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Abgract

SHedtive cadytic redudion (SCR) of NO, by hydrocarbons was investigated on Pt doped
MCM-41 and copper ion and/or cerium ion-exchanged AI-MCM-41 in the presence of excess oxygen. It
was found that PYMCM-41 provided the highest gpedific NO reduction rates as compered with other Pt
doped cadyds reported in the literature, such as PYALLQO; and PYZSM-5. For different hydrocarbons, the
catalytic adtivity decressed according to the ssquence of GiHs » GHs >> GeHs > CH.. This catdyst was
dso gable in the presance of H:O and SO,.. Cu exdhanged AI-MCM-41 and ogrium promoted Cu-Al-
MCM-41 (i.e, CeCUHAI-MCM-41) were d0 found to be adive in this reection. Higher NO.
convergons to N; were obtained on the CeCu-AI-MCM-41 as compared with CU-AI-MCM-4L The
adivity of Ce-Cu-AI-MCM-41 was goproximatdy the same as that of Cu-ZSM-5; but the former hed a
wider temperature mindow. TPR resuits indicated that only isolated CuF* and Cu' ions were detected in
the Cur*-exchanged AI-MCM-41 samples, which may play an important rdle in the sdedtive catalytic
reduction of NO, to N.. After some caium ions were introduced into CFAI-MCM-41, CU* in the
malecular Seve became more esdlly redudble by H.. This may be rdaed to the increese of cadytic

adtivity of NO, reuction by ethylene



1. Introduction

Removd of NO, (NO + NO,) from exhaust gesss is a chdlenging subject which has been
extengvdy dudied in recant years The Hedtive cadytic reduction (SCR) of NO is one of the mogt
effective means For large power plants, V-Oy/TiO; hes been the main commerdd catdyd for SCR with
NH; for dationary sources [1]. However, for diesd- and gasolinefuded engines in vehides the use of
NHs-besad SCR techndlogies is not practical because of the high cogt and NH;s handiing problems The
threeway cadyd hes been usad commeradly in gesdline engines for reduction NO to N, by carbon
monaxide and hydrocarbons under richHburn conditions, but it becomes indffective in the presence of
excess oxygen [2). The firg cadys found to be adive for sdedtive catdytic reduction of NO by
hydrocarbons in the presance of excess oxygen was copper exchanged ZSMI-5, reported in 1990 by
lwamoto et d.[3] and Hed et d.[4]. A large number of catdyss have been found to be adtive for these
reections Snce 1990, such as Cu-ZSM-5 [3-6], Co-ZSM-5 and Co-Ferigite [7-9], Ca/Al20310], Ce-
ZSMI-5 [11], Cu¥*-exchanged pillared day [12, 13], FeZSMI-5 [14], P-ZSM-5 [15], RivZSMI-5 [16],
PYAILO; [17-19], and supported Agl20]. Although Cu-ZSM-5 is vary adtive and the mogt intensively
dudied cadyd, it suffers from severe desctivation in engine tests, manly due to H,O and SO, [21, 22).
By compaison, P-ZSMI-5 wes found to be more adive then Cu-ZSMI-5 ad FeMOR & lowe
temperaures (127-277 °C) [14] and the catdyds containing Pt were stable in red diesd exhaust [23).
But they produced much N:O.

MCM-41, anew membe of the zedlite family, shows aregular hexagond aray of uniform pore
openings with pare dimengons between 1.5 and 10 nm [24, 25]. Because it has high thermd dahlity,
high BET surface aress and large pore vaumes, MCM-41 has dreedy dtracted condderable interess in
recent years It has been sudied as cadyds support and sorbentg26]. Corma and co-warker's [27]
reported a good cadytic adtivity for MCM-41 in Hective oxidation of hex-1-ene with HG;, ad
norbornene with terbutylhydroperaxide on Ti-MCM-41 cadys. Fe-AI-MCM-41 were d<o reparted by
Yang . d. [28] as agood cadyd for sdedtive cadytic reduction of NO with NHs. In this work, we



invedigated the adtivity of platinum doped MCM-41 and Cu exchanged AI-MCM-41 cadygsin SCR of
NO with methane, ehene, propane and propene in the presance of excess oxygen. The dfects of oxygen,
water vgpor and sulfur dioxide on SCR adtivity were dso Sudied.

2. Experimenta

2.1 Preparation of Pt/MCM-41 catalyst

Pure slicaMCM-41 was syntheszed according to the proosdure given by Kim et d. [29]. 30.1
m sodium slicate solution (containing 14% of NaOH and 27% of SO,, Aldrich) was dropwise added to
athree-neck flask containing amixture of 41.3 ml odtyltrimethylammonium chioride (CTMAC, 25 wit%
inwater, Aldrich), 0.6 ml 28 wt% NH; agueous solution (JT. Baker) and daonized water, with condant
dirring a room temperaure. The resulting gd mixture hed the fallowing molar compogtion: 1 SO :
0.166 CTMAC! : 0.388 N&O : 00247 NH.OH : 40 H;O. After dirring for 1 h, the mixture was heated to

97 °C for 24 h, then cooled down to room temperature and the pH was adjusted to 10.2 by adding 2N
HNGs. The reaction mixture (pH=10.2) was heated to 97 °C agan for 24 h. This procedure of pH
adjusment and subssquent heating (for 24 h drraion) was repegted twice Fndly, the product was
filtered, waehed with deionized water, dried a 110 °C for 12 h and then cdned & 560 °C for 10 hina

flow of ar (150 ml/min). 055 wt% PYMCM-41 catdyds were prepared by usng the indpient wetness
impregnation method with hyadrogen hexachloropldinete (IV) hydrate (99.9%, Aldrich) as the plainum

precursor. After calcination a 500 °C for 4 hin ir, the sampleswere arushed to 60-100 mesh.

