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Abstract-Copper-exchanged pillared clays were examined as an SCR catalyst for NO~ removal by propene. Both 
micropores and mesopores were simultaneously developed by pillaring a bentonite with TiO 2. Therefore, TiO2-pillared 
clay has about 8 to 9 times higher surface area mad 3 times higher pore volm~ae than the parent unpillared bentoilite. 
The presence of water in the feed gas stream caused a small and reversible inhibition effect on NO removal activity 
of CtUI'i-PILC. The water tolerance of Cu/Ti-PILC was higher than copper-exchanged zeolites such as CuHM and 
Cu/ZSM-5 due to its high hydrophobicity as confirmed by H20-TPD experiment. Copper-exclaanged PILC was con- 
finned to be an active catalyst for NO, removal by propene. The addition of copper to TiO2-pillared clay greatly 
enhanced the catalytic activity for NO removal. Cupric ions on Ti-PILC were active reaction sites for the present reac- 
tion system. The state of copper spedes on the s~trface of Ti-PILC varied with the content of copper and TiO 2. The catalyst 
having more easily reducible cupric ions showed m~xilnm~a NO comrersion at relatively lower reaction temperatures. 
It indicates that the redox behavior of cupric ions is directly related to NO removal mechanism. The redox property 
of cupric ions depended on the copper content and dehydration temperature of PILC. 
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INTRODUCTION 

Selective Catalytic Reduction (SCR) by NH3 has been known 
to be the best available conlrol technoIogy for the removal of N Q  
frorn stationary sources ['Boer et al., 1990; Nakajima, 1991; Cho, 
1994; Ha~a et aI., 2000; Choi et al., 2001]. Howevei; this technol- 
ogy still has several disadvantages such as Nl-I3-sli p causing sec- 
ondary pollution and difficulty in the handling of corrosive and toxic 
NH3. Therefore, there have been m a w  efforts to replace NH3 with 
other reductants such as hydrocarbons and urea. Recently, diesel 
mad lea l -b~l  engines have attracted considerable attei~on due to 
their high fuel efficiency. These types of engines present new chal- 
lenges for N Q  emission control, as they generally operate under 
oxiclizing condition at which typical tl~-ee-way catalysts show little 
activity for N Q  removal. Since NH 3 is not suitable for application 
to motor vehicles, increased effort has been fcc~tsed on the deveI- 
opment of suitable catalysts capable of reducing NO~ with hydro- 
carbons as reducing agents. 

The backbone of SCR by hy&ocarbon is also the development 
of a catalyst that is highly active for N Q  removal and tolerant to 
water. Many classes of catalysts including metal-exchanged zeolite 
[Iwamoto et al., 1991 ; Sato et al., 1992; Teraoka et aI., 1992; Li et 
al., 1993; Kim et al., 1995], suplx)rted noble metal ['Kamada et al., 
1991] and metal oxide catalysts [Kintaichi et aI., 1990; Hmnacla, 
1994; Hong et al., 1997] have been examined as SCR catalysts by 
hydrccarborL In particular, metaI-exchmged ZSM-5 has been wide- 
ly examined as an SCR catalyst by hydrocarbons due to higcher NO 
removal activity than other catalysts. However, the SCR catalysts 
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by hydroca-bons still have several problems to be solved such as 
hydrothermal stability and deactivation by H20. One of the most 
sez-ious problems is the catalyst deactivation by H20, since NO re- 
moval activity signilicantiy decreases even with a small amount of 
water in the feed gas s~eam ['Kim et al., 1997, 1999]. Therefore, 
the water tolerance of the catalyst ks the main banier to be over- 
come for the development of commercial SCR catalyst using hydro- 
carbons as reducing agents. 

Recently, Li et aI. [1997] and Yang et aI. [1998] reported that met- 
ai-exchanged pillared interlayer clays (PILCs) were more tolerant 
to H20 and S Q  than metal-exctlanged zeolites which were widely 
examined as an SCR catalyst by hydrocarbons. Moreover, PILCs 
are known to be highly hydrophobic due to the hydrophobic nature 
of oxide pillar surface [Han et aI., 1999]. This is the motivation of 
the present study examining PILCs as an SCR catalyst. A PILC 
has a heat-stable poro~ts s~aacture by insertion of rotxtst and large 
metal oxide between the interlayer of clay. In addition, PILC has 
peculiar characteristics such as acidity, well-developed 2-dimen- 
sional smacture and cation exchange capability [Izumi et al., 1992]. 
Therefore, it has atlracted attention as a potential catalyst material 
in many reaction systems including SCR reactions [Chen et aI., 
1995; Li et al., 1997; Yang et aI., 1992, 1998]. 

