CHAPTER III

THEORY

pollution due to nitroge v W source. In this chapter, an
attempt is made to d 1 f ca mbustion, formation of NOy
and reduction of NO

n, titanium oxide supported

vanadium oxide catal

The objective- € ombustor is to carry out

the catalgt. By choice of a suitable

catalyst, one Cﬁ ij\lﬁ\? ﬁ biterogeneous reaction is
at for the pur

much lower than omogeneous case Consequently, appreciable

hetero@%'} ﬁq& ﬂﬁ% wq‘q Wﬂﬁsaﬂel concentration

much lower than those require for the homogéneous reactions to proceed. Because of

heterogeneous oxidatﬂl

this, and also due to the large thermal inertia of the bed, catalytic combustors can
sustain stable combustion at fuel concentrations much below those possible in

conventional combustors.
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From Figur-f' .................. sombustor consisis) of a catalyst bed through
. : )
which a premixed andw'e 2 ’ . In the first part of the bed,

where the catalyst temperature is low, the geaction is “kinetically controlled” and the

e ot vl 8] ANLDIHEIDS rocir. 120 i
AR sty mﬁﬁ P)ifinh et

substraté;

The surface reaction coupled with the large thermal inertia of the bed, enables

catalytic combustors to carry out stable, highly efficient (99.9%) combustion over a

wide range of equivalence ratios.
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3.2 Formation of NOy [1]

The main sources of NOy in the lower atmosphere are the combustion of fossil
fuels and the burning of biomass ( only partly caused by forest fires initiated »by
natural causes). Other sources are nitrogen fixation by lighting, volcanic activity, ﬁe
oxidation of ammonia in the tr ” ow of NO from the stratosphere, the

e and ammonia oxidation from

The nﬂ%oﬁ}uﬂg&l q&]d% ke vih fcherpical process, involving

oxidation reactlons with OH radicals and ozone, to form HN@y and peroxy acetyl

are ), 1ONTIITUARTINETR Y

The pollutants from power plants, industrial boilers and stationary engines
consist mainly of particulates, sulphur oxides and nitrogen oxides. The existence of

seven oxides of nitrogen is known, NO, NO,, NOs, N0, N,03, N,O4, and N,Os.
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However, the combustion gas resulting from fossil fuel consists mainly of the oxides
NO and NOz, with in the form of nitric oxide mO) with the residual, usually less than
5%, in the form of nitrogen dioxide (NO,). The kinetics of NO, formation from both
atmospheric and fuel nitrogen are reasonably well understood for homogeneous

reactions, such as those present in flame. However, virtually no information is

available regarding the kinetics / duction of nitrogenous species on the

surface of catalysts used i vertheless, it is important to note

- that recent research indicatcs~that surface catalytic reactions could significantly

influence the oxidation ofifuie
Three types of N@y cai

thermal NO, : formed by fixa’u pofafs
.-‘f,".-*‘;" A XA

.-"..-""

fuel NO : forméd b the cghitaining compounds in the
fuel y

prompt NO : formed by‘the oxidation of 1ntermed1ate HCN

ﬂuﬂqﬂﬂﬂﬁwaﬂﬂﬁ
RN 1L L

mechamqn propos

00 + N, == NO + N (3.1)

N + 0, == NO + O (3.2)
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For the formation of NO from N; and O, in (1)+(2), the reaction rate was determined

as

d[NOJY/dt = 9*10™ exp(-68180/T)*[NO]*[0,]**

The ﬁxatlon of atmospheric M/ itive to temperate In cool flames,
the formation of thermal thls mechanism, the following

reaction occurs in fuelric

N H (3.3)
3.2.2  Fuel N i o ed from the gas-phase oxidation :of
devolatilized fuel nitrogen, and - heterogeneous oxidation of char nitrogen in
the flame tail. Fue .; Q,W nd ndent of the temperature of the flame at

m E
the normal combustiowe ve m to the nature of the organic

nitrogen compound. Acqmgng to the Feniwre [32] mechanism, the organic nitrogen

compounds fmﬂ w&nﬂm mamas and NO molecules,
““*‘“’menﬁm URIANYIAY

N-complex + OH e_a NO +  other products (G4

N-complex + NO <___; N, +  other products 3.5)
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In a reducing flame, the OH-radicals react relatively quickly with hydrogen, forming

water ; the formation of NO is thus depressed.

