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Abstract: T i�pillar ed clays ( T i�PILCs) were synt hesized from Na�montmor illinite. Cu�doped pillared clays w ere

studied as catalysts for selective cataly tic reduction ( SCR) of NO by propylene. Cu/ T i�PILC show ed high act ivity at

relatively low temperatures. The method of copper loading influences the catalytic activity of the catalysts. The follow�

ing catalysts were also prepared and studied: Fe/ T i- PILC, Ce/ T i- P ILC, Zn/ T i- PILC, Co/ T i- PILC, Ag/ T i-

P ILC and N i/ T i- PILC. N 2 adsorption/ desorption iso therms and por e size analysis were applied to study the influence

of the pillaring process and Cu lo ading on the clay structure.
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� � N itrogen oxides emit ted by automobiles are one

of the main pollut ion of the atmosphere. Energy cri�
sis results in the development of lean�burn ( i. e. , O2�
rich ) gasoline and diesel engines. The select ive

catalyt ic reduct ion ( SCR) of NO by hydrocarbon has

draw n much attention due to its potent ial for the ef�
fect ive control of NO emission in oxygen�rich envi�
ronments.

T he majority of studied catalysts for SCR of

NO by hydrocarbons in the presence of oxygen were

Cu2+ ion�exchanged ZSM�5 and other zeolites, noble
metals and their ion�exchanged forms. Metal ox ides
supported on alumina have also been studied, but are

less active
[ 1� 3]

.

Pillared clays ( PILCs) are two�dimensional ze�
olite�like materials. Since pillared clays have a num�
ber of at t ract ive features, such as high porosity , high

thermal stability and exchangeable cat ions, they have

been w idely used as catalysts and adsorbents. M ore

specif ically, the PILC based catalysts have been

found excellent and can be used as H2O/ SO2 resis�
tant catalysts for the SCR react ions by NH3 and by

hydrocarbons
[ 4, 5]

.

In this w ork, T iO2�PILC ( T i�PILC) w as syn�
thesized. Cu/ T i�PILC w as studied for SCR of NO

w ith propylene. The SCR act iv it ies of pillared clays

loaded w ith a number of other metals w ere also stud�
ied. The structure of PILCs was studied by N2 ad�
sorpt ion isotherms and pore size dist ribut ion analy�
sis.

1 � Experimental

1. 1 � Syntheses of Ti�PILC� T he parent clays were

purified Na�montmorillonite ( Na�M t) . This Na�M t

had a cat ion exchange capacity ( CEC ) of 80

mmol/ 100 g. The pillaring solution of part ially hy�
drolyzed T i�poly cat ions w as prepared by adding

TiCl4 into HCl solution at f irst , then diluted by slow�

ly adding deionized water w ith vigorous stirring. The

solut ion w as aged at room temperature. The pillaring
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solut ion w as slowly added into the suspension of clay

w ith v igorous st irring until the amount of pillaring

solut ion reached a certain Ti/ clay ratio. Subsequent ly

the m ix ture w as filt rated and w ashed w ith deionized

w ater unt il the liquid phase w as f ree of chloride

ions. The sample w as dried and calcined.

1. 2 � Catalyst preparation

1. 2. 1 � Cu2+ �exchanged T i�PILC ( Cu�Ti�PILC) �
Pillared clays were added to 0. 1 mol/ L copper ni�
t rate solution. T he m ix ture w as st irred for 24 h at

50  . The pH of the start ing solution w as adjusted

to 7. 0 by adding a proper amount of ammonia solu�
t ion. T he ion�exchange product w as f ilt rated and

w ashed w ith deionized w ater. The obtained solid

sample w as dried and calcined in air.

1. 2. 2 � Cu�doped�Ti�PILC ( Cu/ T i�PILC ) , and
other metal�doped�T i�PILC ( Fe/ T i�PILC, Ce/ T i�
PILC, Zn/ T i�PILC, Co/ T i�PILC, Ag / T i�PILC and

N i/ T i�PILC) � Metals were int roduced into PILC

by incipient wetness impregnat ion using nit rate solu�
t ion of different metal at 5% w t . metal loading

amount. Then the samples w ere dried and calcined in

air.

