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Disclaimer

Thisreport was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Gover nment nor any agency ther eof,
nor any of their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product, or process disclosed, or representsthat its use would
not infringe privately owned rights. Reference herein to any specific commer cial
product, process or service by trade name, trademark, manufacturer, or otherwise
does not necessarily constitute or imply its endor sement, recommendation, or favoring
by the United States Gover nment or any agency thereof. Theviewsor opinions of
authors expressed herein do not necessarily state or reflect those of the United States
Government or any agency ther eof.



EXECUTIVE SUMMARY

Removd of NO, (NO + NO,) from exhaust gasesis a chdlenging subject. V,0s-based
caayss ae commercid catdysts for sdective cadytic reduction (SCR) with NH; for
dationary sources. However, for diesd and lean-burn gasoline engines in vehicles,
hydrocarbons would be the preferred reducing agents over NH; because of the practical
problems associated with the use of NH; (i.e.,, handling and dippage through the reactor). The
noble-meta three-way catalysts are not effective under these conditions. The first catayst found
to be active for sdective catalytic reduction of NO by hydrocarbons in the presence of excess
oxygen was copper exchanged ZSM-5 and other zeolites, reported in 1990 by Iwamoto in
Japan and Held et d. in Germany. Although Cu-ZSM-5 is very active and the most intensively
sudied catdy4, it suffers from severe deactivation in engine tests, mainly due to HO and SO..
In this project, we found that ion-exchanged pillared clays and MCM-41 cataysts showed
superior SCR activities of NO with hydrocarbon. All Cu#*-exchanged pillared dlays showed
higher SCR activities than Cu-ZSM-5 reported in the literature. In particular, HO and SO,
only dightly desctivated the SCR activity of Cu-TiO,-PILC, whereas severe deactivation was
observed for Cu-ZSM-5. Moreover, PYMCM-41 provided the highest specific NO reduction
rates as compared with other Pt doped catayds, i.e., PYALO;, PYSO, and P/ZSM-5. The
PYMCM-41 catdyst dso showed a good stahility in the presence of H,O and SO,. The results

are described in detail in 4 chapters.



In Chapter 1, we report SCR of NO by C,H, on ion-exchanged pillared clays, i.e., Cu-
TiO,-PILC, Cu-Al,O3-PILC, Cu-ZrO,-PILC, Cu-Al,Os-Laponite, Fe-TiO,-PILC, Ce-TiO,-
PILC, Co-TiO,-PILC, Ag-TiO,-PILC, GaTiO,-PILC. Cu-TiO,-PILC showed the highest
activities at temperatures below 370 °C, while Cu-Al,O3-PILC was most active at above 370
°C, and both catalysts showed higher SCR activities than Cu-ZSM-5 reported in the literature.
No detectable N,O was formed by dl of these catdysts. The catdytic activity increased with
copper content until it reached 245% ion-exchange. In particular, HO and SO, only dightly
deactivated the SCR activity of Cu-TiO,-PILC, whereas severe deactivation was observed for
Cu-ZSM-5. Moreover, the addition of 0.5 wt.% CeO, onto Cu-TiO,-PILC increased the
activities by about 10-30% while 1.0 wt.% of CeO, decreased the activity of Cu-TiO-PILC
dueto pore plugging. Subjecting the Cu-TiO,-PILC cataysts to 5% H,O and 50 ppm SO, at
700 °C for 2 h only dightly decreased its activity. TPR results showed that the overexchanged
(245%) PILC sample contained CL#*, Cu" and CuO. The TPR temperatures for the Cu-TiO--
PILC were subgtantially lower than that for Cu-ZSM-5, indicating easier redox on the PILC
catdys and hence higher SCR activity.

In chapter 2, SCR of NOy by ethylene was investigated on copper ion and/or cerium
ion-exchanged AI-MCM-41. Ce-Al-MCM-41 showed little activity, but Cu-Al-MCM-41 and
cerium promoted Cu-Al-MCM-41 (i.e., Ce-Cu-Al-MCM-41) were found to be active in this
reection. Higher NO, conversons to N, were obtained on the Ce-Cu-AI-MCM-41 as
compared with Cu-Al-MCM-41. The maximum activity of Ce-Cu-Al-MCM-41 was close to
that of Cu-ZSM-5; but the former had a wider temperature window. TPR results indicated that

only isolated Cu#* and Cu' ions were detected in the Cu?*-exchanged Al-MCM-41 samples,



which may play an important role in the selective catdytic reduction of NOy to N,. After some
cerium ions were introduced into Cu-Al-MCM-41, Ci#* in the molecular sieve became more
eadly reducible by H,. This may be related to the increase of catdytic activity of NO, reduction
by ethylene.

In chapter 3, we report SCR of NO by CH,, CH4, CsHg and GiHg on 0.5-5 wt%
PYMCM-41 catalysts. The catalysts had high BET surface aress ( > 900 nf/g) and large pore
volumes( > 1.00 cnt/g ). Platinum meta paticles were detected in these cataysts a room
temperature by XRD. A high activity for NO reduction was obtained when C;H, or CsHg was
used as the reductant and the maximum NO reduction rate reached 4.3 mmol/gh under the
conditions of 1000 ppm NO, 1000 ppm C;He, 2% of O, and He as bdance; but no or little
activity was found when CH, or G;Hg was used. This difference was reated to the different
nature of these hydrocarbons. The PYMCM-41 catayst showed a good stability. HO and SO,
did not cause deactivation of the catayst. MCM-41 provided the highest specific NO reduction
rates for Pt as compared with al other supports reported in the literature, i.e., Al,O3, SO, and
ZSM-5.

In chapter 4, we report Rh-exchanged Al-MCM-41 for SCR of NO by GH. It
shows a high activity in converting NO to N, and N;O at low temperatures. In situ FT-IR
studies indicate that Rh-NO" species (1910-1898 cmi?) is formed on the Rh-Al-MCM-41
catadys in flowing NO/He, NO+O,/He and NO+C;Hg+O,/He at 100-350 °C. This peciesis
quite active in reacting with propylene and/or propylene adspecies (e.g., p-CsHs, polyene, etc.)
at 250 °C in the presence/absence of oxygen, leading to the formation of the isocyanate species

(Rh-NCO, at 2174 cm*), CO and CO,. Rh-NCO is aso detected under reaction conditions.



A possible reaction pathway for reduction of NO by GHs is proposed. In the SCR reaction,
Rh-NO" and propylene adspecies react to generate the Rh-NCO species, then Rh-NCO
reactswith O, , NO and NO, to produce N,, N,O and CO,. Rh-NO" and Rh-NCO species

are two main intermediates for the SCR reaction on Rh-Al-MCM-41 catayst.



CHAPTER ONE

lon Exchanged Pillared Claysfor Selective Catalytic Reduction of NO

by Ethylenein the Presence of Oxygen






| ntroduction

Sdective catdytic reduction (SCR) of NO by NH; is presently performed with
vanadia-based catalydts for flue gas applications [1]. Hydrocarbons would be the preferred
reducing agents over NH; because of the practica problems associated with the use of NH;
(i.e, handling and dippage through the reactor). SCR of NO by hydrocarbon can aso find
important gpplications for lean-burn (i.e., O.-rich) gasoline and diesel engines where the noble-
meta three-way catalysts are not effective in the presence of excess oxygen [2-4].

The firg cataysts found to be active for SCR of NO by hydrocarbons in the presence
of oxygen were CU#* ion-exchanged ZSM-5 and other zeolites, reported in 1990 by Iwamoto
[5] and Held et d. [6] and in early patents cited in [7]. Reports on alarge number of cataysts
for this reaction have appeared since 1990. The mgority of these catalysts are ion-exchanged
zeolites, including H forms. Meta oxides supported on aumina have aso been studied, but are
less active. Noble metds and their ion-exchanged forms have dso been studied widely. The
early (1990-1992) literature on the subject, primarily by Japanese researchers, has been
reviewed by Iwamoto and Mizuno [6] and will not be repeated here. The most active catdysts
include: Cu-ZSM-5 [3, 5-20]. Co-ZSM-5 [18, 21-28], Cu-Na-ZSM-5 [29], Ce-ZSM-5
[30, 31], Fe-ZSM-5 [32-34], Pt-ZSM-5 [35], Pd-ZSM-5 [36], Mn-ZSM-5 [37], Ga-ZSM-
5[38, 39], Cu-Zr-O and Cu- Ga-O [40, 41], Ag/Al,O; [42, 43], PY/AI,O; [44], PAITIO, [45,
46], CuO/Al,05[47, 48], Co/Al,O3 [49], Supported Au [50], La,Os [51] and GalZrOy [52].
Reviews on the subject are available [2, 53, 54].

It is known that the SCR reactions, both by NH; and by hydrocarbons, are limited by

the pore diffusion rates (for NH; SCR, see for example, 55 and 56; for HC SCR, [3, 13, 57,

10



58]). From the overdl rates, it is not a trivid task to caculate the intringc rates and the pore
diffugvities[56]. Pore diffuson limitation also plays asgnificant role in the SCR by pillared clay

catalysts, to be discussed below.

Fillared interlayered clays (PILCs) or pillared clays are two-dimensiona zedlite- like
materids prepared by exchanging the charge-compensating cations between the clay layers with
large inorganic hydroxycations, which are polymeric or oligomeric hydroxy meta cations formed
by hydrolyss of metal oxides or sdts. Upon heating, the metd hydroxy cations undergo
dehydration and dehydroxylation, forming stable meta oxide clusters which act as pillars
keeping the dlicate layers separated, creating interlayer space of molecular dimensons. Since
pillared clays have a number of atractive features such as porosty, high therma stability and
exchangesble cations, they have been widely studied as cataysts and adsorbents [59]. More
specificaly, the PILC based catalysts have been found to be excdlent and HO/SO, resgant
catalysts for the SCR reactions by NH; and by hydrocarbons [60]. The PILCs aone showed
NH; SCR activities [61], with Fe;Os-PILC exhibiting the highest activities [62]. Using TiO,-
PILC as a support, a 3/1 (molar ratio) of Fe,O4/Cr,0; (total 10% wt.) showed an NH; SCR
activity twice as high asthat of the commercid V,Os/TiO, catalyst [63]. For HC SCR, Cu-ion
exchanged PILC yielded activities higher than that of Cu-ZSM-5; and more significantly, its
activity was only dightly decreased by HO and SO, [57, 58]. This is ggnificantly different
from Cu-ZSM-5 which is severed deactivated by HO/SO,. An FTIR study of the reaction
showed that the surface species were mainly bidentate nitrate, monodentate nitrate and nitro
species bonded to CU?* [64]. Cu-exchanged pillared clay has aso been found to be active for
NH; SCR [65]. lon-exchanged Al,Os-PILC has shown high activities for glycol ether

production from epoxide and ethanol [66], and oxidative dehydrogenerations of propane [67].
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In this work, A1,05-PILC (AI-PILC), ZrO,-PILC @r-PILC) and TiO,-PILC (Ti-
PILC), were synthesized. Cu-Ti-PILC, Cu-Al-PILC and, Cu- Zr-PILC were studied for SCR
of NO with ethylene as the reductant. (In addition, a synthetic clay, Laponite, was aso
included, as Cu-Al,Os-pillared Laponite) The SCR activities were firg investigated by
comparing directly with that of Cu-ZSM-5. Effects of water vapor and sulfur dioxide on
catdytic activity were examined. The effect of the promoter (Ce,O3) was studied on Cu-Ti-
PILC. The SCR activities of pillared clays with anumber of other cations (Fe-Ti-PILC, Ce-Ti-

PILC, Co-Ti-PILC, Ag-Ti-PILC and Ga-Ti-PILC) were aso studied.

2. Experimental
2.1. Synthesesof Rillared Interlayered Clays (PILCs)

Thefirg step in PILC synthesisis preparation and aging of the pillaring solution to form
oligomers. The pillaring solution undergoes hydrolyss, polymerization, and complexation with
anion in the solution [68, 69]. The hydrolysis conditions, i.e., temperature, pH, and aging time,
are important to the formation of PILC. The next sep is intercdation of the smdl cations
between the clay layers with the oligomers. Thisis done by preparing a durry conssting of a
suspengon of the clay in deionized water, oligomeric solution, and HCl and NaOH used for
pH adjustment. The oligomeric solution is added dropwise to the clay suspension with
vigorous irring. Sow addition of the solution helps in the formation of uniform pillared days.
After completion of intercaldion, the sample is separated from the liquid phase by

centrifligation or vacuum filtration. The find step is drying and calcination.

2.1.1. TiO»-PILC (Ti-PILC) synthesis

The garting clay was a purified montmorillonite, as purified-grade bentonite powder

12



from Fisher Company, which had a particle Sze of 2~m or less. This bentonite (originating in
Wyoming) had a cation exchange capacity (CEC) of 76 megy100g clay. The pillaring solution
of patidly hydrolyzed Ti-polycetions was prepared by first adding TiCl, into 1 M HCI
solution. The mixture was then diluted by dowly adding deionized water with rigoroudy tirring
to reach afind Ti concentration of 0.82 M and afind HCI concentration of 0.11 M [70]. The
solution was aged for 24 hr at room temperature. A 4g amount of starting clay was dispersed
in1L of deonized water by 24 hr prolonged gtirring [63]. The pillaring solution was dowly
added with vigorous dirring into the suspenson of clay until the amount of pillaring solution
reached that required to obtain a Ti/Clay ratio of 10 mM of Ti/g clay. The intercaation step
took 24 hr and subsequently the mixture was separated by vacuum filtration or centrifligation
and washed with deionized water until the liquid phase was free of chloride ions by slver

nitrate test. The samplewas dried at 120°C for 12 hr. and calcined at 300°C for 12 hr.

