CHAPTER 11

LITERATURE REVIEWS

The selective catalytic redu

, ) of NOy with ammonia is currently of

great interest because of ollution from stationary emissions
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related to acid rain foW' : h w :ased on V,0s/TiO, has been
/ / \\ oy §
extensively employed4f'in. i i this chapter will concentrate

on those used in eli
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ammonia by V,Os/1195 paper are conc T g fo raise the problem issue.

The significant prev1om paper are as follows :
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Murakafi et. al. [12] studlead effect of su ported vanadlum oxides prepared
by bl YR N G '4»’}} WEh o Tio
(anatase), TiO; (rutile), TiO, (mixture of anatase with rutile), Al,O3, ZrO;, SiO, and
MgO were used as supports. It was found that the structure of the vapour-phase-
supporting catalyst does not change significantly from that of the catalyst prepared by\
the conventional impregnation method. Also, the structure of the V,05/TiO, catalyst

does not change significantly with the modification of TiO,, i.e. anatase, rutile and
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mixture Qf anatase with rutile. This mean that the difference in the modification of
TiO, is too small to affect the structure of V,0s on the support. On the other hand, the |
structure of supported vanadium oxide catalyst is greatly changed with the kind: of
support, i.e. TiOz, ALO3, ZrOs, SiO, and MgO. In conclusion, that the structure of |

supported vanadium oxide is mainly determined by the kind of support, while neither

the method of preparation n@%t on of support affects the structure

significantly.

) spec1es weakly 1ntear,act1ng with t1tan1a 1ncreased and needle-like crystals were -

formed. At thﬂa% finke ’}-%&LW% %ﬂ:ﬂﬂ “Bitrogen decreased while

formation of mtrous oxide i 1s rom imonia solution

AN AT

Cai et. al. [14] investigated selective catalytic reduction (SCR) of nitric oxide
with ammonia over both phases of titania (Anatase and Rutile). It was found that _

vanadia catalysts supported over ( anatase and rutile ) phases of titania showed high



activity and selectivity for selective catalytic reduction of nitric oxide at relatively low
temperatures although catalysts supported over the rutile phase appeared to be more
active on a unit surface area basis. The activity of the catalyst went through a
maximum with increasing loading levels, over both supports. A coordinated

polymeric surface species of vanadia, which was detected through laser Raman

# rutile phases, appeared to be more
d gactiﬂ}(—ray diffraction pattern obtained

owed the presence of crystalline

spectroscopy and observed on be

active than bulk ;0 for the desite

from catalysts supported o

V,0s at loading level

of TiO;, the presence of I 5 di t o affect the catalytic activity

significantly.
Tufano et. al. [15] studl oxide reduction over a high-surface
A pats) o
area V,05-TiO, cata,&st in the range 2 efent initial NH3/NO ratios and
contact times, in the xperlmental conversion-time

data were compared inth different king:c}c' models developed on the basis of

normaon i ks AU EHTETETA T ﬁlablmy of the resuts of

the present kmetlc analyS1s confirthed (% ﬁtﬁ ver V,0s/Ti 102

catalystsqb o l 1 S case, mtrosamldlc intermediate model leads to

the kinetic model :

Rn= (ke *Kn*Pu*Ka*Pa)/ (1 +Ka*Pa*(1+Kn*Py)) (1)



and kinetic model ( 2 ) Correspondingly, the effect of water and nitrosamidic

intermediate leads :

RN=(ke *KN*PNn*Ka*Pa)/ (1 +Ka*Pa*(1+Kn*Pn)+Kw*Py)(2)

W%)inetics of nitric oxide reduction by

ammonia on a vanadia-tit ! é the reduction of nitric oxide by

Lintz et. al. [16] investi

ammonia in the presen 0% } 1, can _'Wby the use of three linearly
independent stoichiometi€ egiiations, i aclud 1 itrous oxide formation and ammonia
combustion. The addit uced the catalyst activity but
caused decisive incre . ]ﬁf} other hand the possible side
reactions, the oxidation @ i —Pf of nitrous oxide were largely
suppressed by the presence of % - stigation of transport phenomena has