1. 3 � Surface area and pore size distribution studies

� A SA3100 surface area analyzer ( Beckman

Coulter ) was used to measure the N2 adsorpt ion

isotherms of the samples. The nitrogen adsorpt ion/

desorpt ion experiments w ere performed at liquid N2

temperature. The pore size distribut ion w as calculat�
ed from the adsorption branch of the N2 adsorpt ion/

desorpt ion isotherms using the BJH formula.

1. 4 � Catalytic studies � T he catalyt ic tests were

carried out in a f ix�bed flow reactor system. The re�
actor temperature w as controlled by a programmable

temperature controller. T he typical reactant g as

composit ion w as as follow s: 0. 22% of NO, 0. 15%

of C2H4, 2% of O2, and balance of He. The space ve�

locity w as 40 000 mL ! h- 1! g- 1 ( ambient condi�
t ions) . The catalyst size f ract ion w as 50 � 70 mesh,

and 0. 5 g catalyst w as used in a typical experiment .

T he concentration of the product stream was cont in�
uously monitored by a FGA- 4015 exhaust g as ana�
lyzer and 102 G GC. The GC had two columns: a

Poropak Q column and a molecular sieve of 5 A col�
umn.

2 � Results and discussion

2. 1 � Comparison of the SCR activities of Na�Mt,

Ti�PILC, and Cu/ Ti�PILC � Fig. 1 show s the

cataly tic behav iors for SCR of NO by propylene in

the presence of ox ygen for Na�Mt, T i�PILC, and
Cu/ T i�PILC.

As shown in Fig . 1, both Na�M t and T i�PILC
have almost no catalyt ic activity in this react ion sys�
tem. T he NO conversion is very low on these two

samples. But the highest NO conversion on Cu/ T i�
PILC is 68. 1% . It illustrates that Cu is the main ac�
tive species and Cu/ T i�PILC is an effect ive catalyst

for the SCR reaction. T he catalyt ic act ivity of Cu/

T i�PILC is higher than other catalysts reported ( e.

g. Cu/ Al�PILC, Cu�ZSM�5, Cu/ Al2O3 )
[ 1, 2, 6, 7] . It

also can be seen that the catalyt ic activity increased

as temperature increased, reaching a maximum NO

conversion, and then decreased at higher tempera�
tures. For Cu/ T i�PILC, the peak temperature is 250
 , low er than other Cu�loaded catalysts

[ 1, 2, 6, 7]
. It

show s that Cu/ T i�PILC has good catalyt ic act ivity

at low temperature and w ithin a relat ively broad

temperature range, in contrast to other catalysts. The

peaking of NO conversion at a certain temperature

for SCR is the result of tw o compet ing react ions: NO

reduct ion by hydrocarbon and ox idat ion of hydrocar�
bon by oxygen. The oxidation of hydrocarbon, w hich

reduces the amount of reductant , become dominat ing

at higher temperatures.

2. 2 � The BET surface areas, adsorption isotherms and

pore size distribution analysis � The BET surface areas

( S BET ) and the pore volumes of Na�Mt, T i�PILC, and
Cu/ T i�PILC are summarized in Tab. 1.

As shown in T ab. 1, pillaring of Na�Mt w ith ti�
tania results in a increase in surface area and pore

volume. T he S BET increases from 79. 94 m
2
/ g to

198. 44 m
2
/ g, and the pore volume from 0. 247 43

mL/ g to 0. 364 05 mL/ g . This means that the large

surface areas and pore volumes w ere the results of

successful pillaring. Introduct ion of copper to the
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T iO2�pillared clays causes some decrease of the sur�

face area and pore volume. It can be explained that

the pores of the pillared clays are partly blocked by

copper species.

T he nitrogen adsorpt ion/ desorpt ion isotherms

of Na�M t, T i�PILC, and Cu/ T i�PILC are show n in

Fig. 2.