2.1.2. ZrO,-PILC (Zr-PILC) synthesis

The garting materias for preparation of zirconium pillared clay were the purify grade
bentonite 'from Fisher and zrconyl chloride (ZrOChL: 8H,0) as the pillaring agent. The
oligomeric solution was prepared from ZrOCL~8H,0 by dissolving the sdt in deionized water
to obtain a 0.1 M solution. The solution was aged at room temperature at pH of 1.3 for three
days. The main intercaating species was the tetramer, [Zrs(OH)14(H.0)10]*" [71]. The
pillaring solution, normaly 50 ml was added dropwise to 1 g clay suspenson while vigorous
dirring was maintained to get pillaring stoichiometry a 5 mmal of Zr/l g clay. The intercdation
was conducted a room temperature for three days. The sample was then separated and
washed by vacuum filtration until no chloride ions remained. Findly the sample was dried and

cdcined inair at 350°C for 12 hr.
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2.1.3. A1,03-PILC (Al-PILC) synthesis
The garting clay was the same purified grade bentonite.  The duminum hydroxy-

oligomeric solution was prepared by dowly adding 0.1 M NaOH into 0.2 M AlCl; solution
under congtant tirring until reaching a OH/AI ratio of 2.0. The stirring during the addition of
NaOH was necessaxry in order to prevent loca accumulation of hydroxyl ions, which
invariably produced precipitation of AI(OH); [72]. The oligomeric solution was aged for a
day at pH 4.2 with the main intercalation species, [Al1304(OH)24(H20)12]* [73]. A suspension
containing 1% bentonite in deionized water was mixed with the oligomeric solution a an Al/OH
ratio of 10 mmol Al/g clay. The mixture was alowed to react at room temperature for 24 hr
before being subjected to vacuum filtration and washing until free of chloride ions. The sample

was then dried and calcined up to 3500C for 12 hr.

2.2. Caays Preparation
2.2.1. Cu*-exchanged Ti-PILC (Cu-Ti-PILC), Cu**-exchanged Zr-PILC (Cu-Zr-PILC)
and CU?*-exchanged Al-PILC (Cu-Al-PILC)

One gram of the obtained pillared bentonite was added to 100 ri' of 0.02 M copper
nitrate solution. The mixture was dirred for 24 hr at 50°C. The pH of the darting solution
was adjusted to 6.0 by adding a proper amount of ammonia solution. The ion exchange
product was collected by filtration or centrifugetion followed by washing with deionized water
fivetimes. The obtained solid sample wasfirst dried at 120°C in ar for 12 hr, then the sample
was further calcined at 400°C in ar. The sample was findly ground to collect the 100-140

mesh fraction. After this pretreatment, the sample was ready for further experiments.

2.2.2. Cu2+-exchanged Al,Os-pillared laponite (Cu-Al-Lapo)
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Deaminated Al,Os-pillared laponite was obtained from Laporte Industries, Ltd (CEC
= 94 meg/l00g clay). Laponite is a synthetic hectorite. Prior to use, it was suspended as 1
wit% durry and wash with dilute NH;N O3 solution to remove impurities and meta ions.  After
filtration, the residue was dried at 120°C then it was again suspended as 1% durry. The durry
was added with 10 mL of .0 M Cu(NO)s), solution with congtant dirring. The pH of the
mixture was adjusted to 5.5 by usng anmoniasolution. The solution then kept a 50°C for 24
hr. Subsequently, the sample was filtrated and washed thoroughly with deionized water five

times. Theresdue wasdried and calcined at 400°C for 12 hr.

2.2.3. Cu**-exchanged ZSM-5 (Cu-ZSM-5)

The Cu**-exchanged ZSM-5 was prepared by mixing the ZSM-5 sample with an
aqueous solution of cupric nitrate. The S/A1L ratio in the ZSM-5 was 40. Before the ion
exchange, the ZSM-5 was washed in 0.01 M NaNO; solution.  After washing, 2 g of ZSM-5
was added to 100 mL of 0.01 M Cu(NO)s),, with congtant tirring for 24 hr. The sample was
collected after the resulting suspension was filtered, washed, dried and calcined at 400°C for
12 hr. The sample pretrestment was aso made before the sample was ready for catalytic

experiments.

2.2.4. Cu-doped-Ti-PILC (Cu/Ti-PILC)
Copper was introduced into Ti-PILC by incipient wetness impregnation by using
Cu(NO)z), solution. The copper amount was 5.9 wt%. The Cu-doped-Ti-PILC was dried at

120°C for 12 hr and calcined at 400°C for 12 hr.

2.2.5. Ce-promoted-Cu-Ti-PILC (Ce/Cu-PILC)
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Ce,03 0.5-1.0 wt% was doped into Cu-Ti-PILC (Cu 5.9 wt%) by incipient wetness
impregnation by usng Ce(~0)s); solution. The sample was then dried and calcined at 400°C

for 12 hr.

2.2.6. Other cation-exchanged-Ti-PILC (Fe-Ti-PILC, Ce-Ti-PILC, Co-Ti-PILC, Ag-Ti-
PILC and Ga-Ti-PILC)

The catalysts were prepared by ion exchange of Ti-PILC with aqueous solutions of
Fe(NO)3);, Ce(NO)3)s, Co(NO)3)s, AgNO);, and Ga(NO)z)s. The standard ion exchange
procedure was used. Each gram of Ti-PILC was added to each 100 mL of 0.02M nitrate
solution. The mixture was stirred for 24 hr a room temperature. The ion-exchanged product
was collected by filtration and washed with deionized water five times. The ion exchange was
repeated three times. Then the fina product was dried at 120°C for 12 hr and cacined a
400°C for 12 hr. The catalysts were Fe-Ti-PILC (Fe 6.8 wt%), Ce-Ti-PILC (Ce 1.0 wt%),

Co-Ti-PILC (Co 0.5 wt%), Ag-Ti-PILC (Ag 5.7 wt%), and Ga Ti- PILC(Ga 5.6 wt%

2.3.  Characterization
The chemical andyses were performed by neutron activation anadyses.

2.3.1. BET surface area

A Micromeritics ASAP 2010 micropore size andyzer was used to measure the N
adsorption isotherm at liquid N, temperature (77K). BET surface areas and pore volumes
were calculated from the isotherms.
2.3.2 X-ray diffraction

A Rigaku 12 kW rotating anode x-ray diffraction unit with Cu K~ was used to

measure the x-ray diffraction patterns of the samples.
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24. Cadytic Activity Measurement

The scheme of reaction gpparatus is shown in Fig. 1. The test reactor consisted of a
guartz tube containing a quartz fritted support. The catdyst sample was placed on the frit, and
covered with a layer of glass wool. The heating eement was a coiled Nichrome wire. The
reactor temperature was controlled by an Omega CN-20 10 programmable temperature
controller. The flue gas was smulated by blending gaseous reactants. Two sets of flow meters
were used to control the flow rates of reactants. High flow rates (i.e, He, NO/He or
C,H4/He) were controlled by rotameters, whereas the low flow rates (i.e., O,, SO, /He) were
controller by mass flow meters (FC-260 Tylan). The pre-mixed gases (1.0% NO in He, 1.0%
SO, in He, and 1.0% C,H, in He) were supplied by Matheson. Water vapor was generated
by passing hedium gas through a gas'wash bottle containing delonized water. The typica
reactant gas composition was as follows: 1,000 ppm of NO; 1,000 ppm of GH,; 2% of
oxygen; 500 ppm of SO, (when used); 5% water vapor (when used), and balance of He. The
total flow rate was 250 cc/mm. (ambient conditions). The catalyst size fraction was 100-140
mesh, and 0.5 g was used in typicd experiment. The NO concentration was continuoudy
monitored by a chemiluminescent NO/NOXx analyzer (Thermo Electron Corporation, model
10). A Shimadzu GC modd 1 4A was used to anayze the concentrations of N, and N0 in
the product stream. The andyticd system had two capillary columns: a Poropak Q column

used to analyze N0 and CO,, and amolecular Seve SA used to andyze N,, O,, CO and NO.

3. Results and Discussions

3.1. Surface Areas and Nitrogen Adsorption

17



The BET surface areas and the pore volumes of al pillared clay samples are
summarized in Table 1. According to the Brunauer, Deming, Deming, and Teler (BDDT)
classfication, the N, adsorption isotherms at 77 K for Ti-PILC, AI-PILC and Zr-PILC
showed type 1V isotherm shape indicating the presence of both micropores and mesopores.
The large surface areas and pore volumes were the results of successful pillaring. The Ti-PILC
had alarger surface area and pore volume than Al-PILC and Zr-PILC. The Ti-PILC aso had

asurface areain the same range with Al- Lgponite from Laporte Industries.

3.2.  X-ray Diffraction Study

X-ray diffraction patterns (XRD) of the starting clay (Fisher bentonite), AI-PILC, Zr-
PILC, Ti-PILC and Al-Laponite are measured. Generaly, XRD peatterns of smectite clays
show basdl (001) reflection and two dimensiona hk reflection only. Other hkl reflections are
usualy not observed.

The pattern of Fisher bentonite was recorded after the sample was calcined at 350°C
for 12 hr. The 20 angle of the (001) reflection was 8.95° which corresponded to a d-spacing
of 9.87 A. The corresponding 2q angles of the (hk) two-dimensional peaks were at 19.6° and
35°. These hk two-dimensioind diffraction arise from the diffraction of the random stacking of
layers. The diffraction a 2q of 19.6° isthe summation of hk indices of (02) and (11) and the
diffraction of 35°isthe summeation of hk indices of (13) and (20). The pesk at 29 of 26.5° isa
reflection of the quartz impurity.

In the PILC samples, the dy; spacing were 18.98 and 17.83 A for Zr-PILC and Al-
PILC respectively. The free interlayer spacing in these pillared clays were obtained by
subtracting 9.6 A, the thickness of the duminoglicate layer. The resulting free interlayer

gpacings are shown in Table 1.
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3.3. Comparison of Activities of Cu-Ti-PILC, Cu-Al-PILC, Cu-Zr-PILC and Cu-ZSM-5

In Fig. 2, the catdytic behaviors for SCR of NO by ethylene in the presence of oxygen
of Cu-Ti-PILC, Cu-Zr-PILC, Cu-Al-PILC and Cu-Al-Laponite are compared with the
catdytic behavior of Cu-ZSM-5, which is the most extensvely studied catalyst for this reaction.
These five cataysts were studied under identical reaction conditions. It is clear that the cataytic
activity increased with increasing temperature, reaching a maximum NO conversion, and then
decreased at higher temperatures. The temperature at the maximum converson had the
following vaues. 300°C for Cu-Ti-PILC, 3500C for Cu-Al-PILC, Cu-Zr-PILC and Cu-
ZSM-5, and 400°C for Cu-Al-Laponite. The pesking of NO converson a a certan
temperature for SCR is the result of two competing reactions: NO reduction by hydrocarbon
and oxidation of hydrocarbon by oxygen. The oxidation of hydrocarbon, which reduced the
amount of reductant, had a stronger effect in the higher temperature range.

The degrees of Cu ion-exchange are summarized in Table 2. The copper content was
obtained by neutron activation analyss. The ion-exchange level of Cu-ZSM-5 was caculated
by (2 x number of copper ions)/(number of duminum atoms) x 100. Theion-exchange levels of
Cu-PILC were cdculated by (2 x number of copper ions)/(CEC) x 100. From the percentage
of copper loading in Table 2, the cataysts were over-exchanged. The over-exchanged
cataysts resulted from the presence of not only Cu** but also from the presence of Cu" and
CuO. Theresaultsin Fig. 2 show that Cu-Ti-PILC is more active than Cu-ZSM-5 and the two
other Cu-exchanged pillared clays (Cu-Al-PILC and Cu-Zr-PILC). The physica
characterization data in Table 1 show that Ti-PILC had a higher surface area which could
provide more accessible active Sites. Figure 2 aso shows that Cu-Al- Lgponite had the highest

SCR activity in the higher temperature range.
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3.4. Effect of Copper Loading of Cu-Ti-PILCs on SCR of NO

Six samples of Cu-Ti-PILCs were used to study the effect of copper loading of the
SCR of NO by ethylene. Each sample had different copper loadings, depending on how many
times it was subjected to ion exchange. There was no converson when Ti-PILC (0 wt.% of
Cu) was used as a catdyst for SCR of NO. Therefore Cu species mugt play a significant role in
this cataytic reaction. Figure 3 shows the results of different Cu-Ti-PILC catdysts for SCR of
NO by ethylene as a function of temperature. It can be observed that the introduction of
copper into the catalyst causes enhancement of the catalytic activity. Increasing copper loading
increased NO conversion until the copper loading reached 245% ion exchange. After thislevd,
afurther increase of copper loading led to a decrease of NO conversion. It was summarized in
Table 3 that the increase of copper loading decreases the surface area and pore volume of the
cadyds. The increase of Cu loading might result in an increase of CuO clugter formation.
Therefore, dthough the sample had a higher Cu loading, some significant part of its active Stes
were not avallable for SCR of NO. It should dso be noted from Fig. 3 that the increase in
copper loading resulted in a shift of T, the temperatur maximum NO conversion, to lower
values.

The activity for SCR of NO with Cu-ZSM-5 also depended on copper exchange level
[6, 74]. However, the exchange levd for the maximum NO converson of Cu-Ti-PILC

(245%) was different from that of Cu-ZSM-5 (80-100%).

