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Abstract : NOx emission abatement catalysts ¥5 Os supported an various Ti(), including anatase, rutile and mixture of both were investigated with
various physico-chemical measurements such as BET, NH,-TPD, NARP, XRD and so on, and the effect of Ti), surface praperties on the SCR
( selective catalytic reduction) activity of V,05/Ti0; catalysts was studied. 1 was found that the Til); sarface properties had strong affect on the
SCR activity of V,04/Ti0); catalysts. The stronger acidic property resulted in the higher exposure of active sites as well as the higher SCR
activily .
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Introduction

The control of NOx emissions in (lue gases from thermal power and other industrial fucilities as well as
aulomobile is one of the most important applications of catalylic systems for pollution abatement. Up to
now, SCR with NH, technology is recognized as the best available lechnology for NOx abatement from
stationary sources. While, mosl of industrial calalysts for the SCR (sclective catalytic reduction) process
are based on TiO,-supported V,05 oxides due to its clficiency and selectivity in the NOx reduction into
nitrogen( Centeno, 2001; Nova, 2000) .

From the scientific viewpoint, this V,0,/Ti0, calalytic system is an inleresting example of a strong
interaction between the support and the active phase. V,0s supporled on TiO, shows superior spreading to
the other kinds of support, such as AL, Q,, Si0,, Zr0,, MgO and so on, which leads to an enhancement
of its calalytic activity and its SCR activity ( Ye, 1993; 1995; Nicolaos, 1999). Although valuable
information has been obtained for V,05/Ti0, catalyst by extensive studies mentioned above, it seems that
there is no satisfactory explanation on whether the surface propetty of Ti0, determines the characteristics of
the active phase or nol, and how il delermines. Obviously, further investigalions are necessary in order Lo
clarily questions mentioned above. The aim of the present work is to investigate the selective catalytic
reduction activities of various V,04/Ti0), catalysts in order to reveal the factors determining the inleraction

between V, (0 active phase and TiQ), support.

1 Experimental
1.1 Preparation

Five kinds of TiQ), listed in Table | were used as supporis. They were two analases, two rutiles and a
mixture of them denoted by A- 1, A-I[, R-1, R-Il and A + R, respectively. Supported vanadium
oxide catalysts were preparcd by impregnation of supporl with an oxalic acid solution of ammonium
metavanadate followed by the calcination al 773K in a stream of O, for 3h. V,0; content was so determined

that the surface concentration of V,0, on all five TiO, supports lies in the same range, i.e., 5--100
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pmol/m’-Ti0), .
1.2 Characterizations

X-ray diffraction diagrams were obtained with Cu-K, radiation. The BET surface area was
determined, in mosi case, by using a conventional flow-type apparatus with N, as an adsorbate. For several
samples, the BET surface areas and pore size distribution were determined from the siatic adsorption of N,
by using an aulomated stalic adsorplion apparalus{ BELSORP28, fapan Bell Co.).

The acid and basic strength of TiO,; supports, prelreated in air oven at 773K far 2h, were evaluated
from the change of colors of Hammett indicalors adsorbed on TiQ, supports. The acid property also was
measured through the temperature programmed desorption {TPD) of adsorbed NH, by using a conventional
TPD apparatus equipped with a thermal conductivity detector. Fxperimental procedure was as follows:
about 1.0g of sample was evacvated in a quartz cell al 773K for about Th till the pressure to 0.003 torr.
After cooling to room temperature, the sample was exposed lo ammonia for 30 min al the equilibrinm
pressure of 6.65 kPa, and then it was evacuated to 13.3 Pa at room temperature, TPD measurement was
done from room temperature o 773 K with a healing rate of 5 K/min. Helium was used as a carrier gas with
a flow rate of 60 cm’/min.

The SCR activity of V,0; on various supporls were delermined by using the NO-NH; rectangular pulse
technique( NARP) . The most experiments were cartied oul under following condition: calalyst weight =
0.02g; flow rate of carmier gas (He) = 150 cm’/min; concentration of NO = 4.86 x 107° mol/em’;
concentration of NHy; =9.25 x 1077 mol/em’ ; pulse width = 60s; reaction temperature = 550—3580K . The
catalyst was pre-oxidized in flowing O, at 773K for 30 min in advance lo the introduction of every
rectangular pulse of NO-NH, mixture.