3.2.3  Prompt NO, : This is produced by the formation first of intermediate

HCN via the reaction of nitrogen radicals and hydrocarbons, followed by the

: rompt NOy has a weak temperature
dependence and a short lifeii ; &nds ; it is only significant in very

combustion processes 3 oir fsubsequent, reactions, in the free atmosphere are

summarized in Table 3.

Figure 3.2 The teiaperature dependence of the three sources of NO

for a coal-fired furnace[1]
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Table 3.1 Formation of NO and NOy in combustion process [1]

Nitrogen Area of Mechanism/Reaction Mainly dependent
Oxide formation on
Thermal NO Flame after Zeldovich [31] Concentration of O-atoms

Afterburner from O, dissociation ;

(all kinds of residence time

fuel) (T>1300°C)

Prompt NO Flame Concentration of O-atoms

(all kinds ¢ from combustion ;

fuel) O, concentration

Fuel NO - Flame O, concentration ;
(coal, heavy partly unkm ~ residence time
1

fuel oil)

NO, Quenching of com-bustion
reaction
(gas turbines)
ﬁ\ﬁﬁq Vlan mw EJ leﬁ and NO concentration
Ghimneys 2Né)+02 2NO, residence time(T<650 °C)

e/

E centration ; light

9 atmosphere 0+0,+M? = 0;+M? intensity ; residence time ;

NO+0; =NO,+0, air pollution

1) Reaction products from which NO is formed

2) M= Nz, Oz, Hzo or COz
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3.3 Reduction of NOy by catalyst technology

NOx consists primarily of nitric oxide and nitrogen dioxide which are
produced in all combustion process by the conversion of nitrogen and fuel-bond
nitrogen. Nitrogen dioxide is linked to causing bronchitis, pneumonia, susceptibility

% e system. Nitric oxide is not only

ghtlng, microbial decomposition

to viral infection, and alterati

produced by the burning els b

of proteins in the soil; produced nitric oxide is rapidly
igher oxide of nitrogen, such as
NO, , HNO; , and HQ s itk oxide is prevented from entering the

atmosphere, most of thefdownstrears & ffee (O pollution can be eliminated.

There are nglmber of com a t0, NOy removal (Figure 3.3)

which mclude adsorpfive, thermal thorough review in 1988 by

Bosch and Jassen is an g)(cellent source for further detalls Alternatively one can try

to minimize hﬂ%ﬂo@w‘lﬂr& %@?ﬂuﬂeﬂ&rﬁ nittogen content of the
fuel, or the addltlon of more oxygen to th ytlc approaches
selectlveqcﬂ ’1 @Igt fn] %?me]n?pp ication and is cons1dered BACT

(Best Available Control Technology) [4].
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NO, CONTROL
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Pnmary Measures or &

or Posl -combustion Comrol
Combustion Control ,5 or 3;
or . Clean-up Techniques :
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asemmssmn of NO [4]

&
Figure 3.3 ﬂv
Selectlﬂ Mﬂ lﬂﬂﬂim’.mxj was first discovered in

1957. ﬁ’W‘Wﬂfﬁmﬁﬂ “Wﬁ aﬂE]developmem of

SCR technology. It was discovered that NH3 can react selectively with NOy
producing elemental N, over a Pt catalyst in excess amounts of oxygen. The major

desired reaction are :
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4NH; + 4NO + O, == 4N, + 6H,0 3.6)
4NH; + 2NO;, + 0, =— 3N, +  6H,0 3.7