3.5. Themethod of Cu introduction
The introduction of Cu onto Ti-PILC resulted in the enhancement of cataytic activity.

In our experiment, the influence of the method of Cu addition on SCR activity was studied.
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Figure 4 shows the SCR activities of two catalysts prepared by ion exchange (Cu-Ti-PILC)
and incipient wetness impregnation (Cu/ Ti-PILC). The two samples had the same amount of
Cu (5.9%). It was found that the Cu-ion-exchanged-Ti-PILC gave higher NO conversion
than Cu-doped-Ti-PILC. Thisresult could be due to two reasons. the nature of the Cu active
stes, and the exposed Cu surfaces. The Cu species could be present either as isolated Cu
ionsor as CuO. The Cu speciesin Cu-Ti-PILC were mostly isolated Cu ions rather than CuO
clugters. In contragt, the introduction of Cu by impregnation would form clustersof CuO. The
surface area of the Cu- -Ti-PILC was 346 nf/g, wheress that of Cu/Ti-PILC was 245 nf/g.
Although these two samples contained the same leve of copper loading, the catdyst prepared
by ion exchange had more available active sites for SCR of NO. Further work is needed to

ducidate the nature of the Cu actives ste for this reaction.

3.6.  Thepromoting effect of Ce

Cerium (Ce) is known to be an active promoter for enhancing the activity for SCR of
NO on PILC cataysts [57]. 0.5 and 1.0 %(wt) Ce,O; were added to the Cu-Ti-PILC
catayst by impregnation. The SCR activities of 0.5% and 1.0% Ce-Cu-Ti-PILC for SCR of
NO by C,H, are shown in Fig. 5, and compared with the activity of Cu-Ti-PILC. The results
in Fig. 5 &) show that 0.5% Ce-Cu-Ti-PILC increased NO conversion while 1.0% Ce-Cu-Ti-
PILC decreased NO converson. The BET surface areas were measured and it was found that
0.5% Ce;03 caused a small decrease in BET surface area (from 346 to 333 nf/g) whereas
1.0% Ce,O5 caused a large decrease in BET surface area (from 346 to 201 nf/g). It can be
concluded that 1.0% Ce-Cu-Ti-PILC contained large Ce;O5; clugters that could block the
active surfaces for NO reduction leading to the decrease in NO conversion. However, Fig. 5 b)

shows that both 0.5% and 1.0% Ce,O; decreased the C,H, converson. Therefore Ce-Cu-Ti-
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PILC catalysts are less active for hydrocarbon oxidation compare to Cu-Ti-PILC. It can be

concluded that the addition of Ce resultsin the higher selectivity of catalyst for NO reduction.

3.7.  Effect of H,O and SO, on SCR of NO by Ethylene

Since dl combustion gases contain water vapor and SO,, the effects of H,O and SO,
are important. Although Cu-ZSM-5 has been the most extensvely studied catalyst because of
its high activity, the deactivation of Cu-ZSM-5 by the presence of HO and SO, is severe and
has been discussed in a number of studies [66, 67]. In our experiments, the effects of HO
and SO, on SCR of NO by ethylene on Cu-Ti-PILC, 0.5%Ce-Cu-Ti-PILC and Cu-ZSM-5
catalysts were measured and the results are shown in Fig. 6 and Fig. 7. The results show that
H,O and SO, decreased the activity of Cu-Ti-PILC and Ce-Cu-Ti-PILC only dightly as
compared to Cu-ZSM-5. It was aso found that the effect of H,O was reversible following the
remova of H,O from the gas stream. On the other hand, the effect of SO, was reversible after
a short term exposure (I hr) but it was not totaly reversible after a long period of exposure
(5hr). 1t was found from the product analysis that HO and SO, affected both NO and C;H,
converson and they caused less inhibiting effect in the higher temperature range.  Ther
inhibiting effects can be related to their adsorption on active sites both for NO reduction and
C,H, oxidetion.
3.8. Reducing agent

One of the problems for the practical application of SCR of NO to real exhaust gases
is related to reducing agents. Ammonia has be accepted as the reductant for SCR of NO in
power plants. Ethylene and propylene have been used as typica reducing agents. Recently,
methane has been tested as the reducing agent for SCR of NO with catdysts such as Co-

ZSM-5 and Ga-ZSM-5.
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In our experiments we studied SCR of NO by NHs, C,H, and CH, with Cu-Ti -PILC
cadysts. The activity results are shown in Fig. 8. SCR of NO by NH; gave the highest NO
conversion compared to SCR of NO by GH, or CH,. NH; has higher sdlectivity for NO
reduction partly because it contains nitrogen. Nitrogen is the result from coupling of two
nitrogen atoms from NHz and NO. The result dso show that Cu-Ti-PILC was inactive for
SCR of NO by CH,.

It is interesting to compare the NH; SCR results of Perathoner and Vaccari [65] with
ours. Our space velocity was approximately twice as high as theirs (i.e., 60,000 vs. 30,000 h
1), while other conditions were similar. The activities of the Cu-Ti-PILC were nearly as high as

their Cu-F&/AI-PILC, i.e., CU?* exchanged on a Fe,O5 and Al,Os mixed pillared day.

3.9. lon-exchanged-Ti-PILC with other cations

Many ion-exchanged-ZSM-5 catalysts have been studied for their activities of SCR of
NO. Cu-ZSM-5, Co-ZSM-5, Ce-ZSM-5, Pt-ZSM-5, Fe-ZSM-5, and Ga-ZSM-5, have all
shown high activities. In our experiments, many ion-exchanged-Ti-PILC cadysts were dso
studied for SCR of NO by C,H,. It isimportant to note that there was no N,O formation for
SCR of NO by dl ion-exchanged-Ti-PILC catdlysts. This result was obtained by product
andysis by using gas chromatography. The activities as a function of temperature for Cu-Ti-
PILC, Fe-Ti-PILC, Co-Ti-PILC, Ce-Ti-PILC, Ag-Ti-PILC and Ga-Ti-PILC are compared
inFig. 9 as NO conversons.

The results in Fig. 9 show that Cu-Ti-PILC was the most active catalyst compared to
other cation-exchanged forms. By comparing the NO converson and GH,4 converson, it is
clear that the C;H, oxidation was a catalyzed reaction, and was not a homogeneous reaction.

The Cu-form was clearly the most active catalyst for GH, oxidation, whereas the Co-form
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was the least active. For the Co-form, the conversions of NO and C,H, were approximately
equal at temperatures below 400°C, so the stoichiometry of the SCR reaction was 2NO/
C,H,. At temperatures higher than 400°C, C,H, oxidation by O, became significant for the
Co-form. An anayss of the NO converson vs. C;H, converson from Fg. 9 indicates that the

following two reaction stoichiometries were taking place:

2NO+C,H, +20, ® N, + 2CQ, +2H,0

nC,H, +3n0, ® 2nCO, +2nH,0

The ratio of the NO Converson/C,H, Conversion = 2/(1+n).

The vaue of nwas associated with the C,H, oxidation acitivity. Since the activation energy for
C,H, oxidation was higher than that for the SCR reaction, the vaue of n increased for any
given catalys with temperature. The behavior of GaTi-PILC was unique in that its SCR
activity was the highest in the high temperature range (> 450°C). This was similar to the ion-

exchanged ZSM-5 by Ga**.
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Table 1. Physicd Characterization: BET Surface Area, Pore Volume, Inter-layer Spacing

PILC BET surface Pore volume d(001) Spacing
area (n/g) cm3/g A A

Fisher bentonite 34 0.07 9.87

A1,05-PILC 209 0.15 17.83 8.23

ZrO,-PILC 195 0.14 18.98 9.38

TiIO-PILC* 383 0.29

A1,0z-PILC 384 0.30 19.50 9.90

A1,05-Laponite* 467 0.39

* Delaminated forms.
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Table 2. Copper Content (in wt%) of CU?* -ion exchanged-PILC

PILC % Cu % ion exchange
Cu-Ti-PILC 5.928 245.49%
Cu-Zr-PILC 2.924 121.09
Cu-Al-PILC 3.842 159.10
Cu-Al-Lapo 4.157 139.19
Cu-ZSM-5 3.44 238.26°

a Degree of ion exchange of PILC = (2*number of CU)* 100/CEC

b: Degree of ion exchange of CLF*ZSM-5 = (2* number of Cu)* 100/number of Al
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Table 3. BET Surface Area and Pore Volume of Cu-Ti-PILCs

% lon exchange BET surface area (n/g) Pore volume (cnt/g)
0 383.08 0.29
43 372.26 0.28
100 358.35 0.28
245 345.84 0.27
313 277.17 0.23
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Fig. 1. The scheme of apparatus for the SCR reaction.
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Fig. 2. SCR activities over Cu-Ti-PILC, Cu-Zr-PILC, Cu-Al-PILC, Cu-Al-Laponite and
Cu-ZSM-5 for NO reduction by ethylene. Reaction conditions: NO = GH, = 1000 ppm,

0,=2%, catdyst = 0.59, He = balance and total flow rate =250 cc/min.
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Fig. 3. Effect of copper loading of Cu-Ti-PILC on NO converson for SCR of NO by
ethylene. Reaction conditions: NO = G,H, = 1000 ppm, O, = 2%, catdyst = 0.59,

He = balance and total flow rate =250 cc/min.
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Fig. 4. SCR activities over Cu-exchanged-Ti-PILC (Cu-Ti-PILC) and Cu-doped-Ti-PILC
(CuTi-PILC), both with 5.9% (wt.)) Cu. @ % NO conversion and b) % C,H,
converson. Reaction condition: NO = G,H, = 1000 ppm, 0, = 2%, catalyst = 0.Sg,

He = balance and total flow rate = 250 cc/min.
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CHAPTERTWO

Selective catalytic reduction of nitric oxides with ethylene on copper

ion-exchanged Al-M CM -41 catalyst
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1. Introduction

The sdective catalytic reduction (SCR) of NO, (NO+NO,) with hydrocarbons is an
atractive route for NO, conversion to N, from exhaust gas. The three-way catalyst (Pt, Pd,
and Rh) has been used commercidly in gasoline engines for reduction NO to N, by carbon
monoxide and hydrocarbons under rich-burn (O-lean) conditions, but it becomes ineffective in
the presence of excess oxygen [1]. Since the reports by Iwamoto et d. [2] and by Held et d.
[3] that copper ion-exchanged ZSM-5 could selectively reduce NOy by hydrocarbons (e.g.,
C.H,4, GiHs, CsHg, €tc.) in the presence of excess oxygen, this topic has been extensvely
sudied al over the word in recent years. Three comprehensive reviews on the reaction were
recently presented by Shelef [4], Amiridis et d. [5], Fritz and Pitchon [6], respectively. Many
catalysts, such as Cu-ZSM-5 [2, 3], Co-ZSM-5 and Co-Ferrierite [7-9], Cu**-exchanged
pillared clay [10, 11], P/Al,O3 [12,13], Fe-ZSM5 [14, 15] and so on, have been found to be
activein this reaction. Copper ion-exchanged zeolites (including ZSM-5, ferrierite, mordenite, Y
zeolite, L zeolite, Beta zeolite, etc.) were dso studied and compared directly under the same
conditions[2, 16]. It was found that Cu-ZSM-5 showed the highest NO, conversion but Cu-Y
zeolite showed the lowest activity among the catalysts under the same conditions. It seems that
the zeolite framework compostion plays an important role for the copper ion-exchanged
zeolites in the SCR reaction. Consdering that MCM-41, which is a new member of the zeolite
family with pore dimensions between 1.5 and 10 nm [17, 18], has a more open porosty than
ZSM-5 and thus can enhance the diffusion of reactant under the reaction conditions, we have
tried using ion-exchanged or doped MCM-41 as SCR (by NH; and hydrocarbons) catayst

recently [19, 20]. Because MCM-41 has high thermad dability, large BET surface area and
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pore volume, it has been studied for potentia use as catalysts, supports or sorbents during the
last 5 years [21]. We found that platinum doped MCM-41 catalysts showed a higher specific
activity than PYALO; catdyst [20]. In this work, we will present first results on the activity of
copper ion-exchanged Al-MCM-41 catdysts for sdective catdytic reduction of NO, by

ethylene, using cerium as promoter.

2. Experimental

2.1 Preparation of catalyst

Fumed dlica (99.8%, Aldrich), tetramethylanmonium hydroxide pentahydrate
(TMAOH, 97%, Aldrich), ), 25 wt.% cetyltrimethylammonium chloride CTMACI) in water
(Aldrich), Al[C,HsCH(CH3)O]s (97%, Aldrich) and NaOH (98.1%, Fisher) were used as
source materias for preparing AI-MCM-41.

The AI-MCM-41 (S/Al=10) sample was synthesized according to the procedure given
by Borade and Clearfield [22]. Solution A was prepared by dissolving 1.325 g TMAOH in 100
ml delonized water and then adding 5 g fumed dlica. Solution B was obtained by dissolving
0.72 g NaOH in deionized water and adding 25 ml CTMACI followed by adding 2.19 mil
AI[C,HsCH(CH5)O]3 at room temperature. The two solutions were stirred for 10-15 min, then
solution A was added to solution B. The reaction mixture had the following chemica
compogtion  1S0,-0.05A1,05-0.23CTMACI-0.11Ng0-0.089TMAOH-125H,0.  After

being sirred for 15 min, the mixture was transferred into a 250 ml three-neck flask and was



then heated at 100 °C for 48 h. After filtering, the solid was washed, dried and calcined at 560
°Cfor 10 hinaflow of ar (150 mi/min).