2.2 Preparation of Cu-Al-MCM-41 catalyst

Fumed dlica (99.8%, Aldrich), tetramethylammonium hydroxide pentahydrate (TMAOH, 97%,

Aldich), ), 25 wt% ocayltrimghylanmonium  dilaide (CTMAC) in wae  (Aldich),



Al[CHsCH(CH:)OJs (97%, Aldrich) and NaOH (98.1%, Hsher) were ussd as source maeids for
prepaing Al-MCM-41

The AI-MCM-41 (S/AI=10) sample wes synthesized according to the proosdure given by
Borade and Clearfidd [37]. Solution A was prepared by dissolving 1.325 g TMACOH in 100 ml daonized
water and then adding 5 g fumed dlica. Solution B was obtained by dissolving 0.72 g NaOH in daonized
water and adding 25 ml CTMAC falowed by adding 219 ml Al[GHsCH(CH:)OJ; & room temperature
The two olutions were dirred for 10-15 min, then solution A wias added to solution B. The resction
mxtue hed the fdlowing chemicd ocompodtion 1S0,-0.05A1:0-023CTMACI-011N&O-
0.089TMACH-125H,0. After being dirred for 15 min, the mixture was trandared into a 250 ml three-
neck flask and wes then hested a 100 °C for 48 h. After filtering, the solid was washed, dried and
cddned & 560 °C for 10 hinaflow of air (150 mi/min).

The coppar and ogium ion-exchanged AI-MCM-41 were prepared by using conventiond ion
exchange prooedure & room tempearature Solutions of 0.02 M CuNGs). (edjuding pH vaueto 4.5 by 2N
HNG;) and 002 M CgNOs); were used for exchange The CeCu-AI-MCM-41 catdys waas obtained
from QU exchange of the Ce-AI-MCM-41 sample; Ce exdhange wias done first because it was harder
then copper exchange Al the exdhange processes weere repedted three times and each time wias carried out
for 24 h. After the ionrexchange procedurg, dl the samples were cddned & 550 °C in ar for 4 h. The
CUAl in the CFAI-MCM-41 adbtained by neutron adtivation andyss was 0.372 (i.e, 744% ion
exchange), and C&Al in Ce-Al-MCM-41 was 0.164 (i.e, 49.2% ion exchange). In Ce-Cu-Al-MCM-41

sample Ce/Al and CU/Al were 0.053 and 0.37, respectively, i.e, 89.9% totd ion exchange

2.3 Characterization of catalyst



The powder X+ay dffraction (XRD) messuremant was caried out with a Rigaku Rotaflex

DIMax-C system with CuKa (I = 0.1543 nm) rediation. The samples were loaded on a sample holder

with adepth of 1 mm. XRD peattems were recorded in the ranges of 29 = 1-10° and 30-70°.

A Micomeritics ASAP 2010 micropare Sze andyzer was used to meeare the N, adsorption
isotherm of the samples at liquid N, temperature (-196 °C). The oedific surface aress of the samples
were determined from the linear portion of the BET plats (PR = 0.05-0.20). The pore Sze didribution
was cdculaed from the desorption branch of the N, adsorption isotherm using the Barrett-Joyner-Hdenda
(BH) Formula, as suggested by Tanev and Vlaev [30], because the desorption branch can provide more
informetion about the degree of blocking then the adsorption branch hence the best resLilts weere obtained
from the BH formula Prior to the surface area and pore Sze didribution messurements the samples

were dehydrated a 350 °C for 4 h.

The digpardons of Pt in the PIMCM-41 catdyds were messured by CO chemisorption on a
thermogravimetric andyzer (TGA, Cahn 2000 Sysgem 113). Pior to CO chemisorption, the ssampleswere
firet reduoad by Hz (5.34% H, in N,) a 400 °C for 5 h or more, fallowed by coolaing to room temperature

in He flow. Chemisorption of CO was pafomed a room tempaaure (with 1.03% CO in He).
Equilibrium was assumed when no further waight gain was absarved.  Based on the amount of CO
adsorbed and assuming 11 retion for P CO, Pt digpersons were obtained.

The redudhbility of cadys was chaadtaized by tempaaureprogranmed reduction (TPR)
andyss In eech expaimant, 0.1 g sample was loaded into a quartz reector and then pretreated in aflow
of He (40 ml/min) a 400 °C for 0.5 h. After the sample wias codled doan to room temperature in He, the
reduction of the sample was carried out from 30 to 700 °C in aflow of 5.34 % H,/N, (27 mi/min) a 10
°C/min. The conaumption of H, was monitored continuoudy by athermd condudtivity detector. The water
produced during the reduction was trgpped in a5A molecular Seve column.