,.p"‘-"i.;fl-.f — ) )
of inner m: erfTesistance was expected in
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showed that a strop"& influence

by use of a Langmuir- 1nshelwood type rate equatlon
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Ozkan et [17] studied sélective ca'ai: reduction (8C ‘a R) of nitric oxide
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different crystal planes. Results from the blank reactor experimental performed at the

d exposure of

beginning of the kinetic studies showed no measurable contribution from
homogeneous reaction or reactor wall activity. The fact that the catalysts showed

essentially no porosity and that they were used in the reactor without pelletizing



allowed them to rule out any diffusion limitations. Therefore, the results indicated
that vanadium pentoxide catalysts which exhibited preferred exposure of different
crystal planes showed marked differences ip their catalytic performance in SCR
reactions. While characterization results showed that major difference between these
catalysts was the relative abundance of V=0 sites, the kinetic studies indicate that the

ammonia adsorption took place %wﬁ different sites located on the basal and
N\ )

side planes. The dlfferel‘&d distribution were explained by

considering a complex

V sites and which in

£l
oxidation of ammonia _
flow-rate did not seem the
rates of conversion of ni  and
o o . ;,l" ' "1
was mass transfer limitations. “="="
. —

ance and active sites
determination of niot um ox1de promoted vanadia-itania catalysts for selective

catalytic reduﬂ%%o%ﬁl%w&{}vﬁ ﬁmd that the addition of

Nb,Os to VzOs iO; catalysts increased both Lewis acid and Brgnsted acid sites with
the cor%\ﬂ ’I]b@ ﬂlmj‘& uuhj g EBEJ ’l]"l@uﬂe area, in which
the Br¢nsted acid sites were more significant for the SCR reaction. As a result to
enhancement of the catalytic activity in the SCR reaction and ammonia oxidation in
the lower and higher temperature ranges, respectively. Due to the NbOs promoted

vanadium/titania catalysts.



Dumesic et al. [19] evaluated different mechanisms in a kinetic analysis of the
DeNOy reaction. It was shown that a simple two-step Eley-Rideal mechanism
involving reaction between adsorbed NHj; and gaseous (or weakly adsorbed) NO is
not consistent with all data. Therefore, they proposed a three-step mechanism
consisting of equilibrated ammonia adsorption, followed by an activation step of the

adsorbed ammonia and a subse@\%}/f/etween the activated ammonia species

and NO. It was shown th ‘not 305 istinguish kinetically whether this

last step was a true Ele ‘with gaseous NO or a reaction
with weakly adsorbed 2 : ‘mechanism was able to quantitatively
describe the NO coul i | i Ez&'&al-type conditions for the
vanadia/titania catalysts

of the ammonia slip beh ich _,-J ; . much more difficult to describe

o s ‘i 7_ W mwny B =
than the conversion of ! oh this mechanism was also shown to be
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consistent with SCVﬁal independent dwe n, i c? still be regarded as semi-

empirical in nature

not available at the ti
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Vlkulov et. al. [20] reported that selectiye catalytic reduction (SCR) of nitric
oxide ‘a“tﬂqm: (@ Qﬂ ‘Iiym ;!Li&g ’J m’lﬁ)ﬁj In contrast to

previous claims of Tanabe et al. [21], the addition of niobia to catalysts containing

vanadia supported on titania resulted in much enhanced activity for low-temperature
SCR of nitric oxide with ammonia only at low vanadia loadings. Niobia promoted

catalysts could also be demonstrated to show higher selectivities to N, especially at
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high temperature and low vanadia loading. This enhancement of the activity would
not be explained only on the basis of the observation that niobia stabilized the surface
area of catalyst. Calculations of the activation energy suggested that a different

mechanism of the reaction may be at work at low vanadia loadings.