The copper and cerium ion-exchanged AlI-MCM-41 were prepared by using
conventiona ion exchange procedure at room temperature. Solutions of 0.02 M Cu(NOs),
(adjusting pH vaueto 4.5 by 2N HNO3) and 0.02 M Ce(NOs); were used for exchange. The
Ce-Cu-Al-MCM-41 catalyst was obtained from Cu* exchange of the Ce-Al-MCM-41
sample, Ce exchange was done first because it was harder than copper exchange. All the
exchange processes were repested three times and each time was carried out for 24 h. After
the ion-exchange procedure, al the samples were calcined at 550 °C in air for 4 h. The CW/Al in
the Cu-AI-MCM-41 obtained by neutron activation analysis was 0.372 (i.e, 74.4% ion
exchange), and Ce/Al in Ce-AlI-MCM-41 was 0.164 (i.e., 49.2% ion exchange). In Ce-Cu-
Al-MCM-41 sample, Ce/Al and Cw/Al were 0.053 and 0.37, respectively, i.e., 89.9% totd ion

exchange.

2.2 Characterization of catalyst

The powder X-ray diffraction (XRD) messurement was carried out with a Rigaku
Rotaflex D/Max-C sysem with Cu K, (I = 0.1543 nm) radiation. The samples were loaded on
asample holder with adepth of 1 mm.

A Micromeritics ASAP 2010 micropore size andyzer was used to measure the N
adsorption isotherm of the samples at liquid N, temperature (-196 °C). The specific surface
areas of the samples were determined from the linear part of the BET plots (P/P, = 0.05-0.20).

The pore Sze digtribution was aso cdculated from the desorption branch of the N, adsorption
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isotherm using the Barrett-Joyner-Halenda (BJH) Formula, as suggested by Tanev and Vlaev
[23], because the desorption branch can provide more information about the degree of blocking
than the adsorption branch and the best results were obtained from the BJH formula. Prior to
the surface area and pore volume measurements, samples were dehydrated at 350 °C for 4 h.
The reducibility of catdyst was characterized by temperature-programmed reduction
(TPR) andlysis. In each experiment, 0.1 g sample was loaded into a quartz reactor and then
pretrested in aflow of He (40 ml/min) at 400 °C for 0.5 h. After the sample was cooled down
to room temperature in He, the reduction of the sample was carried out from 30to 700 °C in a
flow of 5.34 % H/N, (27 ml/min) a 10 °C/min. The consumption of H, was monitored
continuoudy by atherma conductivity detector. The water produced during the reduction was

trgpped in a 5A molecular seve column.

2.3 Catalytic performance evaluation of catalyst

The SCR activity measurement was carried out in a fixed-bed quartz reactor. The
reaction temperature was controlled by an Omega (CN-2010) programmable temperature
controller. 0.5 g sample, as particles of 60-100 mesh, was used in this work. The typical
reactant gas composition was as follows. 1000 ppm NO, 1000 ppm GH,, 0-7.5% O,, 500
ppm SO, (when used), 5% water vapor (when used), and balance He. The tota flow rate was
250 mi/min (ambient conditions). The premixed gases (1.01% NO in He, 1.04% CH, in He,
and 0.99% SO, in He) were supplied by Matheson Company. The NO, concentration was
continuoudy monitored by a chemiluminescent NO/N Oy andlyzer (Thermo Electro Corporation,

Modd 10). The other effluent gases were andyzed by a gas chromatograph (Shimadzu, 14A) a
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50 °C with 5A molecular seve column for O, , N, and CO, and Porapak Q column for CO,,

N->,O and C,H..

3. Results

3.1 Characterization of catalyst

The powder XRD patterns of AI-MCM-41 and ion-exchanged Al-MCM-41 samples
are measured. The pattern of AI-MCM-41 is consstent with that reported previoudy for the
Al-MCM-41 molecular seve [17, 18, 22] and al XRD peaks can be indexed on a hexagona
lattice with dyoo = 4.1 nm. According to the vaue of digo, the unit cell dimension (a=4.7 nm) was
cdculated by the formula a= 2d,00/[13. After the sample was exchanged with copper ions
and/or cerium ions, the shapes of XRD patterns were essentidly unchanged, indicating thet the
ion exchange process did not affect the framework structure of this molecular Seve. No oxide
phase (CuO or Ce;O3) was detected in these samples.

The BET specific surface area, pore volume, average pore diameter of the AI-MCM-
41 and ion-exchanged AI-MCM-41 samples are summarized in Table 1. These samples were
found to have narrow pore size digtributions with pore sze of ca 4.2 nm, high BET specific
surface areas ( ca. 900 é/g) and high pore volumes (> 1.00 cnrt/g).

TPR can be used to identify and quantify the copper species in copper ion-exchanged
zeolite [24]. No H consumption was found on the Ce**-exchanged AI-MCM-41 sample
below 700 °C, indicating that the Ce** in the framework of AI-MCM-41 is very hard to be

reduced to lower vaence. For Cu-Al-MCM-41 and Ce-Cu-Al-MCM-41 samples, the TPR
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profiles showed two reduction peaks, which suggests a two-step reduction process of isolated
CU?* species [24]. One pesk appeared at a lower temperature, indicating that the process of
CU** ® Cu' occurred. The other pesk at a higher temperature suggests that the produced Cu*
was further reduced to Cu’. According to these results, we can conclude that no CuO
aggregates existed in the two copper ion- underexchanged AI-MCM-41 samples (i.e,, CWAI <
0.5) because the CuO aggregates would be reduced to Cu® by H, in one step at about 230 °C
if they exiged in the two samples[24]. Thiswasin line with the above XRD result that no CuO
phase was detected in the two samples. Copper in the Cu-Al-MCM-41 and Ce-Cu-Al-
MCM-41 mainly existed in the form of isolated copper ions. Delahay et a. aso reported that
copper was mainly present as isolated CUP* peciesin underexchanged Cu-Beta and Cu-MFI
zeolites [24]. The ratios of H, consumption to Cu for the second pesk (Cu" ® CU°) in the two
samples were close to 0.5 (Table 1); by comparison, the Hy/Cu ratios for the first pesk (Cu?*
® Cu") were lower than 0.5 (Table 1). This phenomenon could be accounted for as the result
of partia reduction of Cu** to Cu" during the course of catalyst preparation (calcination at 550
°C) or pretreatment at 400 °C in a flow of He. In addition, the reduction temperatures of Ce-
Cu-Al-MCM-41 were about 20 °C lower than those of Cu-Al-MCM-41 (323 °C vs. 342 °C
and 540 °C vs. 561 °C), suggesting that the CuF* and Cu' ions in the former are more easily
reduced than those in the latter. This is reasonable because when Na in the AI-MCM-41 was
partialy substituted by Ce**, the positive charges in the framework would increase and thus lead
to weaker eectrodtatic interactions between Al-MCM-41 and the copper ions. As expected,
thiswould also result in alower CU#*/Cu’ ratio in the Ce-Cu-Al-MCM-41 than that in the Cu-
Al-MCM-41 (0.73 vs. 0.80, as shown in Table 1) after the samples were treated at 400 °C in

He.
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3.2 NO reduction activity of catalyst

The cataytic performance of the catdysts for SCR reaction of NO, with C,H, as
functions of the reaction temperature are summarized in Fig. 1 and Fig. 2. Ce**-exchanged Al-
MCM-41 was found to be inactive in this reaction at 250-600 °C; dmost no NO, was reduced
to N, but some C,H, was oxidized to CO, by O, a higher temperatures. Over the Cu-Al-
MCM-41 and Ce-Cu-Al-MCM-41 catalysts, only a small amount of NOy was converted to
N, at 250 °C. With the increase of reaction temperature, NO, conversion increased, passng
through a maximum, then decreased a higher temperatures. No nitrous monoxide and carbon
monoxide were detected in the temperature range and N, was the only product containing
nitrogen. The nitrogen baance and carbon baance were both above 95% in this work. The
decreasein NO, conversion at higher temperatures was due to the combustion of ethylene. Ce-
Cu-Al-MCM-41 aways showed higher NO, conversons than Cu-Al-MCM-41, indicating
that cerium ions played an important promoting effect in the catdyst (because no activity was
obtained on Ce-Al-MCM-41 sample). The maximum NO, conversion reached 38% at 550 °C
over the Ce-Cu-Al-MCM-41 catalyst, which was about 15% higher than that over Cu-Al-
MCM-41. The ethylene conversion reached 100% at 500 °C on Cu-Al-MCM-41 catayst.
The conversions of ethylene on Ce-Cu-Al-MCM-41 were found to be lower than those on Cu-
Al-MCM-41 (Fig. 2).

It is wdl known that oxygen is important in the SCR reaction of nitric oxides by
hydrocarbons [2-6]. The effect of O, concentration on NOy converson to N, was aso

investigated at 500 °C on Ce-Al-Cu-MCM-41 catayst. As shown in Fig. 3, dmost no NOy
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reacted with ethylene in the absence of O,. After O, was introduced into the feed mixture, NOx
conversion was sgnificantly increased. This indicates that oxygen plays an important role for the
reduction of NOy by C,H,4, as we expected. The maximum conversion reached ca. 38% in the
presence of 1-1.6% O, . After that, NO, converson was found to decrease dightly at higher

O, concentrations. C,H, conversion aways increased with the increase of O, concentration.

4. Discussion

When sodium ions in AI-MCM-41 were partialy exchanged by copper ions or copper
and cerium ions, the Cu-Al-MCM-41 and Ce-Cu-Al-MCM-41 cataysts showed a high
activity in SCR reaction of NOy by ethylene in the presence of excess oxygen. Since the
samples without copper (i.e., AI-MCM-41 and Ce-Al-MCM-41) showed little or no activity in
this reaction, copper ions clearly play an important role for the reduction of NOy to No.
Iwamoto and co-workers studied the effect of zeolite structure on the catalytic performance of
SCR reaction by comparing NO, converson on different zeolites exchanged with copper ions
[2, 16]. In addition to Cu-ZSM-5 Gi/Al = 11.7), Cu**-exchanged ferrierite G/Al = 6.2),
mordenite /Al = 5.3), Zeodlite L (S/Al = 3.0) and Zedlite Y (S/Al = 2.8) were a0
investigated. They found that the maximum activity was obtained on Cu-ZSM-5 catadyst and the
lowest activity was on Cu-Y under the same conditions. Delahay et d. [24] and Corma et 4.
[25] dso reported that a Smilar cataytic activity for NOy reduction was obtained on Cu-Beta
zeolite as compared with Cu-ZSM-5. In this work, we found that Cu-AlI-MCM-41 aso
showed an activity in NOy reduction by ethylene in the presence of excess oxygen, but the

activity was dightly lower than that of Cu-ZSM-5. However, on the Ce** promoted Cu-Al-
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MCM-41 catalyst, we obtained 38% NOy conversion a 550 °C (Fig. 1), which was close to
the maximum vaue (ca. 40%) on the Cu-ZSM-5 catdy<t [11, 16] under smilar conditions. The
maximum N O, conversion on the Cu-ZSM-5 was obtained at a lower temperature (250 °C),
but Ce-Cu-Al-MCM-41 catalyst had a wider window of the operation temperature (i.e., a
window of 200 °C vs. 120 °C at NOy converson > 25%, as shown in Fig. 1). Like Cu-ZSM-
5, when 5% water vapor and 500 ppm SO, were added to reaction gases, the NO, converson
was found to decrease from 36.0% to 23.8% at 500 °C on the Ce-Cu-Al-MCM-41 catalyst.
However, the deactivation by H,O and SO, was less severe compared to that for Cu-ZSM-5.
H,-TPR and XRD results showed that the copper in the Cu-Al-MCM-41 and Ce-Cu-
Al-MCM-41 was mainly present in the form of isolated Ci?* ions. CuP* ions could be partialy
reduced to Cu" ions when the samples were treated a high temperatures. Almost no CuO
aggregates were detected in the two catdyds. This is consstent with the results obtained in
other zeolites (e.g., ZSM-5, Beta zeolite, etc. [5, 6, 24]) that were underexchanged by Cu**.
The isolated CU** ions may play an important role in the SCR reaction of NO, by ethylene.
Severd authors have clamed that the active species for SCR reaction of NOy may involve a
CU?*/Cu’ redox cycle in CuF*-exchanged zeolites [24-27]. In the presence of hydrocarbon
(e.9., C;Ha, CaHs, CsHg, €tc.), the CU?* would be reduced to Cu* and then Cu' was oxidized
back to CU** by NO,, thus completing the cataytic cycle. The X-ray absorption near edge
structure (XANES) study of Liu and Robota reported that a significant proportion of copper
was in the form of Cu'" in the presence of propylene (one of the sdlective reducing agents), even
in a large excess of oxygen. Furthermore, the concentration of cuprous ions followed the same
trend with temperature as that of NO, conversion in the reaction. But the use of non-sdlective

reducing agent (e.g., methane) did not lead to the formation of Cu". Hence, they concluded that
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cuprous ions are essentia for this reaction. Kutyrev et d. [27] also demonsirated a close
correlation between the catalytic activity and the concentration of isolated CU* by a series of
FTIR study. However, more recently, Haler and coworkers [28] used in situ XANES
andyss together with comparison of the catdytic behaviors of Cu-ZSMI-5 with CuO/Al,O5 and
CuO/SIO, systems and indicated that the rate limiting step of the reaction took place on cupic
oxides. They suggested that zeolite supports did not play an essentid role in the reaction and
that the mechanism might not involve a Cuf*/Cu’ redox cycle. Their conclusions were based on
the fact that the CuO/Al,O3; sample showed a higher activity in the reduction of nitric oxides
than the Cu-ZSM-5 under their experimenta conditions. On the other hand, reports aso exist
showing that Cu-ZSM-5 (with high exchange, e.g., 80-100%) was more active than CuO
doped Al,Os [4-6, 16]. In thiswork, only isolated CuP* and Cu* ions were detected in Cu-Al-
MCM-41 and Ce-Cu-MCM-41 cataydsts, suggesting that CuO aggregates may not play an
important role in this reaction on these two catayds. After some cerium ions were introduced
into Cu-Al-MCM-41, copper ions in the molecular Sieve become more easily reducible by H,.