In the present st~dy, copper-exchanged titania pillared clays were 
examined as a catalyst for the reduction of NO~ by prolzene. The 
aim of the present study is to correlate NO removal activity and 
water tolerance of C~#fi-PILC catalysts with their catalytic charac- 
teiistics. The alteration of pore sWucture of bentonite by pilla-mg 
TiQ was identified by N2 adsorption isotherm and low-angle XRD. 
The state of copper species was investigated by H2-TPR and XPS 
and their role for the present SCR reaction system was elucidated. 
An H20-TPD experiment was conducted to elucidate the water tel- 
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erance of  the catalyst 

EXPERIMENT 

1. Catalyst Preparation 
The parent clay for the preparation of Ti-PILC was a bentonite 

which was a purified montmorillomte supplied from Fisher Chem- 
ical Co. The pillanng agent, a solution of partially hydrolyzed Ti- 
polycatims, was prepared by slowly adding TIC14 into a 2 M HC1 
solution and diluted with distilled water to obtain final Ti and HCI 
concentrations of 0.82 M and 0.4 M in the solution, respectively. 
The pillaring agent was aged for 12 h at room temperature v-ior to 
use. lOg of clay was dispersed in a 1.5 L distilled water by vigor- 
ous stil:-ing for 5 h at roon: temperature. The pill~-ing agent was 
then mixed with a clay suspension in the ratio of 5-15 Ti/clay (mmoI 
Ti/g of clay) and left for contacting with the clay for 12 h at room 
tempera~-e. The solid product was separated by vacuum fflh-ation 
and repeatedly washed with deiomzed water until no formation of 
white AgCI precipitate by A g N Q  test It was air-dried at llO~ 
for 12 h and calcined at 300-500 ~ for 5 h for dehydration of Ti- 
polyhydroxy cations and formation of pillar oxides. The TiQ 
content of Ti-PILCs prepared by different Ti/clay ratio is shown in 
Table 1. 

OdTi-PILC catalysts were prepared by ion-exchanging Ti-PILC 
with a cupric nitrate solution. The copper content of catalysts was 
adjusted by changing the concentration of cupric nitrate solution 
and exchanging time. After exchanging with cupric ions, the cata- 
lyst was di-ied at 110 ~ for 12 h and followed by calcination at 500 
~ for 5 h. The numbers in the name of catalysts indicate the cop- 
per contents in wt%. 
2. Catalyst Characterization 
2-1. N2 Adsorption 

N2 adsolption-desorption isothem~ was measured by a Micro- 
meritics ASAP 2010 sorption analyzer using liquid nitrogen at 77 K. 
Pcior to the adsorption of N2, the catalysts were degassed at 150 ~ 
for more than 24 h under v a c ~ n .  The specific surface area of cat, 
alyst was estimated from BET and Langmuir equations. 
2-2. H2-Temperature Programmed Reduction (TPR) 

H2-TPR measurement was made to identify the copper species 
and their reducibility on the catalyst surface. A catalyst smnple of 
0.1 g was charged in a U-shaped quartz microreactor ruth 1/4" O.D. 
It was then pretreated under an He (40 cc/min) flow at 500~ for 
1 h and cooled to room tempera~-e. The consumption of H2 up to 
800 ~ at a heating rate of 10 ~ was continuously monitored 
by gas chromatography with a thermal con&lctivity detector (TCD). 
2-3. H20-Temperatm-e Programmed Desorption (TPD) 

Prior to H20-TPD measurement, a catalyst sample was pretreated 

in a similar way to that desciibed for the H2-TPR measurement. The 
adsorption of water on the catalyst surface was performed by ad- 
ding water to the feed gas stream using water saturator at room tem- 
pera~-e for 30 minntes. After the adsorption of water, the catalyst 
was t iny purged by He to remove loosely bound water molecules 
on the catalyst surface. The water evoNing &~-ing the TPD was 
detected by gas chromatography with a TCD. 
2-4. X-ray Powder Diffraction (XRD) 

X-ray powder diffiaction patteir~s w e r e  observed by an M18X_%IF 
X-ray diffractometer (Mac Science Co.) using a high resolution 
Debye-Scherrer camera. Ni-filtered OxK0~ radiation (2~=1.5415 ~) 
was utilized as an X-ray tube operated at 40kV and 200 m A  To 
precisely examine the pattern of (001) reflection peak in parent clay 
and various Ti-PILCs, the ~ patteir~s in the range of 29 fi-om 3 
to 12 were taken at the steps of 0.02 with a scanning speed of 0.05~ 
min. 
2-5. X-ray Photoelectron Spectroscopy (XPS) 