One undesirable reaction produces N,O which, given its strong infrared

absorptivity, is considered to be a powerful greenhouse gas :

7%
3H,0 (3.8)
N

i e --_ \\\h partial oxidation to elemental
nitrogen. This is a no ' \\

4NH; 6H,O (3.9
It can also be ‘nonselective reaction :
4NHj; ’ =40 + 6H0 (3.10)

ﬂuﬂqwaﬂﬁwswni
| w’m'a‘r'rm PR gy g st i

NOy present in the process gas producing explosive NH3NO; :

2NH; + 2NO, + H,0 — NH4NO; + NHyNO, 3.11)
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This reaction can be avoided by never allowing the temperature to fall below
about 200°C. The tendency for formation of NH4NO; can also be minimized by
metering into the gas stream less than the precise amount of NHj3; necessary to react

stoichiometrically with the NO, (1 to 1 mole ratio). By doing so, there is little excess

100 - 50
% 40
80 30
70 20

B
60 —110
427°C
< g o .
ey 05 06 @ 08— 1 12 13 14
Figure3.4 7ersion and NHj slip

P éor V,05/TiO, SCR catalyst [6]
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significait NHj slip. In all applications, there is always a specification on permitted

NHj slip. Frequently, this is < 5-10 vppm.
When sulphur is present in the flue gas, such as in coal-fired boilers or power
plants, in petroleum-derived liquid fuels such as distillate or diesel, the oxidation of

SO; to SO; (equation (3.12) and (3.13)) results in formation of H,SO4 upon reaction

r
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with H,O. Obviously, this results in condensation downstream and excessive

corrosion of process equipment.

280, + 0, <« 2505 3.12)

SO; T H,0O ei H,S04 3.13)

The reaction of NH @ formation of (NH4),SO,4 and/or
S—

NH4HSO4 (equation (3.

process equipment suc

NH; (3.14)
2NH; (3.15)
Few application of SCR N atil the early 1970s, when

i
reduction of the enu’ﬁ)

power sources. The Pt‘tghnology was not applicable in this exhaust temperature

region (i.e., > %‘H &L@W lﬂm ﬁeuﬂfﬁl m:iducﬁbn at these higher

¢

tempel%‘ﬁgﬁt aas &ﬁ%}& :]d ﬁay]h?ﬁ rﬁﬁbﬁﬁﬁ were invented.
shows a composition o tl¢1 ting

Figure 3 € operating temperature ranges for the various

catalyst technologies available for SCR NO,. Note that the Pt catalysts lose selectivity
above 250 °C. At > 250°C, V,05/Al,05 catalyst was used first. However, its use was
restricted to sulfur-free exhaust gases because the alumina reacted with SO; to form

Alx(SO4); and deactivated the catalyst. This problem led to another key development-
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the use of a nonsulfating TiO, carrier for the V205, which then became the catalyst of
choice. These catalysts functioned at higher temperatures and over a broader range
than Pt (see Figure 3.5). Finally, quite recently , zeolite based catalysts have been

developed that function at higher temperatures.

NOx Conversion (%
100

80—

o GUEINENTHIIDL, e e
Some ﬁ Wﬁﬂwrﬁm n‘j)ﬂtﬂ w‘nao hérs are supported

on paralle]l metal plates or ceramic honeycomb structures, and still others are fixed on
a wire mesh. The appropriate structure depends on the end-use application as

discussed below.
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Table 3.2 SCR NO catalyst technologies [6]

Company Catalyst description Operating temperature (°C)
Babcock Hitachi V/Ti Metal plate 240-415
Camet » Precious metal /Metal monolith 225-275
Cormetech V/Ti/ Extruded monolith 200-450
Engelhard 175-320
300-440
440-590
Hitachi Zosen 330-420
330-420
IHI Ti F RSN 200-400
IMI Aéi 340-425
T
KHI \Y o monqlith 72 4 " 300-400
MHI i d mehght 200-400
S - 2y _
Norton Zeolite/Extrudéd-monotith 220-520
Steuler 300-520
UBE 250-400

e TN A o e

may be classifiéd as indicated belovx.: - ﬂ EI ’] a“'ﬂ
q
3.3.1.1. Low temperature
At low temperatures, SCR equation (3.6) and (3.7) dominate, so NOy
conversion increases with increasing temperature as shown in Figure 3.5. At about