NO+NH, +V=0—N, + I,0+V - 0OH, (1)
2V - OH + 20 (Tattice) —> 2V = O + 0. (2)

2 Results and discussion
2.1 Surface properties of Ti0, support

Table 1 shows the properties and preparation melhods of TiQ, supporls used in this stady. X-ray
diffraction of five TiOQ, supports as shown in Fig. | confirmed that A- | and A-I arc anatase type, R- [
and R-1l are rutile type, and A + R is the mixture of both. The rutilc content was caleulated by the
following equation:

Xr = 2.18/(0 4+ £01).

Where /, and I, are the intensities of the (110) and the (101) plane reflections of utile and anatase,
respectively . Both of the flow and static adsorption of N, indicate that A- T, R-1 and A + R have higher

BET surface areas than the others, and R- Il has only small surface area.

Table 1 List of TiQ, supports and their textares

Bulk crystalline (A- T3 (AT " (R-1)" (R-11 %* (A+R)"
structure Anatase Anatase Rutile Rutile 36% Anatase
64% Rutile
Sm"r"(mz g
Flow method* 71.0 15.6 49.5 24.6 50.1
Stalic method™ 68.2 13.5 42.8 2.33 39,1
Pore volume, em’ /g 0.318 0.110 0.361 0.008 0.211

b prepared by the caleinations of kydraled titanium oxide at 1073—

Notes:” Prepared by the calcinations of mete-tilanic acid a1t 773—873K;
1123K; © prepared by the liquid phase method; * prepared by the gas phase reaction of TiCl, with O, ; * prepared by the gus phase reaction of

Tittly with ©; and Hy 3 * pregreated at 773K in flowing 0y for 30 min; " evacnated at room temperature for 10—12 &
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Table 2 shows the acid-base strength measured through the colours of various indicators adsorbed on
the Ti(}, surface. In general. the acid sites on anatase type TiQ, are stronger than those on rutile type, and
Ti0, supports with large surface area tend to have stronger acid sites than those with small area. However,
A + R with large surface area did not exhibit acidic colours of indicators. As for the basic strength, all the
samples did not give basic colours of indicators, indicating that the basic strength of all the TiO, surfaces

are almost the same.

Table 2 Acid-base strength of TiQ); measured by titration of Hammett indicators

Indicators pK, A-T A-l R-1 R-1 A+R
Anthraquinone -8.2 +/ = - ~ _ _
Benzalacetophenone -56 + /- - _ _ _
Dicinnamalacetone -3.0 + - + _ _
Benceneazodiphenylamine 1.5 + +/- - - -
p-dimethylaminoazabenzene 1.3 + iy - Py - +i-
Bromothymol blue 7.2 +/- + +/ = +/ -
Phenolphihalein 9.3 +/ = - - - -
2 d-dinitroanaline 15.0 - - - - -
4-chipro-2-nitraanilive 7.2 - - - - -
4-nitroaniline 1%.4 +/ - - _ _ _
4-chlorcaniline 26.5 - - - - -
Notes: + : colour changed; - : celour unchangeds +/ - : slightly changed and U: unusually changed

Fig. 1 shows TPD specira of NH; on 110, supports. On A-T, two desorplion peaks were observed: the
first one at about 370K and the desecond one at about 600K, and the desorption was completed at 700K .
On the other hand, A-II gave only the [irst desorption peak which was completed at about 600K. These
results indicate that A-I has stronger acid sites than A-11. R-I gave a similar TPD specirum to that on A-I,
though the second peak appeared at slightly lower iemperature. This result indicates thal the acid sites of
R-T are strong but slightlly weaker than that of A-I. In the case of R-1I, although only a poor spectrum
could be obtained because of very small surface area, the second peak could not be observed, indicating
the absence of strong acid sites. These results agree well with the results obtained from the titration of
Hammett indicaters shown in Table 2. However, the TPD spectrum on A + R is nol in agreement with the
acid strength obtained from the change in the colour of indicators. The TP} spectrum shows a broader
second peak at slightly lower temperature than that on R-I, indicating the presence of strong acid sites,
though the indicators did nol show the presence of them. Ti may be concluded from the TPD specirum of

NH, that A + R has strong acid sites, because it is known lhat, sometimes, the colours of indicators do not

T T

change obviously . Grain=1534
2.2 SCR activity of V,O,/TiO, catalysts A _____ .. >

The aciive sites of V,0, calalysts in the seleclive catalylic

reduction of NO) were determined by the NARP({NO-NH, reclangular

pulse) technique. When a rectungular pulse of a NO and NH,

TCD response
Z,
o
o
?