To identify the copper state on Ti-PILCs catalyst surface, X-ray 
photcelectron spectra were examined by a Perldn-Elmer Pill 5400 
XPS using an Mg Kcz radiation source. Charging effect of XPS spec- 
tra was calibrated by car~n  (ls) line at 284.6 eV associated with 
hydi-ocarbon hnpurities on the catalyst surface. 
3. Reaction Apparatus and Procedures 

NO removal activity was investigated in a continuous flow fixed- 
bed reactor Typical reactant gases for activity test consisted of 1,000 
ppm NO, 1,000 ppm C3H6, 4% O2 and He (balance gas). Water was 
injected to the feed gas stream by using a glass bubbler When water 
was fed to the feed gas stream, its concentration was 10%. Total 
flow rate of feed gas was 250 cc/min. 0.5 g of catalyst was charged 
into a reactor made of a 3/8" SUS tube, and heated by an electrical 
tube furnace. The reactants and products w e r e  analyzed by on-line 
gas chromatography (Shimadzu IvlodeI 14A). NO removal activity 
was evaluated in temps of NO conversion as 2[N2]o,/[NO]j~. 

RESULTS AND DISCUSSION 

1. Characterization of Pore Structure of PILC 
To identify the alteration of pore slrucW~-e by pillaing TiQ into 

bentonite, the pore s~ucture of PILC was examined by N2 adso:10- 
tion method Fig. 1 shows N2 adsoiption and desoiption isothen~as 
of bentonite, PILCs mad copper-exchanged PILC. The bentonite 
reveals a typical adsorption isotherm of microporous material. The 
hysteresis loop becomes pronounced in all PILCs isothem~, indi- 
cating the development of mesoporosity The adsoi~ion isothem~s 
of PILCs show simultaneous development of micropores and mes- 
opores by pillaring TiQ to bentonite. The PILCs prepared in the 
present st~dy show well-developed bimo:M pore size distributions 

Table 1. Specific surface area and pore volume of bentonite and TiO2-pillared clays 

Catalysts BET surface area (m2/g) Langmuir surface area (m2/g) Pore volume* (cm3/g) TiO2 content (wt%) 

Bentonite 33 44 0.079 
Ti-PILC5 289 412 0.255 35.0 
Ti-PILC 10 264 371 0.283 44.6 
Ti-PILC 15 283 399 0.293 43.0 
Cu5.54/Ti-PILC 15 240 336 0.276 43.3 

*BJH desorpfion cumtflative pore volume of pores between 8.5 and 1,500 _K radius. 
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Fig. 1. I~ adsorption and desorption isotherms ol bent~tRe and 
Tt-PILCs. Closed symbol: adserplian oarve, open symbol: 
desorption era're. 

by pillaring T iQ  to bentonite, which is a typical pore slructm'e of 
PILC. TILe micropore md mesopore stmctm~es of  the PILC do not 
seem to be significantly affected by ion exchange of copper ions. 

BE-s and Langm~" surface areas and the poise volumes of all 
samples are stnnm~a-ized in Table 1. Since almost all the samples 
contained tnicropores of only a few moleoa lar dhnension s, the BET 
model based on multilayer adsol]Xion would give an underestimate 
of the san'face m~e& Therefore, Langmuir san'face area is also ~um- 
marized in Table 1. TILe BET surface area of parent bentonite ~vas 
about 30 m2/g, while that of Ti-PILCs increased to above 240 m2/ 
g, which was 8 to 9 times higher than the parrot bentonite. The pole 
vohnre also iucreased up to 3 thnes higher than that of  bentonite. 

The alteration of pore structure of PILC was also identified by 
low-angle X t ~  patterns. As shovel hi Fig. 2, bentonite itself exhib- 
its a characteristic peak at 7 of 20. It is generally assigned to the basal 

(001) reflection peak. Comp~'ed to file tmpillared bentonite, the 
d(001) peak of the pillared clay w~ts shifted toward lower 20 angler 
indicating an increase in the d(001) basal spacing. As the content 
of pill~ed titania increased, the intensity of  (001) reflection peak 
also significantly decreased. It may be due to the ch~acteristic of 
the l~ge interlayer space and the development of  house-of-cards 
~uclure that lacked a long xm~ge stacking ol'der [Cbeng and Y~a~g, 
1995; Chae et al., 2001]. The mesopores of  PILC might be induced 
by the increase of  the d(001) basal ~acing and the formation of 
house-of-cads ~'ucW, re through the delaminalion of the long-ranged 
layer structure as confmned by XRD pattems. 
2, Water  Tolerance of Cu/Ti-PILC Catalyst  

Water tolerance is most critical for the development of colnmer- 
cially applicable SCR catalyst. The water tolerance of Cu/I'i-PILC 
was compared with that of  QtHM and Cu/ZSM-5 catalysts, which 
had been widely examined as SCR catalysts by hydrocarbon. As 
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Fig- 3. Comparison of water tolerance of O]/Ti-PILC with Cu- 
ZSM-5 and OtHM. Closed symbol: without ~ e r ,  open 
symbol: with 10% water. 