‘V#}me of water on the kinetics of nitric

2 talyst at different water partlal

stic model able to describe the

reduction with ammonia. The

: L
results obtained in thi \ - \%e

kinetics of nitric oxide rgduction b 1 5/TiO; catalysts, producing an

d an important role in the

properly described by a kinetic

(AT, . . :
model based on the hypo es&afdﬁ‘éhe' formation of a nitrosamic intermediate and of
2757 7798

irreversible adSOI'ptlE? of water on ivalent sites. It has been

found that a kinetic'model based on the ption of water following a
|
Temkin isotherm allog the kinetics of mtnc oxide redgctlon to be described well the

inhibition dueﬂ %tﬂoﬁgnw B {ié]&s.\w ﬂ s']rﬂ\%en the water was only

formed by the reactlon, or when it was fed in large excess to the geactor. These results
were 1armq ﬁom tj m ijnch;lmm& EJsorbmg sites by
water. Flnally, they had concluded that the nitric oxide reduction over V,0s/TiO,
catalysts occurred through a complex mechanism involving NO, NH; and H,O as

adsorbed species.
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Matralis et. al. [11] studied the influence of the MoOs3 content on their
catalytic performance for the selective catalytic reduction (SCR) of nitric oxide by
ammonia in the presence of oxygen, as well as on their textural and structure
properties. They reported that the coverage of the TiO, support by surface polymeric
molybdénum species (wWhere molybdenum was octahedrally coordinated) increased

with the molybdenum loading. WM .of a layer of these interacting species
ﬁﬁnge 15-20 wt. % MoO;. The

on top of the titania surfnsg__d plete

formation of crystallit the completion of this surface

layer (at around 10 wt.% ed gress1vely as the molybdenum

ot g

the molybdenum content 6n ﬁe‘:tesis tance of ca ysts towards SO,. Their results

.—*‘fw"'

indicated that the ocﬂledrally c06 dinated po ymetie.molybdenum surface species are

mainly respon51ble for 1] e___exhlblted SCR . Mo0;/TiO, catalysts.

D _
Mmlﬁ%tgl’?zwlﬂr}%% w mrﬂ @ support on activity of

monolayer vangilha-tltama catalysts’ for selective, catalytic redugtion (SCR) of nitric
oxide @aﬂx’lﬁ'&nﬂ‘; M mrlt’; nﬁj ’Jda %Ch grafting on
the T102 surface, V,05-WOQO3-TiO, catalysts were prepared by inserting ammonia salt
in TiO,. It has found that the specific activity , activation energy, and turnover
frequency did not depend substantially on the crystal structure of titania. The SCR

reduction on titania-supported vanadia hardly depended on the concentration of
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vanadium atoms. NO reduction by ammonia with gaseous oxygen (SCR) and without
oxygen showed the same activation energy for supported vanadia, and nearly
coincides with vanadia reoxidation activation énergy. Reoxidation of reduced vanadia
species (V-OH) seemed to be the rate-limiting step of the SCR process. Finally,

reduction of nitric oxide by ammonia with and without oxygen may have a common

reduction mechanism with pecuha\%%l ﬁf/ g reoxidation by gaseous oxygen and
nitric oxide and different SH&O son@s

J..-.-,.-

programimed surface reaction ('ﬁ!@) exposing catalysts with preadsorbed

allowed detailed i atior ined cc »ehanges in the concentrations
| :
and the nature of the surface V=0 and V-OH species. The TPSR studies in O,

— mamﬂ %ﬁ}%@%@ 368 Jaminonia) oxidation at the high

temperatures. The SCR reaction was observed te,take place during the TPSR studies

i o 8 d R bl b hibtah o B e case. 1 v

found that NHj3 reduces the V=0 species and subsequent reaction with NO results in

the formation of reduced V-OH species. The results showed that the NO reduction
reaction involves the ammonia species adsorbed on V-OH Br¢nsted acid sites.