This may be related to the increase of catdytic activity of NO, reduction by ethylene.

5. Conclusions

Both Cu-AlI-MCM-41 and Ce-Cu-Al-MCM-41 were found to be active in the
reduction of NO, to N, by ethylene in the presence of excess oxygen. Due to the interaction
between cerium and copper, the copper ions in the Ce-Cu-Al-MCM-41 could be reduced by
H, more easly than those in the Cu-Al-MCM-41. The former aso showed a higher NOy

conversion than the latter in the temperature range of 250-600 °C. In the copper ion-exchanged
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Al-MCM-41 catalysts, the copper species were mainly present in the form of isolated Cu*

ions, which may play an important role in the sdlective cataytic reduction of NO, to N..
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Table1l Main characterigtics of the catalysts

Sample BET Specific Pore Pore H,/Cu (TPR) (mol/moal)
Volume Diameter
Surface Area (crr/g) (nm) 1% peak 2" peak
(1)
Al-MCM-41 917 1.05 4.3 — —
Ce-Al-MCM- 904 1.09 4.2 — —
41
Cu-Al-MCM- 885 1.03 4.1 0.41 0.51
41
Ce-Cu-Al- 871 1.03 4.8 0.36 0.49
MCM-41
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—@— Ce-A-MCM-41
—l— Cu-Al-MCM-41
40 1 —A— Ce-Cu-Al-MCM-41

Temperature ( °C)

Fig.l Conversonsof NOy for SCR reaction on (a) Ce-Al-MCM-41, (b) Cu-Al-MCM-41
and (c) Ce-Cu-Al-MCM-41. Reaction conditions. catalyst = 0.5 g, [NO] = [C,H,] = 1000

ppm, [O4] = 2%, He = baance, tota flow rate = 250 ml/min, and space velocity » 7500 h .
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Fg. 2 Conversons of GH, for SCR reaction on (@) Ce-Al-MCM-41, (b) Cu-Al-MCM-41

and (¢) Ce-Cu-Al-MCM-41. Reaction conditions are the same asin Fig. 1.
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Fig. 3 Effect of O, concentration on SCR activity on Ce-Cu-Al-MCM-41 catayst. Reaction
conditions. temperature = 500 °C, catdyst = 0.5 g, [NO] = [C,H4] = 1000 ppm, He =

balance, total flow rate = 250 ml/min, and space velocity » 7500 h* .
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CHAPTER THREE

Pt/M CM-41 catalyst for selective catalytic reduction of nitric oxide

with hydrocarbonsin the presence of excess oxygen
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1. Introduction

Removd of NO, (NO + NO,) from exhaust gasesis a chdlenging subject that has been
extendvely sudied in recent years. The sdective cataytic reduction (SCR) of NOy is one of the
mogt effective means. For large power plants, V,Os/TiO, has been the man commercid
catalyst for SCR with NH; for stationary sources [1]. However, for diesd- and gasoline-fueled
enginesin vehicles, the use of NH;-based SCR technologies is not practica because of the high
cost and NH; handling problems. The threeway catdyst has been used commercidly in
gasoline engines for reduction NO to N, by carbon monoxide and hydrocarbons under rich-
burn conditions, but it becomes ineffective in the presence of excess oxygen [2]. The firgt
catadys found to be active for sdective cataytic reduction of NO by hydrocarbons in the
presence of excess oxygen was copper exchanged ZSM-5, reported in 1990 by Iwamoto et
a.[3] and Held et d.[4]. A large number of catdysts have been found to be active for these
reactions since 1990, such as Cu-ZSM-5 [3-6], Co-ZSM-5 and Co-Ferrierite [7-9],
Co/Al,03 [10], Ce-ZSM-5 [11], Cu?*-exchanged pillared clay [12, 13], Fe-ZSM-5 [14], Pt-
ZSM-5 [15-17], Rh-ZSM-5 [17], Pt/Al,O3 [18-20], and supported Ag [21]. Although Cu-
ZSM-5 is very active and the most intensvely studied cadyd, it suffers from severe
deactivation in engine tests, mainly due to HO and SO, [22, 23]. By comparison, Pt-ZSM-5
was found to be more active than Cu-ZSM-5 and Fe-MOR at lower temperatures (127-277
°C) [15] and the catdysts containing Pt were stable in red diesd exhaust [24]. They appeared

to be one of the most promising catdydts.
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MCM-41, a new member of the zeolite family, shows a regular hexagond aray of
uniform pore openings with pore dimensions between 1.5 and 10 nm [25, 26]. Because it has
high thermd gability, high BET surface areas and large pore volumes, MCM-41 has dready
attracted considerable interests in recent years [27]. It has been studied as catalysts, support
and sorbents [27]. Corma and co-workers [28] reported a good cataytic activity for MCM-41
in selective oxidation of hex-1-ene with HO,, and norbornene with terbutylhydroperoxide on
Ti-MCM-41 catayst. Fe-AI-MCM-41 were also reported by Yang et a. [29] as a good
catays for sdective catdytic reduction of NO with NHs. In this work, we investigated the
activity of platinum doped MCM-41 in SCR of NO with methane, ethylene, propane and
propylene in the presence of excess oxygen. The effects of oxygen, water vapor and sulfur

dioxide on SCR activity were dso sudied.

2. Experimental

Pure slica MCM-41 was synthesized according to the procedure given by Kim et al.
[30]. 30.1 ml sodium slicate solution (containing 14% of NaOH and 27% of SO, Aldrich)
was dropwise added to a threeneck flask contaning a mixture of 41.3 ml
cetyltrimethylammonium chloride (CTMACI, 25 wt% in water, Aldrich), 0.6 ml 28 wt% NH;
agueous solution (J.T. Baker) and deionized water, with constant gtirring at room temperature.
The resulting gl mixture had the following molar compogtion: 1 SO, : 0.166 CTMACI : 0.388
NaO : 0.0247 NH,OH : 40 H,O. After dtirring for 1 h, the mixture was hesated to 97 °C for

24 h, then cooled down to room temperature and the pH was adjusted to 10.2 by adding 2N

61



HNO:s. The reaction mixture (pH=10.2) was heated to 97 °C again for 24 h. This procedure of
pH adjusment and subsequent heeting (for 24 h duration) was repeated twice. Findly, the
product was filtered, washed with deionized water, dried at 110 °C for 12 h and then cacined
at 560 °C for 10 h in a flow of ar (150 mi/min). 0.5-5 wt% PYMCM-41 cataysts were
prepared by using the incipient wetness impregnation method with hydrogen hexachloroplatinate
(IV) hydrate (99.9%, Aldrich) as the platinum precursor. After cacination a 500 °C for 4 hin
air, the samples were crushed to 60-100 mesh.

The powder X-ray diffraction (XRD) measurement was carried out with a Rigaku
Rotaflex D/IMax-C system with CuK, (I = 0.1543 nm) radiation. The samples were loaded on
a sample holder with a depth of 1 mm. XRD patterns were recorded in the ranges of 2q = 1-
10° and 30-70°. A Micromeritics ASAP 2010 micropore Size andyzer was used to measure
the N, adsorption isotherm of the samples at liquid N, temperature (-196 °C). The specific
surface areas of the samples were determined from the linear portion of the BET plots (P/Py =
0.05-0.20). The pore size digtribution was calculated from the desorption branch of the N,
adsorption isotherm using the Barrett-Joyner-Haenda (BJH) Formula, as suggested by Tanev
and Vlaev [31], because the desorption branch can provide more information about the degree
of blocking than the adsorption branch hence the best results were obtained from the BJH
formula. Prior to the surface area and pore size distribution measurements, the samples were
dehydrated at 350 °C for 4 h.

The dispersons of Pt in the PYMCM-41 cadysts were measured by CO
chemisorption on a thermogravimetric andyzer (TGA, Cahn 2000 System 113). Prior to CO

chemisorption, the samples were firgt reduced by H, (5.34% H, in N,) a 400 °C for 5 h or
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more, followed by cooling to room temperaiure in He flow. Chemisorption of CO was
performed a room temperature (with 1.03% CO in He). Equilibrium was assumed when no
further weight gain was observed. Based on the amount of CO adsorbed and assuming 1.1
ratio for Pts:CO, Pt dispersions were obtained.

The SCR activity measurement was carried out in a fixed-bed quartz reector. The
reaction temperature was controlled by an Omega (CN-2010) programmable temperature
controller. 0.1 g or 0.2 g of sample was used in thiswork. The typica reactant gas composition
was as follows: 1000 ppm NO, 1000-3000 ppm hydrocarbons (CH,, C;H4, C3Hg and CsHg),
0-7.8% O,, 500 ppm SO, (when used), 2.4% water vapor (when used), and baance He. The
total flow rate was 250 mi/min (ambient conditions). The premixed gases (1.01% NO in He,
1.05% CH, in He, 1.04% C,H, in He, 1.07% C3Hg in He, 0.98% C;3Hg in He and 0.99% SO,
in He) were supplied by Matheson Company. The NO and NO, concentrations were
continuoudy monitored by a chemiluminescent NO/NOy anadyzer (Thermo Electro Corporation,
Modd 10). The other effluent gases were andyzed by a gas chromatograph (Shimadzu, 14A) a
50 °C with 5A molecular seve column for O,, N, , CH, and CO, and Porapak Q column for
CO,, N,0O, CH4, C3Hg and CsHg. Other details of the SCR reaction system were described

elsawhere [32].

3. Results and Discussion

The XRD pattern of pure MCM-41 consisted of one very strong peak at 2q = 2.14°

and three weak peaksat 2q = 3.77°, 4.31° and 5.79°, which can be indexed, respectivey, to
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(100), (110), (200) and (210) diffraction pesks characteristic of a hexagond structure of
MCM-41 [25, 26, 30]. According to the value of dyo (Choo = 4.14 nm), the unit cell dimension
(a=4.78 nm) was caculated by using the formula: a= 20d,4/C8. After platinum dopings on the
MCM-41 sample, the XRD patterns were essentidly unchanged, indicating thet the incipient
wetness impregnation process did not ater the framework structure of this zeolite. The platinum
metal phase, with pesks at 23 of 39.73°, 46.24° and 67.41°, could dso be identified in the
XRD patterns of the PYMCM-41 catdysts. These three peaks were reflections of, respectively,
(112), (200) and (220) faces of the cubic platinum metd structure. With increasing amount of
platinum, the intengties of these pesks were seen to increase. No platinum oxide phase was
detected, whose three strongest pesks would have been found at 2y of 34.8°, 42.5° and
54.9°. This was most probably due to its good disperson on the catdysts. The BET specific
surface area, pore volume, average pore diameter, platinum disperson of the PYMCM-41
catalysts are summarized in Table 1. The PYMCM-41 cataysts were found to have narrow
pore size distributions with pore Sizes near 3.8 nm, high BET surface area( > 900 nt/g) and
large pore volumes( > 1.00 cnt/g). The Pt disperson obtained by CO chemisorption was
between 54% and 24% on the 0.5-5% PYMCM-41 cataydts, with higher dispersons for lower
Pt amounts.

The catalytic performance of 0.5-5 % PYMCM-41 for the reduction of NO with G;He
is shown in Table 2. At lower temperatures(lbelow 200 °C), NO converson and CzHg
converson were smdl. With increasing temperature, NO conversion was found to increase a
firdt, passing through a maximum, then decreased a higher temperatures. The maximum NO

conversion gppeared at the temperature at which propylene conversion reached 100%. Carbon
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dioxide was the only product (beside water) of propylene oxidation. The N balance and C
balance were above 94% in this work. Similar to other platinum doped or exchanged catdysts
reported in the literature, NO was the main product. This may be rdated to the fact that
platinum is a poor N,O decomposition catayst [20,33]. When the platinum amount increased
from 0.5% to 5%, the peak NO conversion temperature decreased from 275 °C to 250 °C. At
high temperatures, the decrease in NO conversion was due to the oxidation of C;Hg by O,. The
turnover frequencies (TOF) for the conversion of NO, defined as the number of NO molecules
converted per surface Pt atom per second, are dso given in Table 2. With the increase of
platinum amount, the maximum TOF was found to decrease. The steady-state NO reduction
rate (mmol/gh) was calculated as [8]
NO reduction rate = - d{NOJ/dt = FoX /w Q)

where iy was inlet molar flow rate of NO, X was NO converson and w was weight of the
catayst. The maximum NO reduction rate on these PYMCM-41 catdysts were 3.6-4.3
mmol/gh at 275 or 250 °C, which was higher than 2.8 mmol/ gk obtained on 1% PYAILO;
catayst [20] under amilar conditions. Hamada et d. [18] reported that the activity for SCR
decreased sgnificantly when aumina was replaced by slica as the support for Pt. Pt supported
on ZSM-5 aso showed SCR activity [15, 17]. It was claimed that Pt was ion-exchanged on
ZSM-5 [15, 17]. However, characterization of these materias has indicated that in many case
Pt exigts on the exterior surface of the ZSM-5 crygtas as fine metdlic particles, and hence was
not an effective support [34]. This indicates tha the nature of the support plays an important

rolein the activity of NO reduction with hydrocarbon on platinum. The high activity obtained on
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the PYMCM-41 catdysts was likely due to the large pores and high surface area of MCM-41.
Pore diffuson limitation is known to be sgnificant for the SCR reaction [29].