� � Tab. 1 BET surface areas and pore vo lumes of Na�Mt, T i�

PILC, and Cu/ T i�PILC

Catalyst S BET/ ( m
2!g- 1) P ore volumes/ ( mL!g- 1)

Na�Mt 79. 94 0. 247 43

T i�PILC 198. 44 0. 364 05

Cu/ T i- P ILC 182. 57 0. 345 66

� � Fig. 1 SCR act ivities over Na�Mt, T i�PILC, and Cu/ T i�

PILC

� � Fig. 2 N 2 adsorption/ desorption isotherms for the Na�Mt,

T i�PILC, and Cu/ T i�P ILC

� � The three adsorpt ion/ desorpt ion isotherms are

the type∀according to IU PAC classif icat ion, a typi�
cal isotherms of mesoporous materials. The hysteresis

loop of Na�Mt is type H3, according to IUPAC clas�
sification. It is consistent with the materials of a lay�
er structure, w hich is the typical st ructure of mont�
morillonite[ 8] . The shapes of the isotherm and the

hysteresis loop of T i�PILC are largely different from

those of Na�M t. The hysteresis loop of T i�PILC is

between type H2 and H3. T his illustrates that the

st ructure of the T i�PILC is not just a layer structure

as Na�M t. T he pillaring of Na�Mt w ith t itania

changes the pore st ructure of the clays. T he adsorp�
t ion isotherms of Cu/ T i�PILC are similar to that of

T i�PILC, it means that the int roduct ion of copper

only decrease the N2 adsorpt ion surface area, and it

does not change the pore structure of the Ti�PILC.
F ig . 3 and Fig. 4 show the BJH pore size distri�

bution of Na�Mt, T i�PILC, and Cu/ T i�PILC. The
three samples all present a unimodal and narrow

peak, it means that the pillared clays has a uniform

pore size distribut ion after the pillaring process. The

main pore diameter of Na�M t is less than 4 nm. After

pillaring by t itania, the pore size increases, mainly

centered at 4 � 12 nm, especially at 4 � 9 nm. It illus�
trates that the successful pillaring process changes

the pore st ructure and increases the pore size and

surface area of the clays. This is favorable for the re�
actant and product molecules pass in and out the

pore, and can increase the available surface area of

active species. After int roduct ion of Cu, the pore

smaller than 6 nm diameter decreased largely, mainly

centered near 9 nm diameter. T his means the Cu in�
troduced into the Ti�PILC mainly entered and in�
habited in the pore smaller than 6 nm diameter.

2. 3 � The influence of the method of Cu introduc�
tion � The introduct ion of Cu into T i�PILC gives

rise to its catalyt ic act ivity. The method of Cu load�
ing can influence the distribut ion and state of the Cu

active species, thus inf luence the catalyt ic act iv ity.

Fig. 5 show s the SCR activities of tw o catalysts pre�
pared by ion�exchanged ( Cu�Ti�PILC) and incipient
wetness impregnat ion ( Cu/ T i�PILC) .
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Fig. 3 Pore size distribution of Na�Mt � � Fig . 4 Pore size distribution of T i�P ILC, Cu/ T i�PILC

� � It is found that Cu�Ti�PILC gave higher NO

conversion than Cu/ T i�PILC, reached 70. 6% at 250

 , compared w ith 68. 1% on Cu/ T i�PILC. But the
act ivity of Cu�Ti�PILC dropped dramat ically as tem�
perature increased. The NO conversion on Cu�T i-
PILC dropped to 21. 3% at 350  , it st ill maintain
53. 9% on Cu/ T i�PILC at the same temperature.

T his result could be due to the nature of the Cu ac�
t ive sites, and the accessible Cu surface areas.

T he BET surface area of Cu�Ti�PILC and Cu/

T i�PILC are listed in Tab. 2. It can be seen from

T ab. 2 that the surface area of the Cu/ T i�PILC is

higher than that of Cu�Ti�PILC. Surface area can in�
f luence the dispersing statue of Cu act ive species.

T his maybe one of the reasons why the act iv it ies of

the two catalysts are different. Further w ork is need�

ed to elucidate the nature of the Cu act ives site for

this react ion.