207
. L. . . R-1I
mixture is introduced onto the V,0,/Ti0, catalysts, N, with a /4 ______ T
concentration profile consisting of initial N, and tailing N, is /T ?90 A+R
oblained, and the number of the surface V = () species can be 3 4I 5 6 ;r
r, 100K

determined from the amount of the initial N, in the same way as
reported previously( Ye, 1993; 1995), and the number of the V =

O species thus determined is summarized in Table 3.

Fig. 1 The NH;-TPD spectra of five Til),

supports
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Table 3 Summarized SCR activity of various V, Q¢/TiO; catalysts

_ Surfave cone. of YV, 05, V, Uy content . St Sots» Number of ¥ = (0 species,
Name of ¥, (5 /Ti0; .
{ prmol/m® ) I Til % mol m’ig m’/g (pmol!m? 3/ TiO,
A-10 0 0.0 7.0 0.0 00
A-T-1 5 2.8 53.1 5.6 202.6
A-1-2 10 5.4 34.1 29.5 231.3
A-1.3 20 iG.2 29.1 22.2 174 .4
A-1-5 50 22.1 24.5 19.7 154.5
A-1-10 1 36.2 21.1 4.1 110.5
A-T1-0 0 0.0 15.6 0.0 0.0
A- 1 -1 5 0.6 15.0 6.t 47.5
A-1-2 10 1.2 13.6 16.¢ 78.3
A-T-3 20 2.4 14.0 8.8 76.7
A-11 -4 30 3.8 14.1 1.2 64.0
A-11-5 50 5.9 14.5 8.6 67.7
A-T-w0 100 1.1 12.7 6.8 53.5
R-[-0 0 0.0 9.5 0.0 0.0
R-I-1 10 3.8 31.2 24.4 190.9
R-1-2 ki 10.6 21.0 25.6 200.7
R-1-3 50 16.5 23.6 21.9 171.3
R-1-4 70 21.7 22.4 17.0 133.0
13-1-5 100 28.3 19.8 15.9 124.5
R-TI-0 [0} 0.0 2.5 ¢.0 0.0
R-11-1 He 4.2 2.5 1.0 7.7
R-11-2 30 0.6 2.5 1.4 10.7
R-1I-3 50 i.0 2.6 1.4 11.3
R-11-4 70 1.4 2.6 1.4 1.4
R-1I-5 100 1.9 2.6 1.4 11.2
A+ RO 0 0.0 50.1 0.0 0.0
A+ R-0.5 5 2.0 421 18.0 140._9
A+ R-1 10 3.9 33.6 22.1 173.2
A+ R-2 30 10.7 27.9 16.6 129.8
A+R-3 50 16.7 23.1 16.9 132.5
A+ R-4 70 21.9 21.6 12.0 94 .8
A+ R-5 100 28.6 20.6 1.6 90.7

Since V,0; content was so determined that the surface concentration of V,0; lies in the same range
for all five types, the active surface areas, S, were different from type to type of Ti0, support.
According to the crystal structure of V,0,, the densily of V = O species located on the (010) plane was
known as 4.872 nm ™" . Thus, the specific area of the (010) plane of V,0;, S,,, was caleulaled from the
experimentally determined number of the V = O species.

2.3 Effect of TiO, surface properties
For R-1I type of catalysts, Sy,/Sner is very close to 50% , which indicates the absence of any

remarkable interaction between the support and active phase. While for R-I type of calalysts, lhe maximum
Soe! Sper is more than 90% . The sume situation has been found in anatase type catalysis; the maximum
exposure of A-Tis close 10 90% , but for A-1I, it is only less than 70% . It is easily noticed that the TiO,
supports with large surface area, i.e., A-I, R-l1and A + R, gave higher ratio of 84,0/ Sger than those on
the other TiQ), supports. This relationship suggests that the surface activity has an effect on the exposure of
the (010) plane, because it is widely accepled that small surface area or, in other words, large crystallites
are accompanied with low surface activity.

To this question, Fig.2 shows the ratio of Sgof S of two analase type catalysts, A-Tand A-II, with

the surdace concendration of V, () . With the surface increase in V, s concentration, the ratios of 850/ Spix
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of both A-T and A-II catalysts are steeply increased at low concentration range, and attained the maximum
at the surface concentration of ca. 10 x 10™° mol/m’ . With further increase in the surface concentration of
V.05, Soo/ Sy decreased slowly. The catalyst of A-I having a higher Sy always attained higher Sy,f
8 er ratio than that of another catalyst, A-II, having a lower Sypy.