It is wdl known that oxygen is important in SCR reactions of NO both by
hydrocarbons [34] and by NH; [1]. The effect of O, on SCR by CHs over 1% PYMCM-41
at 250 °C was studied. In the absence of O,, dmost no activity was obtained. When 0.5% of
O, was added to the reactant gas mixture, NO conversion was found to increase sgnificantly to
88% and GHs converson aso reached 100% at the same temperature. After that, NO
conversion decreased dightly with the increase of O, concentration. It is known that reduced
platinum atoms play an important role for NO conversion [34, 35]. Burch and Watling reported
that about 14% of platinum atoms on the PYALO; catalyst surface were in the reduced form
under the reaction conditions and that NO did not convert to N, on a completely oxidized,
supported platinum catayst [19, 35]. In this work, after the PUMCM-41 catalysts were
cacined at 500°C in air (21% of O,), the platinum meta phase was till detected by XRD. The
XRD result combined with the high dispersons were indirect evidence for the high probability
that there existed reduced Pt atoms on the surface. The reduced platinum atoms could be the
active gtes for NO reduction. The role of oxygen was attributed to its reaction with
hydrocarbon fragments Ieft on the Pt Stes and thus prevention of the deectivation of the active
gtes by coke formation [34].

In order to compare directly the effect of different hydrocarbons on SCR activity of
NO, we aso sudied the cataytic performance on the 1% PY/MCM-41 sample usng CH,,
C,H, and C;Hs as reductants at the same carbon concentration condition, i.e., 3000 ppm of

CHg, 1500 ppm of CH, and 1000 ppm of CsHs, as compared with 1000 ppm of CsHe. For
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CH, and C;3Hg, no or little activity for NO reduction was found on the 1% PYMCM-41 catdyst
in the temperature range of 150-450 °C. At higher temperatures, only a smdl amount of CH,
was oxidized to CO, by O,, while alarge amount of G;Hg was converted to CO, by O,. By
comparison, a very high activity was obtaned when C,H, and CsHs were used as the
reductants. The maximum NO conversion reached 81% at 225 °C. This indicated that GH,
and C3Hg were excdlent reductants but CH, and C;Hg were poor reductants for SCR of NO
over the PUMCM-41 catdyst. Smilar phenomenon was observed on PYAL,O; and PYS O,
cataysts [36]. This difference is rdated to the nature of these hydrocarbons. Ethylene and
propylene have a C=C double bond and are easy to adsorb on platinum atoms and thus result
in ahigh converage of these adkene species. So the surface is readily reduced to Pt atoms.
However, methane and propane are saturated hydrocarbons and thus must have the C-H bond
broken to chemisorb on the Pt surface. So adsorbed oxygen is the predominant surface species
[36]. Because the C-H bond energy in the CH, molecule (105 kcad/mol) is larger than that in
CsHs molecule (95 kcd/moal), a higher C3Hg converson was obtained usng CsHg as the
reductant than that usng CH, as the reductant in the high temperature range. It is not surprisng
that Pt and PtO might have different cataytic properties for SCR reaction of NO on platinum
doped cataysts. Ethylene and Propylene are better reductants than methane and propane on the
PYMCM-41 catalyst.

The effect of HO and SO, on SCR activity of NO with GHs on 1% PYMCM-41
catalyst is studied. The result exhibited that the PYMCM-41 catayst was a stable catalyst. After
being on stream for 10 h at 225 °C, under the conditions of 2000 ppm NO, 1000 ppm CsHe,

2% of O,, He as baance and 250 ml/min of tota flow rate, NO converson remained at 80-
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81%. When 2.4% water vapor and 500 ppm SO, were added to the reactant gas, the cataytic

performance remained unchanged in the following 4 h a 225 °C.

4. Conclusions

0.5-5 wt% PYMCM-41 cataysts were prepared and studied for the selective catdytic
reduction of NO with CH,;, GH4, GHs and GHs in the presence of excess oxygen. The
cadysts had high BET surface areas (> 900 nf/g) and large pore volumes( > 1.00 cn/g ).
Patinum meta particles were detected in these catalysts at room temperature by XRD. A high
activity for NO reduction was obtained when C,H, or C;Hg was used as the reductant and the
maximum NO reduction rate reached 4.3 mmol/gh under the conditions of 1000 ppm NO,
1000 ppm C3He, 2% of O, and He as balance; but no or little activity was found when CH, or
CsHs was used. This difference was related to the different nature of these hydrocarbons. The
PYMCM-41 catdyst showed a good stability. HO and SO, did not cause deectivation of the

catayd.
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Table 1l Platium dispersions and pore structure parameters of the PYMCM-41 cataysts

Catayst BET SpecificSuface  PoreVolume PoreDiameter CO(mg)/gca Pt dispersion
Area(nflg) (em’lg) (nm) (%)
0.5% PYMCM-41 A7 114 380 0.38 4
1% PYMCM-41 928 1.08 373 053 37
2% PYMCM-41 943 113 381 1.00 35
5% PYMCM-41 908 110 3.87 171 24
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Table 2 Catdytic performance of PYMCM-41 for sdective cataytic reduction of NO with
CsHe a different temperatures

Catalyst Temp.(°C) NOConv. NOConv. NOConv.to  TOF/10° C;Hg Conv.
() to N (%) N2O (%) (" (%)
0.5% PYMCM-41 200 20 20 0 27 1
225 6.0 30 30 8.1 31
250 17.0 6.2 10.8 23 117
275 54.0 187 35.3 73 100
300 370 85 285 50 100
1.0% PYMCM-41 200 40 22 18 39 40
225 80 44 36 79 10.2
250 61.0 16.9 441 60 100
275 490 15.2 338 48 100
300 36.0 116 244 35 100
2.0% PYMCM-41 200 130 72 58 6.8 145
225 330 138 19.2 17 270
250 59.0 152 438 31 100
275 480 130 350 25 100
300 370 10.0 270 19 100
5.0% PYMCM-41 200 70 13 5.7 21 33
225 20.0 6.7 133 6.1 132
250 636 154 482 19 100
275 61.0 132 478 18 100
300 470 106 364 14 100

Conditions: 0.1 g of catayst, NO = 1000 ppm, CsHs = 1000 ppm, O, = 2%, He = balance,
total flow rate = 250 ml/min.
TOF (turnover frequency) is defined as the number of NO molecules converted per surface Pt

atom per second.
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CHAPTER FOUR

In Situ FT-IR Study of Rh-Al-M CM-41 Catalyst for the Selective
Catalytic Reduction of Nitric Oxide with Propylenein the Presence of

Excess Oxygen
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I ntroduction

Remova of nitrogen oxides (NOy, x = 1, 2) from exhaust gases has been a chalenging
problem in recent years. Sdlective catalytic reduction (SCR) of NOy by hydrocarbons in the
presence of excess oxygen has been extensvely studied.? Supported Pt-group metals have
been reported to be active a lower temperatures and are stable in the presence of water vapor
and sulfur dioxide.™® Platinum, iridium, paladium, rhodium and ruthenium supported on AlLOs,
TiO,, SO,, ZrO,, and ZSM-5 have been studied.*® More recently, MCM-41 as a support
and ion-exchanged MCM-41 have been studied in our |aboratory® for the SCR reaction. Both
ZSM-5 and MCM-41 have channd-type pores, however, the pores are much bigger in the
MCM-41 catalysts, i.e, 0.5-0.6 nm in ZSM-5 vs. 3-4 nm in MCM-41. Hence the mass
transfer resstance is congderably lower in the MCM-41 catdysts. Among various noble
metas doped on Al,O3, Pt was reported to be the most active and resstant to H,O and SO,
but it produces subgtantial amount of N,O. By comparison, Rh/Al,O3 has the highest product
sdlectivity for N,.> These different behaviors may be rdlated to the different characteristics of the
two metds and thus two different reaction pathways in the SCR reaction. For Pt supported

catdyds, eg., PYALO; and PYZSM-5, the reaction mechanism has been studied by TAP
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(temporal analysis of products) and FT-IR techniques®™° It has been generdly accepted that
the reaction path for reduction of nitric oxide involves a two-step process in which the NO
molecules are decomposed to N and O atoms on the reduced platinum sites, then the N atom
combines another N atom or a NO molecule to produce N, or N,O. The oxidized Pt Sites are
regenerated by reduction with hydrocarbons (e.g., GHe).2**** However, few studies on SCR
on Rh supported catalysts have been reported and the mechanism for NO reduction on Rh
cadyssis il unclear.2”*2,

In this work, we first report the activities and product selectivities of Rh-exchanged Al-
MCM-41 for SCR of NO by propylene in the presence of excess oxygen. The mechanism was
sudied by focusing on the surface adspecies of the catayst by in situ FT-IR spectroscopy
under reaction conditions. MCM-41 was chosen for this study because it has high therma
gability, high BET surface area and large pore volume. It has dready atracted consderable
interests in resent years. It has been studied as catalysts, support and sorbents.**° In our
previous study, platinum doped MCM-41 catalyst showed higher specific activity than PYALO;
for the SCR reaction.® The present study shows that the Rh-exchanged Al-MCM-41 catalyst is
more active and selective for N, than the Pt doped MCM-41 catalydt. It is dso shown that N,

and N,O originate mainly from the reaction between Rh-NO™ and propylene adspecies.

75



Experimental Section

Catalys Preparation and Characterization. Al-MCM-41 (S/Al=10) was
synthesized according to the procedure given by Borade and Clearfield.” Fumed silica (99.8%,
Aldrich), tetramethylammonium hydroxide pentahydrate (TMAOH, 97%, Aldrich), 25 wt.%
catyltrimethylammonium chloride (CTMACI) in water (Aldrich), Al[C,HsCH(CH3)O]; (97%,
Aldrich) and NaOH (98.1%, Fisher) were used as source materias for preparing AI-MCM-41.
Solution A was prepared by dissolving 1.325 g TMAOH in 100 ml deionized water and then
adding 5 g fumed slica Solution B was obtained by dissolving 0.72 g NaOH in deionized water
and adding 25 ml CTMACI followed by adding 219 ml AI[C,HsCH(CH3)O]; a room
temperature. The two solutions were girred for 10-15 min, then solution A was added to
solution B. The reaction mixture had the following chemicd compostion 1S0,-0.05A1,0;-
0.23CTMACI-0.11N&0-0.089TM A OH-125H,0. After being stirred for 15 min, the mixture
was transferred into a 250 ml three-neck flask and was then hested at 100 °C for 48 h. After
filtering, the solid was washed, dried and cacined a 560 °C for 10 h in a flow of air (150

ml/min). The XRD pattern of AI-MCM-41 (Fig. 1) was congstent with that reported previousy

76



for AI-MCM-41 molecular seve™*” and dl XRD pesks could be indexed on a hexagond
lattice with dygo = 3.9 Nm.

Rh-exchanged AI-MCM-41 was prepared by using conventiond ion exchange
procedure. 1 g AI-MCM-41 sample was added to 200 ml 10° M Rh(NO;); solution at 70 °C
with congtant gtirring. The pH value of the solution was adjusted to 6 with NaOH solution in
order to maximize the rhodium ion-exchange capacity. A low pH is not favorable for ion
exchange because of competition from H' and the fact that Rh exists as Rh®*. At high pH Rh
would precipitate as Rn(OH);. The exchange process was carried out for 6 h and repeated
three times. After that, the mixture was filtered and washed 5 times with deionized water. The
obtained solid sample was first dried at 120 °C in air for 12 h, then heated at 400 °C for 6 hina
flow of 5.34%H,/N,. The rhodium content in the Rh-Al-MCM-41 sample was andyzed by
neutron activation analysis and was 3.14% (i.e., 61.7% ion exchange). The Rh disperson was
determined by CO chemisorptio™ and was 93%. The BET surface area, pore volume and
average pore size of the Rh-Al-MCM-41 sample measured by N, adsorption at -196 °C with a

Micromeritics ASAP 2010 micropore size andyzer were 952 nf/g, 1.22 cn/g and 4.5 nm,

respectively.
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Catalytic Performance Measurement. The SCR activity measurement was carried
out in afixed-bed quartz reactor.’ 0.1 g sample, as particles of 60-100 mesh, was used in this
work without any pretreatment. The activity was measured after reaching a“ steady state.” The
typicd reactant gas composition was as follows: 1000 ppm NO, 1000 ppm CzHs, 2% O, and
baance He. The tota flow rate was 250 mi/min (ambient conditions). The premixed gases
(2.01% NO in He and 1.00% C;Hs in He) were supplied by Matheson Company. The NOx
concentration was continuoudy monitored by a chemiluminescent NO/NO, andyzer (Thermo
Electro Corporation, Model 10). The other effluent gases were andyzed by a gas
chromatograph (Shimadzu, 14A) a 50 °C with a 5A molecular Seve column for O, , N, and

CO, and a Porapak Q column for CO,, N,O and C3Hs.

FT-IR Study. Infrared spectra were recorded on a Nicolet Impact 400 FT-IR
spectrometer with a TGS detector. Sdlf-supporting wafers of 1.3 cm diameter were prepared
by pressng 10 mg samples and were loaded into a high temperature IR cdl with BaF;
windows. The wafers could be pretreated in situ in the IR cdll. The wafers were fird treated at
400 °C in aflow of He (99.9998%) for 30 min, and then cooled to desired temperatures, i.e.,

350, 300, 250, 200, 100 °C. At each temperature, the background spectrum was recorded in
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flowing He and was subtracted from the sample spectrum that was obtained a the same
temperature. Thus the IR absorption features that originated from the structurd vibrations of the
caadys were diminated from the sample spectra. Unless otherwise dated, a standard
pretreatment procedure a 350 °C was performed before gas adsorption. The procedure
condsted of oxidizing the sample in flowing O, for 10 min followed by purging with He for 15
min, then reducing the sample by H for 10 min and findly flushing in He for 15 min. In the
experiment, the IR spectra were recorded by accumulating 100 or 8 scans at a Spectral
resolution of 4 cmi*. The gas mixtures (i.e., NO/He, CsHg/He, NO+O,/He, CsHgs+O./He,
NO+C;3He+0O,/He, etc.) had the same concentrations as that used in the activity measurements,
i.e, 1000 ppm NO (when used), 1000 ppm GHs (when used), 2% Q (when used) and

baance of He. The totd gas flow rate was 250 ml/min.

