, which further indicates the stabilisation of the WOx surface

layer upon calcination at elevated temperature.

—i 1 1 1—i i 1 1 1 1 1 1 1 1 1 1 1—i 1 1 r
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Figure 6: Temperature programmed reduction profiles for the Wm catalysis series. The samples were previously

calcinedmsttufor3hm02 at573K TPRmflowingH2/Hc(l 5%), heattngrale-10 fCrnm'1
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TEMPERATURE PROGRAMMED DESORPTION, TPD

Recently we have shown that SCR-TPD is a suitable method to describe the

changes in Bronsted- and Lewis-acidity and the oxidising abilities of vanadia on

titania (anatase) [40,41].

Influence of tungsten loading: For the SWmL catalyst series the desorption

profiles after exposure to SCR feed gas at 303 K are shown in Figure 7. The samples

were calcined at 1023 K and the TPD was run after the complete SCR activity

testing. The desorption rates of both, water (left) and ammonia (right), are

presented on a surface area (Sbet) based scale. Neither N2, C>2, NO nor N2O were

detected in the argon carrier gas stream during TPD, indicating that no other

adsorbed species apart from ammonia and water were present in significant

amounts under the conditions applied. On the other hand it shows that no

oxidation of adsorbed ammonia species occurred during the TPD experiments,

which implies that all water evolved in TPD originated from molecularly adsorbed

H2O or from a recombination of surface hydroxyl groups.

The desorption profile of H2O shows a maximum at 405 K for 32Wm5 and

42Wm7 with a long tailing to the highest temperature recorded (700 K). The

maximum intensity of the signal decreases slightly with higher tungsten loading

300 400 500 600 300

temperature / K
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Figure 7: Temperature programmed desorption curves ofH20 (left) and NH3 (right) after exposure to SCRfeed

at room temperature (SCR-TPD) for the catalysts of the SWmL series Before TPD, the samples wen calaned at

1023 K and exposed to SRC reaction conditions for 12 h. According to the notation introduced in the text, theL

value denotes the tungsten loading, indicated with a given desorption graph The concentrations are referred to

the total surface area (BET) of the samples used for the experiments. TPD inflowing Ar (20 ml mm-1- STP),

sample bed volume: 0.126 ml, heating rate-10 K mm'1.
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(42Wm7). Upon further loading of the WOx/Ti02 catalysts the peak exhibits a

broad maximum at 390 - 470 K (40Wm9). A corresponding broad feature is

observed for 38Wmll but at higher specific concentration. To summarise die effect

of tungsten deposition on the desorption of H2O in SCR-TPD, a peak at 405 K for

low W loading is successively transformed into a broad maximum at 390 - 470 K

The integrated amount of evolved H2O does not vary dramatically. Only half of die

estimated total amount of water desorbing from the pure titania samples 47W0

(ca. 3.6 umol nr2) or 13W0 (ca. 3.4 ^mol nr2) is calculated for the WwKatalysts (1.5

-1.75 (imol nr2; 300-700K) widi 40Wm9showing the lowest total amount of evolved

water. A high degree of hydroxylation can be expected, because most of the

desorbing water is supposed to originate from the recombination of surface OH

groups (especially at T £ 450 K).

The evolution of ammonia shows a more dramatic change with increasing

tungsten concentration. A very broad feature is observed at 400 - 700 K (maximum

at ca. 600 K) for 32Wm5. Upon increasing the tungsten loading the high

temperature ammonia evolution decreases in intensity and a steadily increasing

maximum NH3 concentration is observed at ca. 450 K. The estimation of die total

amount of ammonia desorbed during the TPD experiments ranges from

2.35 umolm-2 (42Wm7) to 3.25 nmol nr2 {38Wml J). This corresponds to

approximately twice the amount of water detected. WOs/Ti02 catalysts are known

to show both, Br0nsted and Lewis acidity [10, 16]. An increasing density of acidic

protons was described for increasing tungsten oxide loading by Hilbrig et al. [16].
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Figure 8: Desorption profiles ofthe threefold haded Wm catalysts (SCR-TPD). Same experimental conditions as

m Figure 7, but the catalysts were cabined in situ at different temperatures (indicated on curves).
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Ramis et al. [10] found that Lewis-coordinated ammonia is thermally more stable

than protonated ammonia. In line with these findings we assign the ammonia

desorbing at 400 - 500 K to be mainly bound to Br0nsted acid centres. Tungsten

deposition on titania at half to full monolayer coverage (ca. 5-9 (imol nr2) thus

effects the preferential formation of protonic ammonia coordination sites at the

expense of centres showing strong NH3 coordination and likely being of Lewis type.