(a) 

28  

Fig. 2. X R D  patt~t~as of  bentonRe and Ti-Pn.Cs. 
(a) bentonite, Co) "1"i-P13~c5, (c) "I"i-PILC10, (d) Ti-HLC15. 
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Fig- 4. H20-TPD prolaes of CWTi-PILC and zeolite catalysts. 
(a) CuHM, Co) aLZSM-5, (c) Cu2.14m-PZLC. 
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shown in Fig. 3, although NO removal activity of Cu:I'i-PILC de- 
creases to some extent by 10% water in the feed gas sla'eean, the 
activity loss is not so severe over all the reaction tmnper-da~res. In 
contrast, zeolite catalysts show significant activity loss in the pres- 
ence of 10% water. To understand the ,~eason why the CufI'i-PILC 
is highly tolerable to water conlpmed to zeolite catalysts, file anount 
of water adsogoed to file catalyst stance was measured by H~O- 
TPD. As shown in Fig. 4, the amount of  water adsorbed to oxrf i  - 
PILC is much less than that oll zeolite catalysts, which indicates 
that ~ i - P I L C  is highly trydrophobic, compared to zeolite cata- 
lysts. This is the reason wily the activity of  CSgl'i-PILC is less in- 
hibited by water film zeolite catalyst as shown in Fig. 3. It is well 
knovm that file sa~ppression of water adsorption on pillared clay is 
due to file hydrophobic nature of  oxide pillar surface [Han et aL, 
1999]. The activity loss of CuHM is much severer film Cu/ZSM- 
5. The effect of  water on NO removal activity of zeolite catalysts 
seems to largely depend on the hy~ophobicity determined by file 
amount ofw~ter adsoPoed on their surface. As investigated by H~O- 
TPD, file arnaalt of  water adsorbed oll the smface of CktttM is much 
higher than that of CufZSM-5. The hydmphdgicity of zeolite cat- 
alysts is talovm to primarily depend on their fi'amework 8i/Al ratio. 
It is generally known that file amount of  water adsorption on azeo- 
lite catalyst decreases as its Si/AI trlio ina,eases [Flanigen et al., 
1978]. The degree of activity loss by ueater is consistent with file 
hydi,ophobic nature of catalysts as confmned by H:O-TPD. 

The influence of warn-oil NO mnoval activity of Cu/I'i-PILC 
was also examined by a cyclic opa~ion in the absence and pres- 
ence of water altenlatively as shown in Fig. 5. NO removal activity 
was fully teveisible with respect to file presence o f w a t ~  When 
water was injected to file feed gas m'e~n, the activity quickly de- 
creased, but its original activity was rapidly recovered by stopping 
the water injection. This result indicates that the activity loss in file 
presence of water is possibly due to the competitive adsorption be- 
tween reactants and water on active sites. Tile alta~ion of cupric 
ions on file surface of azeolite to inactive copper oxide clustem was 
talown to be one of reasons for the deactivation by water [Khmas 
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Fig, 5. R e v e r ~ t y  at'NO removal activity wilh respect to the pres- 
ence of water. Catalyst: C~2.14FYi-PILC15, dosed symbol." 
without water, open symbol : with 10% water. 
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Fig. 6. l~ect of copper content on NO ivmoval activity of CWTi- 

PIL C catalysts. 

et al., 1993]. However, the t~vemibility of  activity loss with respect 
to the absence and presence of water may suggest that chemical 
altet~ion of copper species on the PILC surface is not expected 
even in the presence of water. 
3. Effect of  Copp ~r Content  on NO Removal  Activity 

Fig. 6 shows file effect of  copper content of  ~ i - P I L C  catalyst 
on NO mnoval activity. The Ti-PILC itself shows negligible NO 
removal activity over all reaction temperaures. However, NO re- 
moval actMty significantly increases by file addition of copper and 
reveals a bell-shaped curve with t~espect to reaction tempa'atures. 
This suggests that the copper species play amle in promoting NO 
reduction by propene. Howeva,  despite the fact that copper spe- 
cies are active reaction sites, it is observed that NO removal activity 
decreases with file iucrease of copper content It may indicate that 
different copper species exist on file catalyst saul'ace with respect to 
copper content, and NO removal activity largely depends on file 
slate ofcopl~" species. Therefore, an H2-TPR expetsnent was made 
to identify file state of copper species on fiae catalyst s~face. It has 
been reported that file reduction of isolated Cu ~§ species occurs by 
the following two steps [Totre-Abreu et al., 1 9 9 7 a ,  b]. 