Evidence for the importance of redox reactions was also found. Separate temperature
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programmed reduction (TPR) studies in H, showed that the surface vanadia layer
breaks ﬁp while re-exposing Ti-OH groups.. Subsequent temperature programmed
oxidation (TPO) studies in O, showed this phenomenon to be completely reversible,
thus providing direct evidence for the spreading/redispersion of vanadia on titania.

The TPO/TPR studies also indicated that the Br¢nsted acid sites essential for the

DeNOy reaction are associated \Q{ﬂ\\&“%}face sites.
‘_; ..-#I

4

'ﬁ -
Tops¢e et al. [2( the r "N.eﬁnism and catalytic cycle for the

selective catalytic reducti

ia over vanadia /titania catalysts

with in situ on line FTAR _ - - 7‘ cady, s hfe;;mnditions. Under all reaction
conditions, a large comcCe : dsorbed on both Lewis and
Bré¢nsted acid sites, wh " J f adsorbed NO were adsorbed
The catalytic activity was foﬁmd—“&o'r' d to the ammonia adsorbed on the

1
_...a-#,...-""‘,-'

=l
@‘sxmlated with V°

IOH._A‘;ff groups were involved in

Br¢nsted acid site

activation of the adso: 3 play an important role in the

| )

catalytlc cycle. The actg/atlon involved a transfer or a partial transfer of a hydrogen

N ﬂag,m UL N A S were oot

by oxidatio ﬁ The results thereforé" showed thatthe c EJMC cyele consisted of both

ooty IV JANILQ S AL AV IRNEL e

equilibrated step under all the conditions studied but the other catalytically significant
steps may shift depending on the reaction conditions. At high O, partial pressures, the

rate was mainly determined by the concentration of Br¢nsted acid sites and NO partial
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pressure, whereas a low O, partial pressures, surface reoxidation was slow and the rate

became dependent on the concentration of V=0 groups.

Jehng et al. [26] investigated the effect of water vapor on the molecular
structures of V,0Os-supported catalysts (SiOz, Al,O3, TiO,, and CeO,) by in situ

Raman spectroscopy as a func yu:e (from 500 to 120°C). Under dry
conditions, only isolated $

4 jpe present on the dehydrated SiO,
surface, and multiple

s (isolated VO4 species and

polymeric vanadate speci drated Al,O3, TiO,, and CeO,

;_;a.,.- 1

the presence of water vapor dﬁE“t‘(ﬂhe obic nature of the SiO, (Cab-O-Sil)

_ATh7 ) 2
support. However, ﬁe presence of water ced effect on the molecular

A1203, TlOz, and C602

structures of the s e vanadium ¢

i

|
supports. The Raman and of the termmal V=0 onqus oxide supports shifted to

lower wavenuﬂeHl%JSf%) 'ﬁw B%aw sljosq ﬂn@:ed to that under dry

conditions. Aby'e 230°C, the Raman shift of the, surface vanadium oxide species in
the preamﬂomqn jsm uwlgllge c,e]@x Eplecies formed a
hydrogen bond with some adsorbed moisture. The hydrogen-bonded surface VO
species were extensively solvated by water molecules and formed a hydrated surface
vanadate structure upon further decreasing the temperaﬁne below 230°C (e.g.,

decavanadate). The Raman band in the 800-900 cm™ region, which is characteristic
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of the polymerized V-O-V functionality, appeared to be little influenced by the
presence of this Raman band. Oxygen-18 isotopic labeling studies revealed that both
the terminal V=0 and polymeric V-O-V bonds readily undergo oxygen exchange with
moisture. The current observations accounted for the inhibiting effect of moisture
upon oxidation reactions over supported vanadia catalysts.

f@z on the activity for the selective

Kijlstra et. al. [27] th&e

catalytic reduction (S ia over V,0s/TiO; catalysts,

both unpromoted and ~ at. temperatures bellows 200°C. In
literature, results were %elow 200°C, the surface of