2.4 Catalytic Activity



The SCR adtivity messurement was caried out in a fixed-bed quartz reector. The reection
tempearaure was contralled by an Omega (CN-2010) programmable temperature contraller. The typicd
reactant gas composition was asfallows 2000 ppm NO, 1000-3000 ppm hydrocarbons (CH., CHs, CaHs
and GHs), 0-7.8% O, 500 ppm SO, (when used), 5% water vepor (when used), and belance He The
totd flow rate was 250 ml/min (ambient conditions). The premixed gases (1.01% NO in He, 1.05% CH,
inHe, L.04% CH. in He, 1.07%% C:Hs in He, 0.98% CsHs in He and 0.99% SO, in He) were supplied by
Maheson Compay. The NO ad NO. concentrdions were continuoudy monitored by a
chamiluminescent NOINO, andyzer (Thermo Hectro Corporation, Modd 10). The other effluent gases

were andlyzed by ages chvomatograph (Shimedzu, 14A) a 50 °C with 5A maecular Seve cdumn for O,

N. , CH, and CO, and Porgpek Q column for CO,, NzO, GHs., CsHs and GeHs. Other detalls of the SCR
reaction sysem was destribed dsevhere [31].

3. Resultsand Discusson

3.1 Pt/MCM-41 catalyst
The XRD pattem of pure MCM-41 (not shown) condsted of one very srong pesk a 29 = 2.14°

and three week pesks & 20 = 3.77°, 4.31° and 5.79°, which can be indexed, respectively, to (100),
(110), (200) and (210) diffraction peeks charatteridic of ahexegond sructure of MCM-41 [24, 25, 29).
Accarding to the vaue of thoo (oo = 4.14 nm), the unit odl dmendon (a= 4.78 nm) was cdculaed by
udng theformula a= 2010/ OB, After platinum dopings on the MCM-41 sample, the XRD pétens were
essantidly unchanged (Fig.1), indicating thet the indpient wetness impregnation process did nat dter the
framework sructure of this zedlite. The platinum metd phase, with pesks a 29 of 39.73°, 46.24° ad
67.41°, could dso be identified in the XRD pattemns of the PYMCM-41 catdysts These three pesks were

reflections of, respectively, (111), (200) and (220) faces of the cubic platinum med dructure. With

increeang amount of platinum the intengties of these pesks were san to increese. No plainum oxide



phase was detected, whose three strongest pesks would have bean found a 20 of 34.8°, 425° and 54.9°.
This was mogt probably due to its good digoerson on the catdysts The BET pedific surfece area, pore
volume, average pore diameter, platinum digperson of the YMCM-41 cadyds are summarized in Table
1 The PMCM-41 cadyds were found to have narrow pore Sze digributions with pore Szes near 3.8
nm, high BET surface arees( > 900 nv/g) and large pore valumes( > 1.00 am/g). The Pt digpersion
obtained by CO chemisorption wias betwean 54% and 24% on the 05-5% PYMCM-41 cadyss with
higher digpersonsfor lower Pt amounts

The cadytic paformance of 055 % PYMCM-41 for the reduction of NO with GHs isshown in
Table 2. At lower temperatures(bdow 200 °C), NO convearson and GsHs conversion were smal. With
increesing temperaure, NO converson was found to increese & fird, passang through a maximum, then
Oecressed & higher temparaures. The maximum NO converson gopeared a the temperature & which
propene converson reeched 100%. Carbon dioxide was the only product (besde water) of propene
oxidaion. TheN baance and C bdance were above 94% in thiswork. Smilar to other platinum doped or
exchanged cadyds reported in the literature, NLO was the main product. This may be rdaed to the fact
that platinumis a poor N;O decompostion cadyd [19,32]. When the platinum amount increesed from
05% to 5%, the pesk NO convarsion temperature decressad from 275 °C to 250 °C. At high

tempadures, the loss of cadytic adtivity was due to the oxidaion of GHs by O.. The tumover
frequendes (TOF) for the converson of NO, defined as the number of NO malecules convated per
suface Pt a@om pear second, are d<0 given in Table 2. With the increese of plainum amourt, the

maximum TOF was found to decreese. The Steedy-date NO redudtion rate (mmoal/gh) wias cdeulated as

[8]
NO reductionrae=- dNOJ/dt = X /w @

whare k was inet molar flow rate of NO, € was NO converson and w was waght of the cadys. The
maximum NO reduction rate on these PYMCM-41 cadyds were 3.6-4.3 mma/gh a 275 or 250 °C,

which was higher than 2.8 mmoal/ gh oltained on 1% PYAILQ; catdyst [19] under smilar conditions



Hameda e d[17] reported thet the activity for SCR decreased sgnificantly when duminawas replaced by
slicaasthe support for Pt. Pt supported on ZSM-5 dso showed SCR adtivity [33]. However, the Ptwas

doped on the extarior surface of the ZSMI-5 aydds, and hence was nat an effedtive support [34]. This
indicates that the nature of the support plays an important rale in the activity of NO reduction with
hydrocarbon on platinum. The high adtivity obtained on the PYMCM-41 catdysts wes likdy due to the
large pores and high surface area of MCM-41. Pore diffuson limitation isknown to be sgnificant for the
SCRrection [29].