Results and Discussion

Catalytic Performance for SCR Reaction. For pure Al-MCM-41, no NO
conversion to N, or N,O was obtained at 200-400 °C under the reaction conditions (0.1 g

sample, 1000 ppm NO, 1000 ppm CsHeg, 2% O, and 250 ml/min of totd flow rate). Whereas,

79



as shown in Table 1, Rh-Al-MCM-41 was ective for the SCR reaction. With increasing
temperature, the NO conversion increased first, passing through a maximum, then decreased at
higher temperatures. The maximum NO conversion gppeared a the temperature at which GHe
conversion reached 100%. At high temperatures, the decrease in NO conversion was due to
the combustion of GHg by Q.. Carbon dioxide was the only product (besdes water) of
propylene oxidation. The nitrogen balance was above 95% in this work. The product selectivity
for N, was between 60% and 78%. The maximum NO converson on Rh-Al-MCM-41
catayst was dightly higher than that on PYMCM-41 caidyst (68.2% a 300 °C vs. 63.6% at
250 °C)° under the same reaction conditions. The former aso had much higher product
sectivitiesfor N, than the latter, which is in agreement with the previous result that Rh doped
cataysts have higher N, sdlectivities than Pt catalysts? Since AI-MCM-41 was inactive in the
SCR reaction, it is clear that rhodium acted as active Stes for NO reduction on the Rh-Al-
MCM-41 cadys. The high activity on the catdyst may be attributable to the high rhodium
dispersion (93%, obtained by CO chemisorption). It is known that ion exchange can be used to

prepare highly dispersed Rhin NaY zeolite.'®
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IR Spectra of NO and NO, Adsorption on Rh-AI-MCM-41 Catalyst. The
adsorption of NO and NO, was studied a 250 °C on both oxidized and reduced Rh-Al-
MCM-41 by FT-IR spectroscopy. The oxidized Rh-Al-MCM-41 was obtained by cadcining
the sample at 350 °C in aflow of O, for 10 min followed by purging with He for 15 min. After
the sample was exposed to a flowing NO/He for 10 min at 250 °C, three IR bands were
observed at 1900, 1634 and 1534 cm™* (Fig. 24). The band at around 1900 cmi* was aways
observed on NO adsorbed Rh catalyds. It is attributable to NO adsorbed on the partidly
oxidized Rh sites, i.e, Rh-NO* "**2! which is generated by the donation of the unpaired
electron from the 2p [0* antibonding orbita of the NO molecule to the 4d orbita of rhodium.
This results in an increase in the strength of N-O bond and hence the NO molecule associated
with Rh" sitesis more difficult to decompose to N and O atoms than the free NO molecule. The

band at 1534 cni* is due to the n (N=0) vibration of the bidentate nitrato species. *°

/N

Rh\ . NO
O

This species was aso observed on the NO adsorbed RSO, catalyst by Srinivas et d.° The
wesaker band at 1634 cmi* may be assigned to NO, adsorbed on Rh sites.”?° NO was also

adsorbed on a reduced sample. Rh-Al-MCM-41 was reduced by H at 350 °C for 10 min
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followed by purging with He for 15 min. NO was then adsorbed at 250 °C for 10 min. The Rh
NO* band was stronger and appeared at a lower wavenumbers (1895 cm') as compared to
that on the oxidized sample (Fig. 2b), indicating that more Rh" sites were produced on the
reduced catalyst. In addition, two weak bands were seen at 1776 and 1644 cm™*. The 1776
cm* band can be assigned to Rh-NO'.2>% The NO species with a weskened N-O bond
would be easier to dissociate. It is known that NO molecules could be decomposed to N and
O atoms on reduced Rh sites and thus oxidize the Rh sites® While the assgnment of the band
at 1644 cm* is complicated, Xin et d. *° and Tanaka et d. # assigned the band around 1657
cmi* on Pt catalyst to n(ONO), but the wavenumbers of nitrito complexes generdly fdl in the
range of 1485-1400 cnmi* and 1110-1050 cm™, as shown by Nakamoto.”?  Therefore this
band could aso be due to Rh-NO' at different stes on the Rh catalyst , as suggested by
Sinivaset d. ® The IR spectrum of NO+O,/He adsorbed on Rh-Al-MCM-41 was similar to
that of NO adsorbed on the oxidized sample, i.e,, Rh-NO* (1904 cmi*), Rh-NO, (1634 cm)
and a bidentate nitrato species (1541 cm’) were observed (Fig. 2¢). When Rh-Al-MCM-41
was treated in aflow of NO,/He, Rh-NO* (1910 cm®), Rh-NO, (1627 and 1602 cm®) and a

bidentate nitrato species (1554 cm*) were formed, with Rh-NO, as the dominant species (Fig.
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2d). The formation of Rh-NO" indicates that NO, molecules were partly decomposed to NO

moleculeson Rh Sites.

IR Spectra of adsorbed NO+QO, at Different Temperatures. Fig. 3 shows a series
of spectra of Rh-Al-MCM-41 in flowing NO+O,/He a different temperatures. After the
sample was treated by NO+O,/He at 100 °C for 10 min, Rh-NO* (1910 cm™), Rh-NO;,
(1634 cm*) and bidentate nitrato species (1543 cmi*) were formed (Fig. 3a). In addition, a
small peak was observed at 1315 cni. This pesk was also seen on the NO, adsorbed Rh-Al-
MCM-41, but not observed on the NO adsorbed sample that was pretreated by H,.. This peak
was most likely due to adsorbed NO,” species.” This species disappeared at 200 °C (Fig. 3b).
With an increase in temperature, the Rh-NO* band (1910 cni) grew to a maximum intensity at
250 °C, and then declined at higher temperatures. Rh-NO® was the dominant species a
temperatures below 300 °C. By comparison, increasing the temperature from 100 to 350 °C
resulted in an increase in the bidentate nitrato species (1543 cmi®), but a decrease in the Rh-
NO, species (1634 cm®) (Fig. 3). The bidentate nitrato species became the dominant
adspecies at 350 °C due to oxidation of rhodium. Because NO molecules are easly

decomposed to N and O atoms and thus oxidizing the pre-reduced Rh stes to form [Rh(O,)],

83



other NO molecules can adsorb on the oxidized Rh sites [Rh(O,)] to form RhO,NO, i.e,
bidentate nitrato species. At high temperatures, most of the Rh surface was covered by oxygen
atoms, and many Rh stes were oxidized to [Rh(O,)] dtes, so bidentate nitrato became the

dominant species.

IR Spectra of Rh-Al-MCM-41 in a Flow of CHg+O,/He. When Rh-AI-MCM-41
was exposed to flowing CsHe+O,/He at 100 °C, a series of IR bands were observed (Fig. 4a).
The weak pesks between 3084 and 2924 cmi* resulted from asymmetric or symmetric C-H
stretching vibrations of =CH, and -CH; groups of gaseous or weakly adsorbed C;Hs.?*?® They
disappeared after the sample was purged by He for 15 min. The stronger bands at 1675 and
1430 cm* can be assigned to acrolein and carboxylate adspecies, respectively.?**%*  The
appearance of the band at 1594 cm* indicates the formation of polyene species? The
shoulders at 1490 and 1372 cmi' are due to p-alyl complex p-CsHs) and dlylic spedies,
respectively.”*® The assgnments of these bands are summarized in Table 2. These results
indicate that oxidation of C;Hg took place on the Rh-Al-MCM-41 catdyst at 100 °C. With an
increase in temperature, the intensity of the carboxylate species (1430 cmit) grew to amaximum

at 250 °C and then declined, and it disappeared completely a 350 °C. The other adspecies,



i.e, dlylic, p-C3Hs, polyene and acrolein, decreased with the increase in temperature and
vanished at 300 °C. Moreover, four new bands at 2363, 2335, 2103 and 2046 cm™ appeared
at 200 °C (Fig. 4b). The bands at 2363 and 2335 cm™* can be assigned to gaseous or weskly
adsorbed CO, species, while the other two bands are attributed to carbon monoxide adsorbed
linearly on two different rhodium sites®®# Increasing temperature resulted in an increase of CO,
bands but a decrease of CO adspecies bands. The oxidation reaction of propylene has been
intensively studied on various catalysts and the mechanism is understood.** The above results
suggests that the reaction route between GHg and O, on the Rh-Al-MCM-41 catays is in
agreement with the previous mechaniam, i.e,, propylene molecules are first adsorbed on the
active stes (Rh sites) to produce dlylic and p-C3Hs species, which can further dehydrogenate
to form a polyene species or react with oxygen species to produce acrolein and carboxylate

species. They arefindly oxidized to CO and CO, by oxygen.

IR Spectra of Reaction Between C;Hg and NO, Adspecies. Rh-Al-MCM-41 was
first treated with NO+O./He followed by He purge at 250 °C. C;He/He was then introduced
and the IR spectra were recorded as a function of time (Fig. 5). As noted above, Rh-NO*

(1898 cmi?), Rh-NO, (1629 cm*) and bidentate nitrato species (1536 cm®) were formed after
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Rh-Al-MCM-41 was treated with NO+O,/He (Fig. 58) and their IR bands did not decrease in
flowing He for 5 min. After GHe/He was passed over the sample for 15 seconds, the bands
due to Rh-NO* (1898 cmi*) and bidentate nitrato species (1536 cm™) dedlined rapidly, while
CO, (2363 and 2335 cm?) and Rh-CO (2025 cmit)®# species were formed (Fig. 5b). In
addition, a new weak band at 2174 cmi* was aso observed, suggesting the formation of an
isocyanate complex (Rh-NCO)."?°?4272 The Rh-NCO species was detected by many
researchers when investigating the interaction of NO and CO on supported rhodium catalyds.
For example, Hecker and Bell*"?® studied the formation of -NCO by in situ IR spectroscopy
on RWSIO,. They assigned the band at 2300 cmi* to Si-NCO and that at 2190-2170 cmi* to
Rh-NCO based on a comparison with the spectra of isocyanate complex over trangtion metals.
The Rh-NCO species at 2172 cmi* was dso identified by isotope exchange experiment.® The
decrease of the IR bands due to Rh-NO" and bidentate nitrato species as well as the formation
of CO,, Rh-CO and Rh-NCO species clearly indicated that C;Hg reacted with these nitrogen
oxides adspecies. Decrease of the 1629 cmi* band was not apparent. This is probably due to
the fact that the product HO, resulting from oxidation of propylene, aso has an IR band near
1629 cm™. The bands at 1629 and 1536 cm™ vanished in 30 seconds (Fig. 5¢). After the

sample was treated in a flow of GHe/He for 60 seconds, the Rh-NO* and Rh-NCO bands
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also disappeared and the CO adspecies became dominant on the surface, with a linear CO

band at 2004 cni* and a bridged CO band at 1830 cmi*.?°

IR Spectra of Reaction Between GHg+O, and Adsorbed NOy. Figure 6 shows
the IR gspectra observed during the reaction between C3;Hg+O,/He and nitrogen oxides
adspecies at 250 °C. As CzHg+O,/He was passed over the NO+O, adsorbed Rh-Al-MCM-
41, there was a gradual decrease in the Rh-NO" band (1898 cmi*) and the bidentate nitrato
band (1536 cmi?), and Smultaneous formation of CO, (2363 and 2335 cm*). Meanwhile, Rh
NCO (2174 cm*) and Rh-CO (2103 and 2047 cm™) were progressively formed. On the other
hand, some features that were assigned to acrolein (1670 cmi*), polyene (1594 cmi*), p-CsHs
(1492 cm*) and carboxylate species (1427 cmi) #*% dso gppeared. After 5 min, only a
trace of Rh-NO" and Rh-NCO were detected, and the other IR features were similar to that of
the fresh Rh-AI-MCM-41 catayst exposed in flowing GHes+O./He at 250 °C (as shown in
Fig. 4c). These results indicate that CsHg could aso reduce the nitrogen oxides adspecies in the
presence of excess oxygen, but the disgppearance of nitrogen oxides adspecies required a
longer time (> 5 min vs. 1 min) as compared with that in the absence of oxygen (compare Fig. 5

and Fig. 6). This is attributable to the competitive consumption of GHe by O.. Besides, CO,,
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not CO, was the main product of propylene oxidation in the reaction between GH¢+O, and

nitrogen oxides adspecies.

IR Spectra of Rh-AI-MCM-41 in a Flow of NO+C3Hg+O,/He. To identify the
species present on the catalyst under reaction conditions, IR spectra were recorded in a flow of
NO+C;3He+0O,/He when Rh-Al-MCM-41 was heated from 100 to 350 °C. As shown in Fig.
7a, a series of IR bands were observed at 3084-2924, 1899, 1730, 1675, 1635, 1600, 1507,
1428 and 1373 cm™* at 100 °C. These bands were aso detected on the sample in flowing
NO/He, NO+O,/He and C3Hg+O,/He (Figs. 2, 3 and 4). As indicated above, the weak bands
between 3084 and 2924 cmi* are due to the C-H dtretching vibration of GHe; the bands at
1899 and 1730 cm™ are atributable to Rh-NO' and Rh-NO™ species, respectively. The
shoulders at 1675, 1600 cmi* and the weak bands at 1507, 1428 and 1373 cmi* can be
assigned to acrolein, polyene, p-CsHs, carboxylate and dlylic species, respectivey.”** The
band at 1635 cmi*, assigned to Rh-NO, species above, was probably aso due to HO here
because oxidation of C3Hs took place at 100 °C. When the temperature was raised to 200 °C,
the IR bands attributed to Rh-NO* (1899 cmi?), p-CsHs (1507 cm™) and carboxylate (1428

cmi?) increased (Fig. 7b). Moreover, two new peaks at 2174 and 1777 cmi* appeared, which
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can be assigned to Rh-NCO and Rh-NO™ species, respectively.?>?#?"% The formation of Rh-
NCO indicates that the reaction between NO and CsHs occurred at 200 °C. At 250 °C, the IR
bands due to CO, at 2363 and 2335 cmi* were detected. In addition, a very small pesk at
2241 cm* was aso obsarved, suggesting the formation of gaseous NbO %. The IR bands of
these adspecies were changed with an increase in temperature. Rh-NCO and carboxylate
species grew to a maximum a 250 °C, and then decreased at higher temperatures. The
maximum of Rh-NO™ species appeared at 300 °C. At 350 °C, besides CO,, Rh-NO* and Rh-
NO,, a new band at 1541 ci' was detected, which is atributable to the bidentate nitrato
species’®? |t is noted that propylene was consumed by oxygen and nitric oxide a this
temperature. No adsorbed or gaseous CO species was observed during the reaction at 100-

350 °C.