225-250°C, the rate of equation (3.9) and the oxidation of NH; to NO, and H,0
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becomes dominant that the conversion versus temperature plot reaches a maximﬁm
and being to fall. To utilize such a Pt-based, one must control the temperature of the
process gas to above about’ 200°C to avoid NH4NO; formation (equation (3.11)) but
not to exceed about 225°C, where the catalyst loses its selectivity toward the NO,

reduction reaction. This narrow window for temperature control adds a great deal of

expense and complexity to wv/}) design. Consequently, this technology
is not commonly used to% ,

composed of Pt on y-Al,Os.

NOy reduced by 92:& %.

|| ﬂ
A Pt cata.lyst supported on a stamless steel substrate with 320 cell per

square: ‘s ﬁ fukd s Mﬁlyﬂ %la%ﬂ {tdr bds| turbine applications. It

sxmultaneously removes NO, by réduction with=injected NH; 4hd also oxidizes CO

SRS LB A A T8

3.3.1.2. Medium temperature
Medium temperature V,Os-containing catalysts operate best in a

temperature range between 200 and 450 °C. This has the obvious advantage of a
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broader operational range than Pt. However, as shown in Figure 3.5, it too shows a
maximum followed by a decline in NO, conversion where the catalyst loses
selectivify. NOy conversion initiates at about.225°C, continues to rise to a plateau at
about 400°C, and then fall as the rate of ammonia oxidation and decomposition

(equation (3.12) and (3.13)) being to dominate.

W,
y L

about 425°C. The exp e d oI yst must not exceed about 450-

From the lear that selectivity is lost above

urface area of 80-120 m%/g

irreversibly converts to sfiti r ' an 10 m%/g.

3313
The sultablhty 0 sts for SCR above 450°C has been
known since the l?lﬂs,when the zeolxtg dentified as an active SCR

AlyOj ratio of about 10. Commerc1ally avallable zeolite SCR catalysts can operate at

temperatures ﬂ‘% %J Qu%ﬂmw& ’Lﬂ ﬁ this catalyst does not
OXIdlZC ammoma to NOy accordmi to ejuatlo Theref ike the Pt and
V205 c%lﬁsﬂit@sﬂcfili? jeﬁlnﬂ contmuaﬂﬂmcreases with

temperature as shown in Figure 5.

At exposure temperatures above about 600°C, in a high water content

process stream, zeolites tend to deactivate by a process called de-alumination whereby
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the Al+3_ in Si0,-AlL0; framework migrates out of the structure. This leads to

permanent deactivation and, in the extreme case, collapse of the crystalline structure.

3.3.2 Nonselective catalytic reduction of NO, [6]
One of the earliest techniques used to abate NO, emission from engines and

nitric acid plants was to d w en by operating the engine near

stoichiometric or by addi ocC bo@ gas to deplete the oxygen via a

chemical reaction in (’ For

engine operation, the engine is

by the catalytic chemistry is
very similar to auto ay_catalysh, te gy. A typical response of
engine emission from fired stationary, er ine is give in Figure 3.6. The

main differences from thi i a ion relatiy : otive exhaust control are in the

ctive catalytic reduction
W

(NSCR) of NO, wotit'be the natural S n- 'gine used on gas pipelines
| ‘

or for small co-generation engines.

e VR

CO + 110, CO, &= o/ (3.16)
rlaidfanenay o
HC + 0, =—= C0, + H0 (3.18)

NOx + CO == CO, + N, (3.19)

| NOx + H, == H0 +_ N, (3.20)