Itiswdl known thet oxygenisimportant in SCR reections of NO bath by hydrocarbons[34] and
by NHs [1]. The effect of O, on SCR by GHs over 1% PYMCM-41 a 250 °C wes sudied, and the

reults are shown in Hg. 2. In the aosence of O, dmogt no adtivity was obtained. When 05% of O, wes
added to the reactant ges mixture, NO converson was found to increase ggnificantly to 88% and GiHs
converson dso reached 100% at the same temperature. After thet, NO converson decressed dightly with
the increase of O, conocentration. It is known that reduced plainum aoms play an important rale for NO
converson [34, 35]. Burch and Waling reported that aoout 14% of plainum atoms on the PYALG:;
catdys urface were in the reduced form under the reaction conditions and thet NO did nat convert to N,
on a compledy oxidized, supported platinum cadyd [18, 35]. In this work, after the PMCM-41
cadysswere cddned a 500°C inar (21% of O,), the plainum meta phase was dill detected by XRD.
The XRD result combined with the high dispersons were indirect evidence for the high probehlity thet
there exigted reduced Pt atoms on the surfece. The reduced platinum atoms could be the active Stes for
NO reduction. The rale of oxygen was atributed to its reaction with hydrocarbon fragments left on the Pt
Stes and thus prevention of the deectivation of the active Stes by coke formation[34).

In order to compere diredly the effect of different hydrocarbons on SCR adtivity of NO, we do
sudied the cataytic performance on the 1% PYMCM-41 sample using CH., C:Hs and GiHs as reductants
a the same carbon concentration condition, i.e, 3000 ppm of CH., 1500 ppm of GH, and 1000 ppm of
GsHs, as compared with 1000 ppm of GsHe. The reulits are shown in Hg. 3-6. For CH. and GiHs, no or
little adtivity for NO reduction was found on the 1% PYMCM-41 catdys in the temperaure range of



150-450 °C (Fig. 3and Fig. 5). At higher temperatures, only asmall amount of CH, was oxidized to CO,
by O, while alarge amount of CsHs was converted to CO; by O;. By comparison, aveary high adtivity was
obtained when GH: and GHs were used as the redudtants (Hg. 4 and Fg6). The maximum NO
converson reeched 81% a 225 °C. Thisindicated that C:H and CaHs were exodllent reductants but CH,

and GHs were poar reductants for SCR of NO over the MCM-41 catdys. Smilar phenomenon was
obsaved on PYALO; and PYSO, cadyds [36]. This difference is rdated to the naure of these
hydrocarbons. Ethene and propene have a C=C double bond and are essy to adsorb on pldinum aoms
and thus resuilt in a high converage of these dkene gpedes So the surfaceis reedily reduced to Pt @oms
However, methane and propane are saturated hydrocarbons and thus mugt have the C-H bond broken to
chemisorb on the Pt surface: So adsorbed oxygen is the predominant surfece gpedies [36]. Because the C-
H bond energy in the CH, malecule (105 kea/mal) is larger then thet in CsHs malecule (95 ked/mdl), a
higher CsHs converson wias obtained using GsHs as the reductant then thet usng CH, as the reductant in
the high temperature range. It is not surprisng that Pt and PtO might have different cataytic propearties
for CR reaction of NO on platinum doped cadyds. Ethene and Propere are better reductants then
methane and propane on the AYMCM-41 catdy 4.

The dfet of HO and SO, on SCR adtivity of NO with GHs on 1% PRMCM-41 cadyd is
shown in FHg.7. The result exhibited that the PYMCM-41 cadys wes a dable catdyd. After bang on

dream for 10 h & 225 °C, under the conditions of 1000 ppm NO, 1000 ppm CaHs, 2% of O, He as

balance and 250 mi/min of totd flow rate, NO converson remained a 80-81%. When 5% water vapor
and 500 ppm SO, were added to the reectant gas, the catdytic performance remaned unchanged in the

following 4 ha 225°C,

3.2 Cu-Al-MCM-41 catalyst

3.2.1 Characterization of catalyst
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The powder XRD pettems of AI-MCM-41 and iontexchanged AI-MCM-41 samples are hown
in FHg. 8. The patten of AI-MCM-41 is conagent with that reported previoudy for the AI-MCM-41
molecular Seve [37] ad al XRD pesks can be indexed on a hexagond Idtice with dio = 4.1 nm.
Accarding to the vaue of d, the unit odl dmendon (a=4.7 nm) was cdculaed by the foomula a=
2010/13. After the sample was exchanged with copper ions andlor carium ions, the shgpes of XRD
petterns were essentidly unchanged, indicating thet the ion exchange process did nat affect the framework
dructure of thismadecular seve No axide phase (CuO or Ce0s) was detected in these samples

The BET spedific surface area, pore volume, average pore dameter of the AI-MCM-41 and ion
exchanged AI-MCM-41 samples are summarized in Table 3. These samples were found to have narrow
pore Sze digributions with pore Sze of ca 4.2 nm, high BET spedific surface aress ( ca 900 n/g) and
high porevolumes (> 1.00 onv/g).