Cu2++ Vz_I-I~ ..--, Cu++H * (i) 

Cu++ V~t2 '> Cu~ + I-F (2) 

As shown in Fig. 7, two reduction peaks are observed for all tlaee 
calalysts with different copper content It indicates the exiseence of 
cupric ions on tile catalyst smface. Tile Cu2.14/Ti-PILC catalyst 
with the lowest copper content exhibits two distinct peaks at 200 
and 325 ~ The peaks appearing at lower andhigher temperatm~es 
may be due to fiae reduction of Cu 2§ to Cff and Cu § to Cu ~ re- 
spectively. Comparing the area of two reduction peaks, however, it 
is observed that the peak at higher temperanre is slightly larger thin 
that at lower tempaamre. Moreover, file peak at lower temperature 
becomes linger with file increase of  copper content This indicates 
that mother type of copper species also exists on file catalyst mr- 
face and its ratio to cupric ions becomes larger with file ina~ease of 
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Fig, 7. ]-~-TPR profiles of O~/~-P]LC c~iysts with different cop_ 
p ~  content. 
(a) CuS.54m-PILCi5, Co) Ox3.17m-PILCi5, (c) Cu2.i4?'n- 
PILC15. 
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Fig. 8. Cn 2p XPS spectra of CWTi-PILC catalysts. 
(a) Cu5.54/Ti-PILC15, Co) Cu2.14fri-PILC15. 

copper content. 
To identify the other type of  copper species predominantly exi- 

sting on the c~talyst with higher copper content, ma XPS measure- 
ment was conducted for two catalysts wilh different copper content 
as showa~ in Fig. 8. The Cu5.54ffi-PILC15 catalyst reveals shake- 
up satellite pe~s  conesponding to two main 2p peaks at higher bind- 
ing encase. In contrast, the shake-up s~ellite peaks do not appear 
for Cu2.14/Ti-PILC15 catalyst. The shake-up satellite peak is usu- 
ally characteristic ofCuO spedes [Wangler et al., 1979]. Therefore, 
besides cupic ions, the dominant cq)per species on the catalyst with 
higher copper content was CuO species, ~tfich was suspected to 
exist fi~:~n the inequality of  two reduction peaks observed by H~- 
TPR of Fig. 7. It is well k n o ~  that cupric ions m~e mote active re- 
action sites than CuO for NO~ removal by hydrocarbon [Liese and 
Griinert, 1997; Ym~ et at, 1997]. This is the reason ~hy NO remov- 
al activity decreases with the increase of  copper content; as oh- 
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Fig. 9. ]!lTect of dehydration temperatm~ of pillared day on NO 
removal activity. 

served in Fig. 6. The cupric ions prefemltially exist on the cata- 
lysts with lower copper content. As the copper content increases, 
the copper species exceeding the ion-exchmage capacity of PILC 
exist ha the fonn of  CuO. 
4.Effect of Dehydration T~mpa 'amre  of PILC on NO Re- 
moval Activity 

As one of the important conditions dining the prepa'ation of PILC, 
the effect of dehydration tenapet~ure of  PILC was examined, as 
shown in Fig. 9. NO removal activity increases with the increase 
of copper content up to 2.14 wt%, t~egardless of dehydration tem- 
perature. This is attributed to the fact that copper species primarily 
exist in the foma of cupric ions, which a~e active reaction sites, on 
the catalyst with lower copper content as confamed by H2-TPR of  
Fig. 10. However; maximum NO conversion shills to higher tern- 

:ff 

~ 5  

r 

Fig. 10. H2-TPR profiles of Cu/13-PILC c~talysts prepm'ed ~t dif- 
ferent dehydi-ation temperatui~s. 
(a) Cu2.14/'Ii-PILC15-300, Co) Cul.12/'It-PILC15-400, 
(c) Cu2.61;it-Pmc15-400, (d) Cu1.02~-vmc15doo, 
(e) Cu1.56~-PmC15400. 
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pasture for the catalyst dehy&ated at higher tempa~ture said that 
having Iowa" copper content. The cupric ions on catalyst aho~ing 
maximum conversion at higher temperature are also reduced at 
higher temperaures as observed hi H2-TPR of Fig. 10. The reduc- 
ibility of copper species depends on how mongly they interact with 
the support, The weaker the interaction between copper species and 
PILC fi'~anewcrk, the easier the reduction of copper species. There- 
fore, the easierreduction of copper species is l~ely due to a decrease 
of the electrostatic interaction between copper ions andPlLC fi'ane- 
work with the decrease of dehydration tempa'ature andthe increase 
of copper content. A similar behavior was observed for CMMOR 
and CuMFI catalysts [Torre-Abreu et al., 1997a, b]. 