LT e

and to a higher SCR activity, On,ﬂm 9 ; » oxidation followed by (NHy),

SO4 deposition led to deac 1vaﬁf§{§f' ' ts. At low V,0s loadings the former
= _F,.-r"' l..--"fl b _
effect dommated V‘\_’hereas at hlgﬁer adings « 'v?lon by ammonia sulphates

ss SO, oxidation. At low
V705 loadings, Nb; 5 covered the exposed TiO, surface partly blocking the

formation of ﬁ%fg ’g 15]%}%% SWJE'j ﬁf)ﬂs@ay promote both SCR

activity and SOz oxidation, whereas it did not=exert any effect on an amorphous
suppor‘{q ﬂlﬁ)ﬂﬂyim ummn Etlt,h] t@ Iilmotmg and the
deactivating effect. The use of a low loaded V,0Os catalyst on a crystalline support
without Nb,Os, exhibiting a modest SCR activity after preparation, was advantageous

if a stable SCR activity in SO,-containing the gases below 227 °C was desired.



16

Ramis et al. [28] investigated the adsorption and transformation of ammonia
over V205, V205/T iOz, V205-WO3/T iOz, and CuO/Ti02 systems by FTIR
spectroscopy. In all cases ammonia was first coordinated over Lewis acid sites and

later underwent hydrogen abstraction giving rise either to NH, amide species or to its

dimeric form N,Hy4, hydrazine. Other species, tentatively identified as imide NH

nitroxyl HNO, nitrogen anions N\w ”} ions N3~ were further observed over

CuO/TiO;. The comparl 1n3rar

of the species arising from both

i( %uggested that N,Hs was an

s active selective catalytic reduction (SCR)

NH; and NpH, adso 7,7 )

T“‘Qlﬁs implies that ammonia was
and SCO, and it could later
dimerize. Ammonia pr: ' ; 1 1 was detected over V,0s -based
systems, but not over Cu0/TiQs. in spite of fhe high SCR and SCO activity of this

2N,
catalyst. Conseque y, Bubnst‘éd’ af:'idr[y‘ as not fiecessary requirement for SCR and
< 10t necesiay

SCO activity, alth it can favor it, favoring the adsorption' of

|
ammonia on the coor;latlve sites.
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Lietti et al [29] studied thesphysico-chemical characteristies and the reactivity
of sut%m;l aﬂ-mom Illlm Zla’;snﬂ&a’lﬂ, and reactivity
tests under transient conditions. EPR indicated that tetravalent vanadium ions both in
magnetically isolated form and in clustered, magnetically interacting form grafted on
the matrix of TiO, surface. The presence of tungsten oxide stabilized the surface \'A

and apparently modified the redox properties of V,0s/TiO; samples in that the ternary
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samples shewed an higher reducibility than the corresponding vanadia/titania samples.
Ammonia adsorbed over the ternary catalysts-in the form of molecularly coordinated
species and of ammonium ions, this latter species showing lower thermal stability.
Upon heating, activation of ammonia via an amide species was also suggested. V205-

WO3/TiO; catalysts exhibited higher activity in the SCR reaction than the

corresponding binary vanadia/ti n oxide/titania reference samples; this

@ and the higher surface acidity of
the ternary catalysts. W—' ed ti Mt redox properties control the
reactivity of the ternary ; erat hereas the surface acidity plays

an important role in the onia at high temperatures.

From the reywed literature"é' _\f can : ost works concentrated on

‘: is catalyst shows very good

ers a serve draw back from its

too high actlﬂyu ﬁ@ %ﬂnﬁhﬂ E})eqnﬁ‘ﬁver 300°C. The over

oxidation of NH3 is believed tofbe caused by the very active V=0 species of
monci e Ao) Bl tl’iﬁlédpiﬂelgm VR Bl o acive 0

the SCR and also NH3 oxidation. Therefore, the V=0 species exists on vanadium

SCR activity in the temperature range 50- 300°C it suff

oxide surface between monolayer and crystalline oxide may exhibit a compromise

activity. -
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