� � Tab. 2 BET surface area of Cu/ T i�P ILC and Cu�T i�P ILC

Catalyst S BET / ( m
2!g- 1)

Cu/ T i�P ILC 182. 57

Cu�T i�PILC 117. 85

2. 4 � Ti�PILC doped with other metals � In these

experiments, a number of other dif ferent metal�load�
ed Ti�PILC catalysts w ere also studied for SCR of

NO by C3H 6. T he SCR act ivit ies as functions of

temperature for Cu/ T i�PILC, Fe/ T i�PILC, Ce/ T i�
PILC, Zn/ T i�PILC, Co/ T i�PILC, Ag/ T i�PILC and

Ni/ T i�PILC are compared in Fig. 6 as NO conver�
sions.

� � Fig. 5 T he influence o f the method of Cu introduction on

catalyst activities

� � F ig. 6 SCR activities o ver T i�PILC loaded wit h different

metals
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� � As shown in Fig . 6, all catalysts mentioned

above have SCR act ivit ies at different degrees. Com�
paring w ith other catalysts, Cu/ T i�PILC and Co/ T i�
PILC have relat ively high act ivit ies. The NO conver�
sion on these tw o catalysts reaches 68. 1% and

52. 8% respect ively. The peak temperature on Co/

T i�PILC is 450  , it show s that Co/ T i�PILC has

good catalyt ic activity at high temperature range.

Cu/ T i�PILC, Fe/ T i�PILC have good low�tempera�
ture�range activities. The peak temperature of these
tw o catalysts is 250  . By comparing w ith other

metal�loaded Ti�PILC catalysts, Fe/ T i�PILC, Ce/ T i�
PILC and Ni/ T i�PILC have medium SCR act ivit ies,

the NO conversions are 42. 3% , 43. 1% , 38. 7% re�
spect ively. The opt imal reactive temperature on Ce/

T i�PILC is around 350  , while 400  on Ni/ T i�
PILC. Contrast ively, Zn/ T i�PILC and Ag/ T i�PILC
have poor act iv it ies for SCR reaction.

3 � Conclusions

T i�PILC have been synthesized f rom Na�Mt,
the SCR act ivit ies of T i�PILC doped with dif ferent

metals is studied. Cu/ T i�PILC shows good act ivit ies

for the SCR reaction. T he catalyst prepared by incip�
ient wetness impregnat ion( Cu/ T i�PILC) has bet ter

catalyt ic activity than that prepared by ion�ex�
changed( Cu�T i�PILC) . By N2 adsorpt ion isotherms

and pore size dist ribution analysis, the influence of

the pillaring process and the introduction of copper

on the structure of the clays are studied. The pillar�
ing process changes the pore structure of the clays. It

also changes the pore size dist ribution and increases

the surface area. The int roduct ion of copper does not

change the pore st ructure of the T i�PILC.
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钛交联粘土在 C3H 6选择性催化还原 NOx 中的应用研究
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摘要:从钠基土合成了钛交联粘土( T i�PILC) .以交联粘土作为载体负载 Cu,考察了对 C3H6选择性还
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原( SCR) NO反应的催化活性. Cu/ T i�PILC显示了很好的低温活性. Cu的负载方法影响催化剂活性.还研

究了 Ti�PILC 负载其他金属 ( Fe/ T i�PILC, Ce/ T i�PILC, Zn/ T i�PILC, Co/ T i�PILC, Ag/ T i�PILC, Ni/ T i�
PILC)催化剂的催化活性.用 N2 吸附脱附等温线和孔径分布考察了交联过程及铜的负载对粘土结构的影

响.

关键词:交联粘土; T i�PILC; 氮氧化物; 选择性催化还原;催化剂
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Evolution analysis of L ep tosp ira interrogans serovar Lai
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Abstract: It w as studied that a analysis of duplicate genes of L ep tosp i ra inter rogans ser ovar Lai. Through

the concept of divergence t ime S , by means of comparing the rates of nucleot ide subst itution at replacement

and silent sites by performing least�squares analysis, the result shows that early in their history, many gene du�
plicates experience a phase of relax ed purifying select ion, subsequent ly select ion const raint gradually increases

and eventually tendsd to the stability.
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