Reaction Mechanism of NO Reduction by C3Hg in the Presence of Q. As
indicated above, when NO was introduced to the oxidized Rh-Al-MCM-41 or NO+O, was
passed over the reduced sample at 250 °C, Rh-NO", bidentate nitrato species and a small
amount of Rh-NO, were observed. Rh-NO" was the dominant species on the surface. It was

also observed on Rh-Al-MCM-41 in the presence of NO+C;He+O,/He at 100-350 °C (Fig.
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7). The nitrogen oxides adspecies were quite reactive towards CHs at 250 °C in the absence
or presence of excess oxygen, leading to the formation of Rh-NCO, CO and CO; (Figs. 5, 6).
However, under reaction conditions, the bidentate nitrato species was not detected until GHe
was totaly consumed at 350 °C (Fig. 7). It can not be a reaction intermediate in the SCR
reection. It is dso unclear if Rh-NO, species existed on the catalyst under reaction conditions
due to its overlap with the HO band. Considering that the concentration of Rh-NO, was
aways much lower than that of Rh-NO* on the NO adsorbed Rh-Al-MCM-41 catalyst (Figs.
2,3), its contribution to the production of N, and N,O would be smal as compared with that by
Rh-NO", even if it is formed under reaction conditions. Therefore, Rh-NO* may be the main
primary intermediate species for the reduction of NO by C3Hs.

When G;Hg and GHe+O, reacted with the nitrogen oxides adspecies on the Rh-Al-
MCM-41 catalyst, Rh-NCO was produced (Fig. 5 and 6). This species was also observed on
the catayst under reaction conditions (Fig. 7). In the study of NO + CO reaction, Rh-NCO
was detected on the rhodium doped catalysts and attracted considerable interests.™ It was
consdered to be formed from the reaction between CO and Rh-N resulting from the
dissociation of NO on the reduced Rh sites. However, in the SCR reection, we did not detect

any gaseous or adsorbed CO species on Rh-AI-MCM-41 (Fig. 7). Hence the Rh-NCO
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species was most probably formed from reduction of Rh-NO" by CsHg. The Rh-NCO species
was reported to be active in reacting with O, and NO to form N, and N;O on the RWAI,O;
catalyst.*® Rn-NCO may aso be another intermediate during the SCR reaction.

As NO+C3Hg+0O,/He was passed over Rh-Al-MCM-41 at 100 °C, besides Rh-NO*
and Rh-NO', acrolein, polyene, p-CsHs, carboxylate and dlylic species were formed (Fig. 7).
This suggests thet partid oxidization of GHs took place at 100 °C. The reactions between the
nitrogen oxides adspecies with propylene took place at above 200 °C, as identified by the
formation of Rh-NCO, N,O and CO, species. Since the propylene adspecies (polyene, p-
CsHs, dlylic species, etc.) are strong reductants, they can dso reduce the nitrogen oxides
adspecies a high temperatures. Based on the above results, a possble mechanism for the
reduction of NO by GHs in the presence of excess O, on the Rh-AI-MCM-41 catays is

present as follows:

Rh" + NO « Rh-NO' D
CsHs (g ® C3Hs (g (+[O]) ® -C3Hs, p-CsHs, polyene, ... 2
Rh-NO* + C3Hg (4, -CsHs, p-CsHs, polyene, ... ® ...® Rh-NCO ©)
Rh-NCO + 1/20,® Rh+ 1/2N, +CO, (4
Rh-NCO + NO® Rh+ N, + CO, (5)
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NO +1/20,® NO, (6)
Rh-NCO + NO, ® Rh+ N,O +CO, )
Rh+1/40,® Rh" +1/20* (8)
The reaction begins with the adsorption of NO molecules on the partidly oxidized Rh™ sites to
form Rh-NO" (reaction 1) and the adsorption of GHgs on the catdyst to form propylene
adspecies, such as dlylic species, p-CsHs, polyene, etc. (reaction 2). The Rh-NO* and the
adjacent propylene adspecies form the Rh-NCO species (reaction 3). The Rh-NCO then
reactswith O, , NO and NO, to produce N,, N,O and CO, (reaction 4-7). At the same time,
Rh is oxidized back to Rh" ions (reaction 8) and thus a cataytic cycle for the SCR reaction is
accomplished. Besides the mgjor reaction path, some N, and N,O may aso come from NO
dissociation because a smdl amount of Rh-NO™ species was adso observed under reaction
conditions (Fig. 7). It is known that reduced Rh meta is active for the decompostion of NO
molecules®* The above reaction mechanism on the Rh-Al-MCM-41 catalyst is different from
that on Pt doped catalysts #'°'* as well as Cu-ZSM-5 ', Co-ZSM-5 3! and Mn-ZSM-5
caaysts ¥ .

In addition to the SCR reaction, the propylene adspecies can aso be oxidized by

oxygen. Thereaction path is as follows:

92



~CaHs, p-CsHs (+[O]) ® acrolein (+{O]) ® carboxylate (+[0]) ® CO, 9)
-CsHs, p-C3Hs (+[O]) ® polyene (+[O]) ® CO; (10)

The oxidation reaction competes with the SCR reaction for the consumption of propylene.

Conclusions

Rh-AI-MCM-41 was active for the reduction of NO by CzHs in the presence of excess
oxygen. The Rh-NO" species was observed by in situ FT-IR spectroscopy on the catalyst in
flowing NO/He, NO+O,/He and NO+C3Hgs+O,/He. It could react with propylene and/or
propylene adspecies (e.g., p-CsHs, polyene, etc.) a 250 °C in the presence or absence of
oxygen. During the SCR reaction, an isocyanate species (Rh-NCO) was aso detected. A main
reaction path for the reduction of NO by GHe was proposed. In this path, Rh-NO" and
propylene adspecies first form a Rh-NCO species, then the Rh-NCO species reacts with O, ,

NO and NO, to produce N,, N,O and CO..
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Table 1. Cataytic performance of Rh-Al-MCM-41 catalyst for SCR reaction

Temperature NO Conversion Sdectivity (%) CsHg Conversion
(*C) (%) N N-O (%)
200 5.6 62.5 37.5 24
250 34.0 60.3 39.7 43.1
275 68.2 69.0 31.0 100
300 44.9 66.0 34.0 100
325 33.5 65.0 35.0 100
350 23.5 67.0 33.0 100
400 15.8 78.0 22.0 100

Reaction conditions: 0.1 g catdyst, [NO] = [C3He] =1000 ppm, [O,] = 2%, He = balance and

tota flow rate = 250 ml/min.
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Table2 Assgnmentsof IR bandsfor thereaction C;Hg+O, on Rh-Al-MCM-41

Bands (cm™) Assgnments References
3084 Nes (CH,), CsHe 24, 25
2984 Ns (CH,), CsHe 24, 25
2956 Nz (-CH3), CsHe 24,25
2924 Ns (-CHs), CaHe 24,25
2363, 2335 CO, 20
2103, 2046 n (CO), CO adsorbed on different Rhsites 20, 21
1675 N (C=0), Acrolein 24-26
1594 Polyene species 21
1490-1510 p-dlyl complex (p-CsHs) 21
1430 Surface carboxylate species 21
1372 Allylic species 26
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Fig. 1 XRD pattern of AI-MCM-41 sample.
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Fig. 2 IR spectra of (a) 1000 ppm NO adsorbed on Rh-Al-MCM-41 pretreated by O,, (b)
1000 ppm NO adsorbed on Rh-Al-MCM-41 pretreated by H,, (¢) 1000 ppm NO + 2% O,

adsorbed on Rh-Al-MCM-41 pretreated by H, and (d) 1000 ppm NO, adsorbed on Rh-Al-
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MCM-41 pretreated by H. The spectra (100 scans) were collected after the gases were

passed over the sample for 10 min at 250 °C.

A=0.1
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Fig. 3 IR spectra (100 scans) of Rh-Al-MCM-41 in aflow of 1000 ppm NO + 2% O./He at

(8) 100, (b) 200, (c) 250, (d) 300 and (€) 350 °C.
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Fig. 4 IR spectra (100 scans) of Rh-Al-MCM-41 in aflow of 1000 ppm C3He + 2% O,/He at

(a) 100, (b) 200, (c) 250, (d) 300 and (€) 350 °C.
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Fig. 5 IR spectra (8 scans) taken at 250 °C upon passing 1000 ppm CsHe/He over the

NO+O; presorbed on Rh-Al-MCM-41 for (a) 0, (b) 15, (c) 30 and (d) 60 seconds.
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Fig. 6 IR spectra (8 scans) taken at 250 °C upon passing 1000 ppm CsHg + 2% O,/He over
the NO+O, presorbed on Rh-Al-MCM-41 for (a) 0, (b) 15, (c) 30, (d) 60 and () 300

seconds.

106



A=0.1

e g
d "\‘\
Z2nm = .
g8 3 .
c P: !
[
- ~
=
b \ b Ve
s g%
= ‘—.\ =
ElC s
~ N e B
a - '\/'..
| o T —
3200 2800 2400 2000 1600

Wavenumbers (cm™)

Fig. 7 IR spectra (100 scans) of Rh-Al-MCM-41 in aflow of 1000 ppm NO + 1000 ppm

CsHs + 29 O,/He at (a) 100, (b) 200, (c) 250, (d) 300 and (€) 350 °C.
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CONCLUSION

Sdective cadytic reduction (SCR) of NO by hydrocarbons is investigated on ion-
exchanged pillared clays and MCM-41 cataydts, i.e,, Cu-TiO,-PILC, Cu-Al,Os-PILC, Cu-
ZrO,-PILC, Cu-Al,Os-Laponite, Fe-TiO,-PILC, Ce-TiO,-PILC, Co-TiO,-PILC, Ag-TiO,-
PILC, GaTiO,-PILC, Cu-Al-MCM-41, Ce-Cu-Al-MCM-41, PUMCM-41 and Rh-Al-
MCM-41. All Cu**-exchanged pillared clays showed higher SCR activities than Cu-ZSM-5
reported in the literature. Cu-TiO,-PILC showed the highest activities for SCR of NO than the
other cation-exchanged pillared clay catalysts, with 100% of product sdectivity for N.. The
cataytic activity increased with copper content until it reached 245% ion-exchange. In
particular, H,O and SO, only dightly deectivated the SCR activity of Cu-TiO,-PILC, whereas
severe deactivation was observed for Cu-ZSM-5. Moreover, the addition of 0.5 wt.% CeO,
onto Cu-TiO,-PILC increased the activities by about 10-30% while 1.0 wt.% of CeO,
decreased the activity of Cu-TiO-PILC due to pore plugging. Ce-Al-MCM-41 showed little
activity, but Cu-Al-MCM-41 and Ce-Cu-Al-MCM-41 were found to be active in this
reaction. A high NO converson to N,, amost the same as Cu-ZSM-5, was obtained on the
Ce-Cu-AlI-MCM-41 catadyst. Temperature program reduction results indicated that only
isolated Cu** and Cu' ions were detected in the Cu/*-exchanged AlI-MCM-41 samples. 0.5-5
wt% PYMCM-41 catalysts showed high activities for NO reduction when GH, or GHg was
used as the reductant . The maximum NO reduction rate reached 4.3 mmol/gh under the
conditions of 1000 ppm NO, 1000 ppm GHs, 2% of G and He as baance. No or little

activity was found when CH, or C;Hg was used. This difference was related to the different
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nature of these hydrocarbons. The PYMCM-41 catayst showed a good stability. HO and SO,
did not cause deactivation of the catayst. MCM-41 provided the highest specific NO reduction
rates for Pt as compared with al other supports reported in the literature, i.e., Al,O3, SO, and
ZSM-5. Rh exchanged AI-MCM-41 showed a high activity in converting NO to N, and N,O
at low temperatures for SCR of NO by GsHg. In situ FT-IR studies indicated that Rh-NO*
gpecies was formed on the Rh-Al-MCM-41 catalyst in flowing NO/He, NO+O,/He and
NO+CsHe+O/He at 100-350 °C. This species was guite active in reacting with propylene
and/or propylene adspecies (e.g., p-CsHs, polyene, etc.) at 250 °C in the presence/absence of
oxygen, leading to the formation of the isocyanate species (Rh-NCO), CO and CO,. Rh-NCO
was aso detected under reaction conditions. A possible reaction pathway for reduction of NO
by GHs was proposed. In the SCR reaction, Rh-NO* and propylene adspecies react to
generate the Rh-NCO species, then Rh-NCO reacts with G,, NO and NO, to produce N,,
N,O and CO,. Rh-NO" and Rh-NCO species are two main intermediates for the SCR

reaction on Rh-Al-MCM-41 catalyst.
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