TPR can be usad to identify and quantify the copper oedes in copper ion-exchanged zedlite
[38]. As shown in Fg. 9, no H. consumption was found on the Ce™*-exchanged AI-MCM-41 sample
bdow 700 °C, indicating thet the C€™ in the framewark of AI-MCM-41 is vary had to be reduced to
lower vdence For Cu-AI-MCM-41 and Ce-Cu-AI-MCM-41 samples, the TPR profiles showed two
reduction pesks which suggests a two-gtep reduction process of isolated Cu™ goedies [38]. One pesk
appeared a alower temperature, indicating thet the process of Cu** ® QU™ occurred. The other pesk a a
higher temperature suggests that the produced Cu'” was further reduced to CuP. According to these resuits,
we can condude that no CuO aggregetes exided in the two oopper ionunderexchanged AI-MCM-41
samples (i.e, CUAI < 05) because the CuO aggregetes would be reduced to CU° by H. in one sep a
about 230 °Cif they exigted in the two samples [38]. Thiswas in line with the above XRD reault that no
CuO phase was detedted in the two samples. Copper in the CFAI-MCM-41 and CeCUrAI-MCM-41

manly exiged in the form of isolated copper ions Ddahay et d. dso reported theat copper was manly

11



presant asisolated CU* gpedies in underexchanged Cu-Betaand Cu-MA zedlites [38]. The ratios of H.
consumption to Cu for the sacond pesk (Cu” ® Q) in the two sampleswere dose to 05 (Table 3); by
comparison, the H,/Cu ratios for the firgt pesk (CUF" ® QU ) were lower thean 05 (Teble 3). This
phenomenon could be acoounted for as the resuilt of partid reduction of Cu™* to Cu'” during the course of
catdyd preparation (cadnation a 550 °C) or pretrestmeant a 400 °C in aflow of He In addition, the
reduction temperatures of Ce-CU-AI-MCM-41 were about 20 °C lowe then those of CUFAI-MCM-41
(323°C vs 342 °C and 540 °C vs 561 °C, asshown in Fg. 9), suggesting thet the Cu’* and Cu” ionsin
the former are more easily reduced than thosein thelatter. Thisis reesonable because when Na' inthe Al-
MCM-41 was parttialy subdtituted by Ce*, the positive charges in the framework would increase and thus
leed to wesker dedtroddic interactions between AlI-MCM-41 and the copper ions As expected, this
would dso resit in alower CUP*/CU” ratio in the Ce-Cu-AI-MCM-41 then that in the CFAI-MCM-41

(0.73vs 0.80, asshown in Table J) dter the sampleswere tregted a 400 °CinHe.

3.2.2 NOx reduction activity of catalyst

The cataytic paformance of the catdygsfor SCR reaction of NO, with G:H, as functions of the
reaction temperaure are summarized in Fg. 10 and Fg. 11. Ce™-exchanged AI-MCM-41 wias found to
be inactive in this reaction & 250-600 °C; dmogt no NO, was reduced to Nz, but some GH, was
oxidzed to CO; by O, a& higher tempaaures. Over the CU-AI-MCM41 ad CeCu-AI-MCM-41
cadyss, only a amdl amount of NO, was converted to N, a 250 °C. With the increese of reaction
tempaaure NO. convason incesssd, passing through a maximum, then decreessd & highe
tempearatures. No nitrous monoxide and carbon monoxide were detected in the temperature range and N»
was the only product containing nitrogen. The nitrogen balance and carbon baance were bath above 95%

in this work. The deareese in NO, converson & higher temperaures was due to the combugtion of

12



ehylene Ce-Cu-AI-MCM-41 dways showed higher NO. conversons then Cu-AlI-MCM-41, indicaing
thet carium ions played an important promating effect in the catdys (because no adtivity was obtained on
CeAl-MCM-41 sample). The maximum NO, converson reeched 38% a 550 °C over the Ce-Cu-Al-
MCM-41 catdys, which waas about 15% higher then thet over CU-AI-MCM-41. The ehylene converson
reeched 100% a 500 °C on Cu-AI-MCM-41 catdys. The convarsons of ethylene on CeCu-AI-MCM-
41 werefound to be lower then those on CU-AI-MCM-41 before they reached 100% (Hg. 11).

It iswdl known thet oxygen is impartant in the SCR reection of nitric oxides by hydrocarbons
The efect of O, concentration on NO. conversion to N, was ao invedtigeted a 500 °C on Ce-Al-Cu-
MCM-41 cady4. Asshown in Hg. 12, dmog no NO; reected with ehylene in the absance of O,.. After
O, was introduced into the fead mixture, NO, converson was dgnificantly increesed. This indicates that
oxygen plays an impartant rde for the reduction of NO, by GH., as we expected. The maximum
converson reeched ca 38% in the presence of 1-1.6% O, . After that, NO. converson was found to
Oecrease dightly at higher O, concentrations. GH, converson dways incressed with the increese of O,
concentretion.