The reducibility of  the copper species affects the otxa~iug tan-  
pemture window of the catalyst. The catalyst containing copper spe- 
cies, which are easily reduced, decreases the temperature of maxi- 
mum NO conversion mid shifts the operating tempa~ure window 
to lower temperatures. This indicates the redox behavior of  cupric 
ions is directly involved in the reaction mechan~n of NO reduc- 
tion over Cu/I'i-PILC catalyst. The reducibility of cupric ions pos- 
sibly depends on the dehydration temperatm~e mid copper contents 
of  Cu/Ti-PILC catalysts. 
5. Effect of  TiO2 Content on NO Removal Activity of PII_A3 

The effect of TiO2 content on NO removal activity of  PlLC was 
exmnined as shown in Fig. 11. Cu4.69/I'i-PILC catalyst with the 
lowest T iQ  content exhibits higher NO removal actMty than the 
other t ~  catalysts It may indicate that the "1"102 content of  Ti-PILC 
has an effect on the s*a~e of copper species. Note that Ti-PILC5 con- 
tains about 35 wt%, while Ti-PILC10 md Ti-PILC15 do more film 
40 wt%. As already discussed, NO removal activity of Ox~i-PILC 
catalyst considerably depends on the state ofcq:per species. To iden- 
tify the state of  copper species, an H2-TPR measurement was made 
for the flwee catalysts as sho~xaa in Fig. 12. Although not dearly re- 
solved, two reduction peaks are observed for the flame catalysts, hl- 
dicating the presence of cupric ions on the catalyst surface. How- 
eva, the reduction peak at higher temper&ure appears as a small 
shoulder. The large difference of the two peaks area is due to the 
presence of CuO species, besides cupric ions. The larger reduction 

(b) 

Fig. 12. H~-TPR plot-ties of C-'u/Ti-PILC catalysts with different 
TiO~ content. 
(a) C~4.69/Ti-PILC15, (b) C~.96m-~-,C1~, (c) C ~ . ~ a ~ -  
PILC15. 

peak at louver temperature is the supaposition of  reduction of CuO 
and cupric iotas. Comparing the reduction peaks of the three cata- 
lysts, it is observed that the shoulder of  PILC5 appearing at higher 
temperature is larger than that o f  the other two catalysts. It means 
that the relative anaotmt of  cupric ions to CuO species is higher on 
PILC5 catalyst. As already discussed, cupric ions ~a'e more active 
reaction sites than CuO species for NO, removal. This is the reason 
why the Cu4.69?Ti-PILC5 catalyst containing Iowa" T iQ  content 
shows higher NO ranoval activity. Since the pillaring also pro- 
ceeds by ion exchange of precursor material, the available sites for 
copper ion exchange of Ti-PILC decrease with the increase of TiO2 
content. This result saJggests that TiO2 content also affects the state 
of copper species on PILC surface. 

CONCLUSIONS 

�9 ,..~..... c ~ s . ~ . r ~ ! , . . e : ~  [ 
--...,~--.. ~ ;~s .~ '~Y , . . , ~u~s  .j 

. . . . . . . . . .  . . . . . . . . . .  . -  . .  

. . . -  . . . . .  

Fig. 11. Effect of TiO2 content of pillm'ed day on NO removal ac- 
livity. 

Copper-exchalged pillmed clays were examined as an SCR ca-  
alyst fot'NO~ removal by propene. Tile PILCs prepared in the pre- 
sent study showed well-developed bhnodal pore size di~'ibution 
by pillaring TiO2 to bentonite, ,Milch is atypical pore structure of 
PILC. The presence o fwae r  in the feed gas slreana caused a small 
and reversible inhibition effect on NO removal activity of  C ~ i -  
PILC. The water tola'ance of C - ~ - P I L C  was much higher than 
copper-exchanged zeolites such as C ~ I  and CuZSM-5 due to 
its high hydrophobicity as cotffinned by H20-TPD experiment. The 
reversibility of  activity loss with respect to the absence and pres- 
ence of water might suggest that the activity loss in the presence of 
water ~was possibly due to the cotnpefifive adsotption betweaa re- 
actants aid water on active sites. CuTI'i-PILC revealed high NO re- 
moval activity by propene based upon redox mechan~n. Cupric 
iotas on Ti-PILC were active reaction sites for the present reaction 
system. The s~te ofcoptXT species on the s~'face of  Ti-PILC varied 
with the content of copper md "I'iO2. Tire redudbility of cupric ions 
depended on the copper content and debydtrtion temper~ure of 
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PILC. The easier reducibiIity of the copper species had an effect 
on the operating temperature of the catalysts by decreasing the tem- 
perature of maximum NO conversion, which resulted in the stfiff 
of the operating temperature window to lower temperatures. The 
redox behavior of cupric ions seems to be closely related to NO 
removal activity of copper-exchanged PILC cataIyst 