NO, + HC == CO, + H,0 + N, (321)
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NOx (vppm) ) CO (%)
5000 5
4000 —

3000 —
2000 |- -2
+— Stoickoimetric
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]
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Figure 3.7 Emissions of natural gas fueled stationary engine

with an NSCR system [6]

T 17236537
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A typical commercial catalyst ranges from 0.1 to 0.5 percent platinum, plus
rhodium supported on a high surface area y-Al,03 washcoated onto a 200 to 400 cpsi
ceramic honeycomb. Usually, the reactor operates at 50,000 hr! to 100,000 hr! space
velocity. The operating temperatures range from 450 to 900°C, with the co-generation
applications having the higher range.

A\
%

The other major application Q§N

logy is in the abatement of the

exhaust gas from nitric aci tail gas abatement is one of the

oxidizing environmental. Nitric oxide
of ic acid by high-temperature

bated by a nonselective process.

earliest techniques to a

emissions produced

catalytic oxidation of

Reddish-brown NO, is €mi into th e atmosp in the presence of excess air.

Since the environment is ox:dlz.m"" gﬂﬂd%t be reduced to Ny, it is necessary in
..-.-'"'.-P"'-'.i-"""l""'rw -

NSCR to first consp‘i_ile all the excess 62 )Y COI adding a fuel such as CH,4

(natural gas), LPG, atalytically reduce to N, by

residual fuel or its by-g;oducts (i.e.,CHg, CO and so on). Tail gas abatement is

accomplished ﬂo% %Jh@ %&H@} % w‘ﬂbﬂufe]f@omng reactions :
acmgﬂgmm’awaﬂ

0, @ CO, + HyO (depletion of O,) (3.23)
HC,CO,H, + NO —=—= N, + CO, + H,0 (NO reduction)(3.24)
As evident from the reddish-brown plume, the tail gas contains predominantly

NO;. The catalyst ranges from 0.3 to 0.5 percent platinum, plus small amounts of
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rhodium deposited on an alumina carrier upoh a ceramic honeycomb structure. The
operating temperature varies, depending on the fuel used to deplete the oxygen. Purge
gas, which contains some H, and CO, operates at 300-350°C, while natural gas
requires a high temperature of 500-550°C. LPG usually required 350-450°C.
Normally, these reactors operate at 50,000 to 100,000 hr’* space velocity. A hybrid

’w 1s composed of a thermal O, burn-out
step, followed by NOy

uwg hydrocarbon fuel, and a ﬁnal
—

oxidation step to remo( ,

low NOy process is commerci

_._,-lr,.fai.-"-"l‘ ]7:;:1

reactivity of suppqusd vanadmm ox1 D

utadiene, methanol, carbon

cen examined for several

monox1de ammox1dat10§ of aromatic hydrocarbons(toluene and 3-plcohne), selective

cuyic rein R 4B ST ) N oot 1o e

cases they are doped with promoter§ to improvestheir activity afid/or selectivity, and
supports Qqaﬂjda\lf\lj m&%l ﬁl@mﬂﬂj Q Elly and lifetime.
Supports were long believed to be inert in catalytic reactions ; it is know now,
however, that the structure and the compositién of the materials used as supports can

influence the activity and selectivity of the active phase to a marked degree.
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A number of researchers in 1970s believed that the two-dimensional metal
oxide overlayers that formed on oxide supports were unstable and that the metal oxide
overlayers needed an extended three-dimensional (bulk) structure to be effective
catalysts. The concept of metal oxide monolayers lay in the realization that unique
surface metal oxide species were present and stable on the surface of oxide supports

””adlum oxide phase on the surface of an

oxide support (e.g. TiO)«i i 1s usually more active than bulk

In supported vanadium oxide ¢

# =
. S s
different coordinations and structuires.

_"’|_,."_,r‘l'_r,a' e

the oxygen atom is ﬁther large to forﬁfii i

for forming six coordir

compounds are present in nature as four five, or six coordinated species. To

appreciable thﬂ %jeﬁtj ’&Jx Hital g %ﬂe‘ﬁz s|0f Yahadidn] (V) oxide, it is beneficial

briefly to touch upon its aqueous and solid state chemistry

ARIANN I AN Y

I Vanadium (V) oxide structures in aqueous media.