The effet of H,O and SO;, on the catdytic adtivity of the Ce-Cu-AI-MCM-41 catdyst was do
dudied in thiswark. As shown in Fg. 13, the CeCu-AI-MCM-41 was gable in the asence of HO ad
O.. However, when 23% water vgpor and 500 ppm SO, were added to readtion gasss, the NO,
converson was found to decrease from 36% to 21-22% at 500 °C on the catdyst. No deterioration of
catdys was obsarved dter 30 min of running under these conditions The dfedt of H,O and SO, was

revarsble When HO and SO, were removed from the reectants the catdytic ativity was resored.

3.2.3 Discusson
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When sodum ions in AI-MCM-41 were patidly exchanged by copper ions or copper ad
cgium ions, the CFAIIMCM-41 and CeCU-AI-MCM-41 catdysts showed a high adtivity in SCR
reaction of NO, by ethylenein the presance of excess axygen. Since the samples without copper (i.e, Al-
MCM-41 and Ce-AI-MCM-41) showed little or no ativity in this reection, copper ions dealy play an
importart rale for the redudtion of NOx to N.. Iwamato and coworkers sudied the effect of zedlite
dructure on the catdytic perfaormance of SCR reection by compearing NO. converson on different zeolites
that were subjjected to copper ion exchange [3]. In addition to Cu-ZSMI-5 (S/Al = 11.7), CuF*-exdhanged
feariaite (S/Al = 6.2), mordenite (S/Al = 5.3), Zedlite L (S/AI = 30) and Zedlite Y (S/Al = 2.8) were
a9 invedigated. They found that the maximum adtivity waas obtained on Cu-ZSM-5 and the lowest
adivity was on Cu-Y. The maximum NO, converson (ca 40%) was obtained on the Cu-ZSM-5 & 250
°C under the conditions of catdyst = 05 g, [NO] = 1000 ppm, [CHy] = 250 ppm, [O2] = 2% and totd
flowrate = 150 ml/min [3]. Ddahay & d. [38] and Cormaet d. [39] do reported that asmilar cataytic
adivity for NO, reduction was obtained on Cu-Beta zedlite as compared with Cu-ZSM-5. In this work,
we found that CFAI-MCM-41 wes dso adtive for NO, reduction to N, by ehylene in the presence of
ex0ess oxygen, but the activity was lower then that of Cu-ZSM-5. However, on the Ce** promoted Cu-Al-
MQOM-41 catays, we otained 38% NO, conversion & 550 °C, which was dose to the maximum veue
onthe Cu-ZSMVI-5 cadys under the same condiitions, as shown in Hg. 10. The maximum NO, converson
on the Cu-ZSMI-5 was dotained a alower temperature (300 °C), but Ce-Cu-AI-MCM-41 catayst hed a
wider temperature window (j.e, awindow of 200 °C vs 95 °C a NO« convarson > 25%, as shoan in
Hg. 10). Like Cu-ZSM-5, the catdytic adtivity on the CeC-AI-MCM-41 catdys decressed in the
presnce of H:O and SO.. The inhibition of cadytic activity by H:O and SO hes been extensvdy
dudied on CZSM-5 catdys [40-42). Two reesons were propossd for the deedtivaion. One was

compdtitive adsorption for the active stes by HO and SO;; the ather wias framework dedlumingtion of
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Z39VI-5 dter it was subjected to prolonged exposure to wet exhaudt ges a high temperatures [40-42). The
former was reversble the latter was irreversble. It hes been reported that AI-MCM-41 has a high
hydrothermd gtahility [30]. For example, it is stable after heating a 800-900 °C for 2 h in the presance of
2.3% HO/O; [3(]. In thiswark, the Ce-Cu-AI-MCM-41 catdyst was only exposad to 2.3% H,O a 500
°C for ashart time, hence it wasimpossible for framework dedluminaion of AI-MCM-41. The resson for
deactivation by H,O and SO, weas likdy due to competitive adsorption on the copper Stes by HO ad
0. Our previous study aso showed that SO, could adsorb on the same sites as those by NO, over G-
exchanged pillared days.

H-TPR and XRD reaults showed thet the copper in the Cu-AI-MCM-41 and Ce-Cu-AI-MCM-
41 was mainly presant in the form of isolated Cu?* ions. CUf* ions could be partialy reduced to Cu” ions
when the ssmpleswere tregted & high temperatures. Almogt no CuO aggregates weere detected in the two
cadyds Thisisconggent with the results obtained in ather zedlites (eg., ZSMI-5, Betazedlite, etc.) that
were undarexchanged by QU7 [38)]. Theisolated CLF* ions may play animportant ralein the SCR reaction
o NO, by ethylene Severd authors have damed that the adtive spedies for SCR reation of NO. ey
involve a Cur/CuU" redox cyde in Cu*-exchanged zedlites [38, 39, 43]. In the presence of hydrocarbon
(eg., CHi, GoHs, CoHs, €tc.), the Cur* would be reduced to Cu' and then Cu” was oxidized back to Cu*
by NQ,, thus completing the catdytic cyde. The X-ray aosorption near edge structure (XANES) dudy of
Liu and Rabota [43] reported that a Sgnificant proportion of copper was in the form of Cu" in the
presence of propylene (one of the sHedtive redudng agants), even in a lage excess of oxygen.
Furthermore, the concentration of cuprous ions fallowed the same trend with temperaure as that of NO,
converson in the reection. But the use of non-sdedtive redudng agant (eg., methane) did not leed to the
formation of Cu'’. Hence, they conduded that cuprous ions are essntid for this reaction. However, mare