ACKNO%VLEDGEMENT 

This work was supported by Korea Research Foundation Cn-ant 
(KRF-99-003-E00447). 

REFERENCES 

Boer, E R, Hegedtts, L. L., Gottker, T. R. and Zak, K. R, "Controlling 
Power Plant NO~ Emissions~' CHEMTECH, 312 (1990). 

Chae, H. J., N~n, I. S., Yang, H. S., Song, S. L. and Hut, I. D., ~'Use of 
V2OJTi-PILC Catalyst for the Reduction of NO by NH3]' Y[ Chem. 
Eng. Ypn., 34(2), 148 (2001). 

Chen, J. R, Hausladen, M. C. and Yang, R. T., "Delammated Fe203-pil- 
lared Clay: Its t~-epaatioi~, Cna-actefization axl Activities for Selec- 
tive Catalytic Reduction of NO by NH3~' J. Catal, 151, 135 (1995). 

Cheng, L. S. and Yang, R. T., "A New Class ofNon-Zeolific Sorbents 
for Air Separation: Lithium Ion Exchanged Pillared ClayS,' Ind Eng. 
Chem. Rea, 34, 2021 (1995). 

Clio, S. M., "~operly Apply Selective Catalytic Reduction for NO~ Re- 
movalS' Chem. Eng. Prog., 39 (1994). 

Choi, J. H., Kim, S. K., Ha, S. J. and Park, u O., C~ Preparation of 
V2OJTiO2 Catalyst Supported on the Cera~lic Filter Caldle for Se- 
lective Catalytic Reduction of NO;' KoreanJ. Chem. Eng., 18, 456 
(2001). 

Flanigen, E. M., Bennett, J. M., Grose, R. W., Cohen, J. P., Patton, R. L., 
Kirctmer, R. M. and Smith, J. V, "Silicalite a New Hydrophobic Cry- 
stalline Silica Molecular Sieve:" Nature, 271, 512 (1978). 

Ham, S. W., Narn, I. S. and Kim, u G., "Activity and Durability of Iron- 
exchanged Mordenite-type Zeolite Catalyst for the Reduction of NO 
by NH3:' Korean a[ Chem. Eng., 17, 318 (2000). 

Harnada, H., Kintalchi, Y., Sasaki, M., Ito, T. and Tabata, M., '~ 
tion Metal-Promoted Silica aid Alumina Catalysts for the Selective 
Reduction of Nitrogen Monoxide with Propane,'Applied Catalysis 
B: Environmental, 75, 297, L 1 (1991). 

Hamada, H., "SeIeottve Reduction of NO by Hydroc~-bons aid Oxy- 
genated Hydrocarbons over Metal Oxide CataIysts:' Catalysis 
Today, 22, 21 (1994). 

Han, Y S., Y ~ a ,  S. and Choy, J. H., "Addic and Hydrophobic 
Clays Pillared with Mixed Metal Oxide Nano-Sols:' J. Solid State 
Chem., 144, 45 (1999). 

Hong, S. S., Lee, G. D., Park, J. W., Park, D. V~(, Cho, K. M. and Oh, 
K. J., "Catalytic Reduction of NO over Perovskite-type Catalyst' 
Korean ~ Chem. Eng., 14, 491 (1997). 

Iw~wnoto, M., Yahiro, H., Shundo, S., Yu-u, Y and Mizano, N., "Influ- 
ence of Sulfur Dioxide on Catalytic Removal of Nitric Oxide over 
Copper Ion-Excha~ed ZSM-5 Zeolite:' Applied Catalysis E. Envi- 
ronmental, 69, L1 (1991). 

I z~ i ,  Y, Umbe, K. aid Onaka, M., "Zeolite, Clay, aid HeteropoIy Acid 
in Organic Reactions;' Kodansha Ltd., Tokyo (1992). 

Kh~as, K. C. C., Robots, H. J. and Liu, D. J., "Deactivation in Cu-ZSM- 

5 Lean-Bum Catalysts~'Applied Catalysis B: Environmental, 2, 225 
(1993). 

Kim, M. H., Nan, I. S. and Kim, Y G., "Selective Catalytic Reduction 
of Nitrogen Oxide by Hydrocarbons over Mordenite type Zeolite 
Catalysts~' Applied Catalysis B: Environmental, 6, 297 (1995). 