The different possible coordinations of vanadium (V) oxide are
demonstrated in the aqueous chemistry of the vanadium (V) ion in solution of

different pH and ionic strength. The vanadium (V) ion is the stable oxidation state in
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aqueous solutions in the presence of air. Twelve different vanadium (V) oxide species
are know to exist in aqueous solutions. At high pH values (basic region) and low
vanadium (V) ion concentrations, the vanadium (V) oxide species is four coordinated
and isolated (VO4>) ; at low pH values and high vanadium (V) ion concentrations, the
vanadium (V) oxide species is present as polymerized and six coordinated

decavanadates, V]()Ozg.z(OH)z i %‘% alues of pH and vanadium (V) ionic

concentrations give rise le'sels erization and protonation of four

and six coordinated f oxide \?

8., V206(0H)*, V300>, V00,

(OH)™).
- '_.-.'a
EET
a2 (8 4
II Vanadiuni(\f) oxide strctures in theisolid state.
e K[ ) )
Vanadium™ ( OXi ‘___ tares in solid are usually very distorted in
i <) ' : .
comparison with the aqueous p‘lgsistru ; owever, certain examples exist in the

LT

solid state that bnng‘ﬁut some of t the regula_tm

structures. Vanad

s of the vanadium (V) oxide

nerally categorized as four

coordinated vanadates a(orthovanadates Brovanadates and metavanadates), five

coordinated vﬂ%&%%%d edyapainss | [
q wmgﬂtj M}lﬂa@ Y/LEI r]ls 1n<§'|de Pbs(VO4)Cl,

BiVOy, Na3VOy, and a-Zn3(VO,), and are the least distorted of the four coordinafed
vanadates. These orthovanadates are characterized by possessing nearly equal
vanadium oxygen bond length ranging from 1.69 to 1.77 °A. Pyrovanadates contain

V207 dimeric units and are found in Cd,V,0,, o-ZnyV707, and a-MgyV,0,. The
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presence of a V-O-V bridge results in a short vanadium oxygen terminal bond length,
1.658 to 1.672 °A. The d—Mg2V207 structure is not an ideal pyrovanadate, but
possesses a long fifth V-O bond (2.4-2.9 °A). Metavanadates posses polymeric chains
of -(VO,)-O- units and can be found in NH4VO; and a-NaVO;. The two terminal

vanadium oxygen bonds in the VO, units range from 1.63 to 1.67 °A, and the

vanadium oxygen distances in\ %xg bonds are 1.8 °A.
9 =

tures are found in PbV,0¢, V,0s,

and NagV 100y " 18Hy( istinét types of VOgunitsican be found in PbV,0g. The
structure of V,0s co ok sunits with one short apical
78 °A, and four bridging V-O
.02 °A. The decavanadate unit

&
=
units posses terminaljvanadium o

terminal V=0 bonds_are nct | . —The fifth VOgunit does not,
however, posses a termili;lala vanadium oxygsn bond, and all of its oxygen atoms are

rtorvovBadybilods ¥ £ V1T WEI 171

MDD TN INENAY,

vanadium oxides in addition to V,0s. In these vanadium oxides, vanadium possesses

oxidation states lower than 5.
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3.4.2 Titanium oxide [5]

Titanium oxide (TiO,) or titania occurs naturally in three crystalline forms :
anatase, rutile, and brookite. The last is not common. Catalytically, the anatase form
is the most important in that it has the highest surface area (50-80 mz/g), and is