recently, Haler and coworkers [44] used in dtu XANES andyss together with comperison of the
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cadytic benaviors of Cu-ZSM-5 with CuO/AIO; and CUO/SO, sytems and indicated thet the rate
limiting Sep of the reection took place on cupric axides They suggested that zeolite supports did nat play
an esattid rale in the reaction and thet the mechanism might not involve a CF*/Cu' redox cyde. Their
condusonswere based on the fact that the CUO/ALO; sample showed ahigher adtivity in the reduction of
nitric oxides then the C-ZSMVI-5 under their experimentd conditions. On the ather hand, reports dso
exig showing that Cu-ZSM-5 (with high exchange, eg., 80-100%0) was more adtive than CuO doped
AlO; [34]. In thiswork, only isolated Cuf* and Cu'” ions were detected in CU-AI-MCM-41 and Ce-Cu-
MCM-41 cadyss suggesting that CuO aggregates may nat play an important rale in this reection on
these two catdyds After some ogium ions were introduced into Cu-AI-MCM-41, copper ions in the
malecular Seve become more easly redudble by H.. This may be rdated to the increese of cadytic

adtivity of NO, reuction by ethylene

4, Condugons

055 wt% PYMCM-41 catdyds were prepared and sudied for the sdective catdytic reduction
of NO with CH,, CHs, GHs and GsHs in the presence of excess oxygen. The cadyds hed high BET
urface aress (> 900 nT/g) and large pore vaumes( > 1.00 onv/g ). Platinum med partides were
Oetected in these catdydts & room temperature by XRD. A high adtivity for NO reduction was obtained

when GH, or GsHs wias usad as the reductant and the maximum NO reduction rate reeched 4.3 mmoal/gh

under the conditions of 2000 ppm NO, 1000 ppm GHs, 2% of O, and He as bdance but no or little
adivity was found when CH; or GiHs wias used. This difference wes rdaed to the differet  neture of
these hydrocabons The PPMCM-41 catdyst showed a good sahility. H:0 and SO, did not cause
deectivation of the catalyt.
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Besdes PMCM 41, CU-AI-MCM-41 and Ce-Cu-AlI-MCM-41 were dso found to be adtive in
the reduction of NO; to N by ethylene in the presance of excess oxygen. Due to the interaction between
carium and copper, the copper ions in the Ce-Cu-AI-MCM-41. could be reduced by H. more eeslly then
those in the Cu-AI-MCM-4L The forme d0 showed higher NO« conversons than the later in the
temperature range of 250-600 °C. In the copper ion-exchangad AI-MCM-41 cadydts, the copper spedies
wae manly presant in the form of isolated CU* ions, which may play an important role in the sdective
cadytic reduction of NO, to N.. H:O and SO, caused some deedtivation of the cadyd, but the

desdtivation wasrevergble
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Tablel RAaium dispersonsand pore sructure parameters of the YMCM-41 cadyds

Catalyst BET Specific Pore Volume Pore Diameter CO (mg) Pt dispersion
Surface Area (m?/g) (cm®/g) (nm) Igcat (%)
0.5% Pt/MCM-41 947 114 3.80 0.38 54
1% PYMCM-41 928 1.08 3.73 0.53 37
2% Pt/MCM-41 943 1.13 3.81 1.00 35
5% Pt/MCM-41 908 1.10 3.87 171 24
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Tade 2 Caadytic pafomance of PPMCM-41 for Hedtive catdytic reduction of NO with GHs a
different temperatures

Catalyst Temp. (°C) NOConv. NOConv. NO Conv. TOF/103 C;Hg Conv.
(%) toN, (%) 10 NO (%) (sh) (%)
0.5% PYMCM-41 200 2.0 2.0 0 2.7 1
225 6.0 3.0 3.0 8.1 3.1
250 17.0 6.2 10.8 23 11.7
275 54.0 18.7 35.3 73 100
300 37.0 8.5 285 50 100
1.0% PYMCM-41 200 4.0 2.2 18 3.9 4.0
225 8.0 4.4 3.6 7.9 10.2
250 61.0 16.9 441 60 100
275 49.0 15.2 33.8 48 100
300 36.0 116 24.4 35 100
2.0% PYMCM-41 200 13.0 7.2 5.8 6.8 14.5
225 33.0 13.8 19.2 17 27.0
250 59.0 15.2 43.8 31 100
275 48.0 13.0 35.0 25 100
300 37.0 10.0 27.0 19 100
5.0% PYMCM-41 200 7.0 13 5.7 21 3.3
225 20.0 6.7 13.3 6.1 13.2
250 63.6 154 48.2 19 100
275 61.0 13.2 47.8 18 100
300 47.0 10.6 36.4 14 100

Conditions 0.1 g of catalys, NO = 1000 ppm, CsHs = 1000 ppm, O, = 2%, He = balance, totd flow rate
=250 mi/min.