As for the rutile type Ti0),, R-1 and R-II, gave results similar to those of A-T and A-1l type ratios of
S/ Sper inilially increased steeply with the inerease of V,04 Lill the ratio allained the maximum at the
surface V, 0, concentration of about 30 x 107°*—350 x 10°° mol/m’, then decreased slowly. Al the same
time, a similar comparison result as A-l and A-Tl catalysts can be observed here. The catalyst of R-1

having a higher S, always attained higher 8,0/ Sgpr ratio than that of R-I1 with Tower Sy, .
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Fig.2 S/ Supr» the fraction of (010) planes of A-T and A-1I Fig.3  Sow/Sger, the fraction of (010) planes of R-T and R-II
type catulysts fype calalysis
As described in Fig.4, the TiO, surface is H H
full of various functional groups which act as N/
OH ol o o] o

acid or basic sites. ‘

+

l -H,0 | +H,0 ‘ |

The aecid and base properties of the TiO, —0—Ti—0-Ti- 222y —0-Ti-0~Ti- —b—O-Ti-0-Ti—
supports were measured Lhrough the changes ol ‘ Lowie éas{C Bronsted Basic
colours of adsorbed indicators and the TPD or acid site  site acid site  site
NH3 . Althuugh the base properly was not Fig.4 Supposed acid sites and basic sites on Ti0), surface

different from each other, the acid slrength
differed from TiQ, support to support. That is, TiO, with large BET surface areas, i.e., A-T, R-Tand A
+ R, have stronger acid sites than A-II and R-II with small BET surface areas. The small surface area and
low acidity of A-II and R-11 should be due to the higher caleinalions lemperature during the preparation of
Ti0, . As for the anatase supporis, lor example, A-T was calcined at 773—873K, while A-II was calcined
at higher lemperatures, i.e., 1073—1123K. The calcinations at higher lemperature may result in the
sintering of Ti0, paricles and the deactivation of the surface, probably due to the desorption of OH group.
Thus, the large BET surface area is accompanied with high activity of the surface, especially, strong acid
sites on the Ti0, surface. This also may suggest the possibility that the acid properly is another factor
determining the exposure of the (010) plane, although it is not clear how the acid property of the support
determines the exposure.

Fig. 5 shows the S5,/ Sy, ratio of all the types of catalysts with the surface V,0; concenlration of 10
% 107°% mol/m’ . The sequence from left to right of X-axis is ‘A-1, R-I, A+ R, A-II and R-il, which is
corresponding Lo the sequence of the acidity amount of TiQ, support from large to small. In general, with

the acidity amount* of the Ti0), supports decreased, the S,/ Spe ratio of the catalyst decreased; Ti(),
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supports with larger acidity amount tend to obtain higher S,,/Se ratio than those with smaller acidity

amount .
All of these V,05/Ti0, catalysls are prepared 138
by impregnation from aqueous vanadium complex &0
solutions , and the surface of Ti(), support present a 8 Z((;
certain amount of acid sites, so that the adsorption f-g 50
of vanadium complex anion takes place on acid :5‘:2
sites, The Lewis acid sites on Ti(), surface are 20
favarable to share the electron pair offered by 13
adsorbing vanadium coraplex anion as demonstrated Al R A+R Al R

in Fig.6.
The Bronsted acid site on TiO, surface can

Fig.5  Syof/Sarrs the fraction of (010) planes of all five types
catalyst under surface concentrations of V, 05 with 10

also share its proton with the adsorbing vanadium

. . . G 4 :
complex anion, So vanadium complex anion can INH 3+ (G0 ~ KOOI 40
. . . . 0
either be adsorbed on Lewis or Bronsted acid siles. - _
[ V-complex-anion |4

Obviously, The adsorpiion depends on the strength
of the acid sites. The experimenial resulls + __ + e + + 4+ +

Py
TiO,

mentioned above clearly showed that the stronger
acid sites lead 1o the stronger interaction belween Fig-6  Mechanism of supposed interuction of Ti0); surfuce acid site
the support and the active phase and then the Yith vinadium complex anion

higher exposure of V = O active sites. As mentioned above, Ti0, supports with larger surface area tend to
have stranger acid siles than those with small area. In another word, Ti0Q), supports with larger Sy lend to

have slronger interaction with vanadium oxides.

3 Conclusion

The Ti(}, surface properties had sirong eflect on the SCR activily of V,(}/TiQ, catalysts. The surface
activily such as the acid strength delermined the extent of maximum exposure of the ¥V = O active sites.
SCR activity of V,0,/Ti0, catalysts is much higher on the Ti(), supports with larger BET surface arca than
those with small surface areus. The stronger the acid sites of Ti0, surface, the sironger the inleraction of

Ti(, support and V,0; active phase.
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