/y/”,structure has a low surface area (<10

a&abé"), resulting in occlusion of the

thermally stable up to about 5

mz/g), and can form fro

se 15 the preferred form for use as a
 conversion of o-xylene to phthalic

g characteristics for the vanadia.
However, anatase typic ﬁ area than rutile, which may account at

least in part for its preferéhc her application.

eduction of nitric oxide with

— X

ammonia, an importdni prc Ox-emission from exhaust gases

V1,05/Ti0, 10 e

from power plant. Tltax‘ua is more acidic than alumina and, unlike alumina, is not

iy s ) 0 B SHSITY T v o s

advantage in the Claus process forfconversion 6fH,S EIJSI ﬁdiiulfur by part1a1

e N30 ST A



42

3.4.3 Molecular structures of titanium oxide supported vanadium oxide
catalysts
Knowledge of the structure of the surface vanadium oxide species in suppoﬁed
vanadium oxide catalysts is critical to the fundamental understanding of the surface
vanadium oxide phase-support and surface vanadium oxide phase-reactant gas

interaction. The structure of thgv}%u oxide phase in supported vanadium

oxide catalysts depends on and solid environment. There is

| — \
ies. Wany other related species, can

now no doubt that VO, (

be stabilized on the s
interaction which res
minimization of surfac

compounds. The act piese i d amongst other things on the

chemical nature and crys rt, the vanadium loading, and on the
..-.n"".--"’!l-""'l‘ Bt ] -

_presence of adventy’fgus 1mpunt1es (Vhat rer nélear is the extent to which

TiO; as support produces a rable » the Cnergy of the V=0 bond, in

a way which other ox1es cannot and to what extent its superiority lies simply in its

sty o ceoPh BRIV FINBI TS o cometmtion

wt. % V705) onq#loz (anatase) forms isolated s ﬁyat high coficentrations, but still

e ABAD S AT,

to develop ; and a disordered V,0s5 phase exists at concentrations above the monolayer

:

sional c€phase is thought

point. Finally, a paracrystalline V,0s has been recognized at very high loadings.
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It is generally believed that the vanadia layer structure exposes the (010) plane
and the V=0 groups preferentially because of the excellent match of the vanadate unit
and the anatase structure. It has been proposed that on the (001) plane of anatase,
vanadium exists as monovanadate (VO4)™ groups bonded to the surface as [33] (see

Figure 3.8):

In this form, the AR ‘ t'mn which another Ti ion would

occupy if the bulk structlireacontinues. The‘y-o bridging bond length of 0.190 nm. is

very close to &3] wog M%§3MIQQ§XAFS/XANES studies

Y. RPN [ L
bonds :ﬂfﬁﬁe of 0.165 nm, and two bridging V-O bonds of 0.190 nm. The

picture is also consistent with the observation that an average of one oxygen ion per

vanadium can be readily removed on reduction.
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0O O

N\ o-_ Il __

v —~o— VY~
o) |

O
(C) (D)
Figure 3.9 ' of VO species [3]
. "“ = Iw.l‘ |
From laser Rﬂan and pectroscopy a@ serve to distinguish clearly

between monoﬁer species:and other forms/ The characteristic sharp Raman peak at

995 cm™ due %M&q Mﬂ:‘nﬂj llﬂ :lofn]mﬁre than a monolayer is
T T T ey e v

monolayﬂr region suggest the presence of te’qahedral vanadate or vanadyl species on
TiO; ; these are isolated at low loading, have been formulated as structure (A) in
Figure 3.9. However, the monolayer species are capable of reacting further with a
source of vanadyl groups and also show marked acidic properties, strongly suggesting

that OH groups are present. Under hydrous conditions the VO, species may be
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properly formulated as structure (B) or (C) in Figure 3.9, and the evidence for acidic-
OH groups sited above may relate to the hydrate forms. On heating in a dry
atmosphere there may be dehydration to structure A, to an octahedral polyvanadate
species such as structure D or to a simple vanadyl species. The ratio of V : Ti in the

monolayer is approximately unity [3].
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