TOF (tumover frequency) is defined as the number of NO malecules converted per surface Pt a@om per
ssoond.
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Table3 Man charatteidics of the catdyss

Sample BET Spedific PoeVdume PoeDiange H/Cu (TPR) (ma/mdl)
Suface Area (av/g) (nm) 1% pesk 2" pesk
(o)
Al-MCv41 917 105 43 — —
CeAl-MCM- V4 1.09 42 — —
41
CuAI-MCM- 885 103 41 041 051
41
CeCu-Al- 871 103 48 0.36 049

MCM-41




Figure captions

Fg. 1 XRD paternsof the PYMCM-41 cadyss

FHg2 The efect of O, concantration on SCR adtivity on 1% PYMCM-41 catdy<. Reaction conditions
reaction temperature = 250 °C, catays = 0.2 g, NO = 1000 ppm, CsHs = 1000 ppm, O, = 0-7.8%, He=
bdance totd flow rate =250 ml/min. (Converson

of ( )GHs( )NO,( )NOtoN.and( )NOtoN:O.)

FHg. 3 The éfect of temperature on SCR adtivity on 1% PYMCM-41 cadyd. Readtion conditions
cadys = 0.2 g, NO = 1000 ppm, CH. = 3000 ppm, O, = 2%, He = bdance, totd flow rate = 250
m/mn. (Convergonof ( )CHsand( ) NO)

FHg. 4 The éfect of temperaure on SCR adtivity on 1% PMCM-41 cadyd. Readtion conditions
cadys = 0.2 g, NO = 1000 ppm, C:Hs = 1500 ppm, O, = 2%, He = bdance, totd flow rate = 250
m/min. (Coverdonof () CGH,, ( )NO,( )NOtoN;ad

( )NOtoN.O)

FHg. 5 The éfect of temperaure on SCR adtivity on 1% PYMCM-41 cadyd. Readtion conditions
cadys = 0.2 g, NO = 1000 ppm, CHs = 1000 ppm, O, = 2%, He = bdance, totd flow rate = 250
m/min. (Coverdonof () GHs,( )NO,( )NOtoN; ad

( )NOtoN.O)

FHg. 6 The efect of temperature on SCR adtivity on 1% PYMCM-41 cadyd. Readtion conditions
cadys = 0.2 g, NO = 1000 ppm, CsHs = 1000 ppm, O, = 2%, He = bdance, totd flow rate = 250
m/min. (Coverdonof () GHs,( )NO,( )NOtoN; ad

( )NOtoN.O)
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Hg. 7 Theeffect of reaction time on SCR attivity on 1% PYMCM-41 catdyd () in the absance of HO
and SO, and (b) in the presence of H,O and S0;. Reection conditions: reaction temperature = 225 °C,
cadys = 0.2 g, NO = 1000 ppm, CsHs = 2000 ppm, O, = 26, H-O deeam =0 or 5%, SO, =0 ar 500
ppm, He = bdance, tatd flow rate = 250 mi/min. (Converdonof ( ) GHs, ( )NO,( ) NOtoN.
ad( )NOtoN:0)

Fig8 XRD pattems of (3) A-MCM-41, (b) Cu-AI-MCM-41, () Ce:Al-MCM-41, and (d) CeCur-Al-
MCM-4L

Fig.9 TPR profilesof (8 CeAl-MCM-41, (b) Cu-AI-MCM-41 and () Ce-Cu-AI-MCM-41.

FHg10 Conversons of NO, for SCR reaction on (@ Ce-Al-MCM-41, (b) CrAI-MCM-41, (0) CeCu-
Al-MCM-41 ad (d) Cu-ZSM-5 (deta obtained from reference 11). Reaction condiitions catalyst = 05 g,

[NQ] =[CH,] = 1000 ppm, [O,] = 2%, He = bdance, totd flow rate = 250 ml/min, and goace v odity »

7500h*

Hg.11l Coweadons o GH;, for SCR reaction on (@) Ce-AI-MCM-41, (b) CrAI-MCM-41 and () Ce-

Cu-AI-MCM-41. Readtion conditionsaethesameasin Hg. 3.

Hg. 12 Effett of O, concentration on SCR adtivity on Ce-Cu-Al-MCM-41 catdys. Reaction conditions
temperaure =500 °C, catdys = 05 g, [NO] = [CH,] = 1000 ppm, He = baance, totd flow rate = 250

mi/min, and oace velodity » 7500 b .

Hg 13 Efed of HO ad S0, on SCR adtivity over the CeCrAI-MCM-41 cadyd. Reaction

conditions: temperature = 500 °C, catdys = 05 g, [NO] = [C:H.] = 1000 ppm, [H.O] = 2.3% (when
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used)), [SO;] = 500 ppm (when used), He = bdance, totd flow rate = 250 mi/min, and soace vdodity »

7500h*
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