Influence of calcination temperature: Desorption profiles of the threefold

loaded Wm catalysts are shown in Fig. 8. The catalysts were calcined in situ at

different temperatures. After calcination at 573 K the traces of ammonia and water

show rather constant desorption rates at ca. 400 - 700 K. Weak maximum

desorptions are visible around 400 K for water and at 660 K for die NH3 evolution.

Such broad desorption features indicate a wide distribution of adsorption sites of

different strength. Upon in situ calcination at 1023 K ammonia desorbs with a

distinct maximum at 430 - 470 K and die amount of more strongly bound NH3

decreases. A less pronounced change is seen in the desorption behaviour of water

widi a maximum at 390 - 470 K The increased low-temperature desorption ofNH3,

upon calcination at elevated temperature, indicates the formation of additional

Bronsted acid sites. It was described for alumina supported tungsten oxide catalysts

that annealing in steam resulted in a shift towards a greater surface density of

Br0nsted acid sites dian for samples calcined in air at 500°C with very litde change

in die total number of strong acid sites [43], which is in parallel to our finding for

die WOs/Ti02 system.

CATALYTIC BEHAVIOUR

In Table 2 die results of the SCR activity measurements are summarised. For

all SCR activity measurements die selectivity to N2 was 100% and 1:1 stoichiometry

was observed for die NHs - NO reaction. This indicates tiiat no ammonia oxidation

occurred in the temperature range investigated (480 - 700 K) [3]. The overall

activity is represented by die temperature to obtain 50 % NO conversion, Txno=0.5-

Catalyst 38Wmll, calcined at 1023 K, required die lowest temperature (563 K) for

converting 50 % NO, whereas 575 K were needed for die same conversion after

calcination at 573 K (42Wml 1). A similar dependence on the calcination

temperature emerged for all catalysts. Comparing all samples calcined at 1023 K,

Txno=0.5 decrease with increasing tungsten concentration throughout die two

catalysts series prepared (SWmL and SWeL), which indicates die increasing activity

widi higher tungsten oxide concentration.
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NO reaction rates are used to illustrate the above mentioned dependencies of

the activity on the tungsten loading as well as on the calcination temperature.

Because the specific surface areas (BET) of the samples varied between 32 and

47m2g"1 the NO reaction rate is referred to the total surface area (BET) and

represented as ks= km SbeT1. instead of km, which is referred to the catalyst mass

Table 2: Selective catalytic reduction ofNO by NHj The hneUc data are given as surface based rate constants,

ks. determined at 585 Kfrom the analysis ofintegral activity measurements, and as apparent acttvatum energies

(Ea) The temperature to obtain 50% NO-conversion (Tx^q^o 5) reflects a measure ofthe overall activity

Sample ^calcination / K ks-108(585K)
/ m3 s1 nr2BET

Ea/kJmol-1 Conversion a)

Txno05 /k

47Wm3.5 573 15 149 647

32WmS 1023 129 111 616

45Wm7 573 113 149 603

42Wm7 1023 26 109 588

43Wm9 573 23 143 589

40Wm9 1023 54 121 571

42Wm11 573 37 124 575

41Wm11 698 37 124 577

41WIM1 823 49 121 571

39WIM1 948 58 117 567

38Wm11 1023 67 115 563

29We3.5 1023 24 120 669

38WB4.5 1023 106 107 619

44We5.5 823 93 128 613

41We5.5 948 103 111 615

39WB5.5 1023 20.5 104 599

39W65.5 1023 19.7 105 599

39IVe5.5 b> 1023 127 117 608

Note- a) determined at constant GHSVof24'OOOh-'