Kim, M. H., Nan, I. S. and Kim, -~( G., ~%Vater Tolerance of Morden- 
ite-type Zeolite Catalysts for Selective Reduction of Nitric Oxide by 
Hy&ocafooias~'Applied Catalysis B: Environmenta~ 12, 125 (1997). 

Kim, M. H., Nam, I. S. and Kim, 5( G., "Reaction Intermediate over 
Mordenite-type Catalysts for NO Reduction by Hydrocarbons~' 
KoreanJ. Chem. Eng., 16, 139 (1999). 

Kintaichi, Y., Harnada, H., Tabata, M., Sasald, M. and Ito, T., "Selective 
Reduction of NO by Hydrocarbons and Oxygenated Hydrocarbons 
over Metai Oxide Catalysts~' CataL Leg., 6, 239 (1990). 

Li, W., Siriiumpen, M. and Yang, R. Z, "Selective Catalytic Reduction 
of Nitric Oxide by Ethyleae in the Presence of Oxygen over C'u 2+ 
Ion-exchanged PiiIared Clays;'Applied Catalysis B: Environmental, 
11, 347 (1997). 

Li, Y., Battavio, R J. and Armor, J.N., "Effect of Water Vapor on the 
Selective Reduction of NO by Methane over Coblat-exchanged 
ZSM-5~' 31 Carat, 142, 561 (1993). 

Liese, T. and GrOnet% W., "Cu-Na-ZSM-5 Catalysts Prepared by Chem- 
ical Transport: Inves~dgations on the Role of Bronsted Acidity and 
of Excess Copper in the Selective Catalytic Reduction of NO by 
Propene;'Y. Catal, 172, 34 (1997). 

Nakajima, F., "Air Pollution Control with Catalysds-Pa% present and 
Future:' Catalysis Today, 10, 1 (1991). 

Sato, S., Hirabayashi, H., YXairo, H., Mizano, N. and Iwamoto, M., "Iron 
Ion-exchmlged Zeolite: the Most Active Catalyst at 473 K for Selec- 
tive Reduction of Nitrogen Monoxide by Ethene in Oxidizing At- 
mosphere~' Carat Lett., 12,193 (1992). 

Teraoka, Y, Ogawa, H., Fumkawa, H. and Kagawa, S., "Influence of 
Cocations on Catalytic Activity of Copper Ion-exchanged ZSM-5 
Zeolite for Reduction of Nitric Oxide with Etheae in the Presence of 
Oxygel~' Catat. Lett., 12, 361 (1992). 

Torre-Abreu, C., Ribeiro, M. E, Henriques, C. and Delahay, G., "Char- 
actensation of CuiVIFI Catalys~ by Temperature th-o~-araned Des- 
orption of NO and Temperature P r o ~ e d  Reduction. Effect of 
the Zeolite Si/A1 Ratio aid Copper Loadmg;'Apptied Catalysis B: 
Environmental, 12, 249 (1997). 

Torre-Abreu, C., Ribeiro, M. E, Henriques, C. and Ddahay, G., ~?-,IO 
TPD aid H2-TPR Studies for Clla-acterization of CttMOR Catalysts. 
The Role of Si/AI Ratio, Copper Content and Cocatiol~' Applied 
Catalysis B: Environmental, 14, 261 (1997). 

Wagner C. D., Riggs, W. M., Davis, L. E., Moulder J. E and Mullen- 
berg, G. E., "Handbook of X-ray Photoelectron Spectroscopy',' 
Perkm-Elmer Corp., Minnesota (1979). 

Yan, J. Y, Sachtler, W. M. H. and Kung, H. H., "Effect of Cu Loading 
and Ad&tion of Mo&fiers on the Stability of Cu/ZSM-5 in Lean NO~ 
Reduction Catalysis~' Catalysis Today, 33, 279 (1997). 

Yang, R. T., Chen, J. P., Kik!dnides, E. S. and Cheng, L. S., "Pill~ced 
Clays as Superior Catalysts for Selective Catalytic Reduction of NO 
~vith NH3~' Ind Eng. Chem. Res., 31, 1440 (1992). 

Yang, R. T., Tharappiwattananon, N. and Long, R. Q., "Ion-exch~ged 
tfi.Ilared Clays for Selective Catalytic Reduction of NO by Ethylelle 
in the Presence of OxygenS' Applied Catalysis B: Environmental, 
19, 289 (1998). 

September, 2001 