b) feed containing ca 3000ppmH20

Chapter 5



117

In Figure 9, ks (at 585 K) is plotted versus the calcination temperature for the

two samples with highest tungsten oxide loadings of both preparation series, Swmll
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Figure 9: Dependence of the SCR activity on the calcination temperature, ks, the rate constant ofNO reaction
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7.2 %)for the two samples with highest tungsten loadings ofboth preparation series, SWmll andSWeSJ.
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and Swe5.5. The NO reaction rate is doubled when Wmll is calcined at 1023 K

instead of 573 K and the same is observed for We5.5 when the calcination

temperture is increasied from 823 K to 1023 K. Figure 10 depicts the dependence
of ks on the catalysts loadings. In the left panel (A) the SWmL samples are

represented after calcination at 573 K and (B) shows the reaction rates for the

samples of both series, calcined at 1023 K. After calcination at 573 K very low

activity is determined for W loading < 7 umol nr2 and moderate activity is found at

7-11 umol m*2. Note that in situ calcination at 1023 K on the other hand leads to a

linear dependence of die NO reaction rate on the surface concentration of

tungsten. At low loadings, however, very low SCR activity is measured. This hints

towards uniform intrinsic SCR activity of the tungsten surface species above a basic

loading of ca. 3 Umol nr2. When A and B are compared, the increase in activity
widi higher calcination temperature emerges.

Addition of ca. 3000 ppm H2O to the SCR feed effects a decrease in activity, as

listed in Table 2 for 39We5.5. At 585 K the NO reaction rate is lowered to ca. 2/3 of

the value determined for reaction under 'dry' conditions. If we consider a reaction

mechanism involving the reaction of adsorbed NHs with NO, either adsorbed or

from the gas phase [3], this would imply a H2O desorption step. At an increased

partial pressure of water the desorption of H2O may influence the reaction rate

because it determines the site density for ammonia activation. Thus the decrease in

activity observed could be attributed to concurrent adsorption ofNH3 and H2O on

active sites.

Summarizing the changes in activity and desorption behaviour of die grafted

WOx/TiO? catalysts, the increase of both, Bronsted acidity and SCR activity, at

increasing tungsten loading and calcination at elevated temperatures, has to be

stressed. The results illustrate the important role of protonic acid centres in the

SCR ofNO widi NH3 over WOx/Ti02 catalysts. The changes in die structure of die

supported tungsten species, induced by die high temperature calcination, need

furdier investigation.
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CONCLUSIONS

Grafting of tungsten alkoxides onto titania allows the immobilisation of

tungsten oxide species in highly dispersed form at loadings up to a monolayer

coverage, which is estimated to ca. 9 |tmol(W) nv2BET- Even higher loadings

(11 u,molm"2) are stabilised after calcination at 573 K, but the surplus tungsten

content is converted into crystalline WOs when the sample is treated under moist

conditions at elevated temperature (1023 K). Tungsten deposition on TiC>2 leads to

a higher thermal stability of the catalysts. It inhibits sintering as well as the phase

transformation of anatase to rutile.

The Raman results indicate the formation of a tungsten oxide layer upon

calcination at 1023 K, which is characterised by a band at 985 cm"1 under 'ambient'

conditions.

SCR-TPD investigations indicate that both, calcination at elevated temperature

(1023 K) and raising the tungsten loading, increased the ratio of Bronsted-to-Lewis

acid site density of the catalysts. As no N2, O2, NO nor N2O were observed during

TPD, we conclude that no NOx or O containing reaction intermediates were

adsorbed under the conditions applied and that no oxidation of adsorbed NH3

occurred during TPD. This confirms the 1:1 stoichiometry for NH3 and NO and die

selectivity behaviour observed for SCR (absence of ammonia oxidation).

The SCR-activity for the WOx/Ti02 catalysts is strongly influenced by the

tungsten loading and the calcination temperature. Br0nsted acid sites seem to be

important for the SCR reaction over WOx/Ti02 catalysts. The surface density of

protonic acid sites increases with the tungsten loading and with calcination at

elevated temperature.
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