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Application/Control Number: 12/480,360 

Art Unit: 1793 

Page 3 

Applicant should note that documents not in the English language have been 

considered only to the extent of statements of relevance, explanations provided in the 

corresponding search reports provided and provided translations. 

Claim Rejections - 35 USC § 112 

The following is a quotation of the first paragraph of 35 U .S.C. 112: 

The specification shall contain a written description of the invention, and of the manner and process of 
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the 
art to which it pertains, or with which it is most nearly connected, to make and use the same and shall 
set forth the best mode contemplated by the inventor of carrying out his invention. 

Claims 33-43 are rejected under 35 U.S.C. 112, first paragraph, as failing to 

comply with the written description requirement. The claim(s) contains subject matter 

which was not described in the specification in such a way as to reasonably convey to 

one skilled in the relevant art that the inventor(s), at the time the application was filed, 

had possession of the claimed invention. This is a new matter rejection. 

Claims 33- 43 recite reduction of oxides of nitrogen in the presence of "a 

catalyst comprising a zeolite having the CHA crystal structure promoted with sufficient 

copper to prevent thermal degradation .... ". 

This recitation is not supported by the originally filed specification. A thorough 

reading of the specification indicates that a CuCHA zeolite such as that set forth in claim 

20 which is further promoted with an amount of free copper results in the prevention of 

hydrothermal degradation. Paragraph 12 recites such a catalyst. The examples 

compare such catalyst to the exchanged CuCHA zeolite that does not contain "free" 

copper. Paragraph [0041] recites that the SCR catalyst is formed from a Cu exchanged 

zeoltie having free copper in addition to ion-exchanged copper. 
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In view of the foregoing, it is considered that the applicant did not have 

Page 4 

possession of the claimed process taking place in the presence of a material that is only 

a CHA zeolite promoter with sufficient copper to prevent thermal degradation. 

Claim Rejections- 35 USC§ 103 

The following is a quotation of 35 U.S.C. 1 03(a) which forms the basis for all 

obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 102 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter pertains. 
Patentability shall not be negatived by the manner in which the invention was made. 

The factual inquiries set forth in Graham v. John Deere Co., 383 U.S. 1, 148 

USPQ 459 (1966), that are applied for establishing a background for determining 

obviousness under 35 U.S.C. 103(a) are summarized as follows: 

1. Determining the scope and contents of the prior art. 
2. Ascertaining the differences between the prior art and the claims at issue. 
3. Resolving the level of ordinary skill in the pertinent art. 
4. Considering objective evidence present in the application indicating 

obviousness or nonobviousness. 

This application currently names joint inventors. In considering patentability of 

the claims under 35 U.S.C. 1 03(a), the examiner presumes that the subject matter of 

the various claims was commonly owned at the time any inventions covered therein 

were made absent any evidence to the contrary. Applicant is advised of the obligation 

under 37 CFR 1 .56 to point out the inventor and invention dates of each claim that was 

not commonly owned at the time a later invention was made in order for the examiner to 

consider the applicability of 35 U.S.C. 1 03(c) and potential 35 U.S.C. 1 02(e), (f) or (g) 

prior art under 35 U.S.C. 1 03(a). 
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AMENDMENT AND RESPONSE UNDER 37 C.F.R. § 1.114 
Serial Number: 12/480.360 
Filing Date: June 8. 2009 
Title: Copper CHA Zeolite Catalysts 

Docket No.: EH5328A 

CHA crystal structure and non-exchanged copper to prevent thermal degradation. The 

application amply supports claims 47 and 48, as an amount of non-exchanged copper is not 

essential to practice of the invention, but merely provides "enhanced" by non-exchanged copper. 

See Patchett Declaration, <JI 8. 

Secondary Considerations 

While it is maintained that based on the above remarks, the Final Office Action has failed 

to establish a prima facie case of obviousness, it is respectfully submitted the secondary 

considerations further weigh in favor patentability of the claims in the instant application. In 

Graham, the Supreme Court stated that "secondary considerations as commercial success, long 

felt but unsolved needs, failure of others, etc., might be utilized to give light to the circumstances 

surrounding the origin of the subject matter sought to be patented. As indicia of obviousness or 

nonobviousness, these inquiries may have relevancy." See Graham, 383 U.S. at 17-18. Thus, 

objective evidence of secondary considerations must be considered in making an obviousness 

decision. See Stratoflex, Inc. v. Aeroquip Corp., 713 F.2d 1530, 1538-39 (Fed. Cir. 1983). Any 

initial obviousness determination is reconsidered anew in view of the proffered evidence of 

nonobviousness. See In re Rinehart, 531 F.2d 1048, 1052 (CCPA 1976); In re Eli Lilly & Co., 

902 F.2d 943, 945 (Fed. Cir. 1990). 

The attached Roth Declaration shows that pnor to the present invention, there was 

skepticism by experts that Cu-zeolites could be used to remediate NOx in diesel engines. In 

2005, Dr. Roth, in his capacity as research group leader for NOx control catalysts at Engelhard 

Corporation (the predecessor in interest to the assignee of the instant application) attempted to 

secure a Department of Energy (DOE) funding for a proposal to study Cu-zeolites for SCR o 
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Title: Copper CHA Zeolite Catalysts 

Docket No.: EH5328A 

NOx. However, the experts at the DOE concluded that Cu-exchanged zeolites lack the 

hydrothermal stability needed to be commercially viable for SCR of NOx with ammonia for 

diesel engines. Roth Declaration, <JI 6. In fact, Dr. Roth was told that several reviewers and the 

DOE grant manager felt Cu zeolites were far too unstable to be commercially feasible. Roth 

Declaration, <JI 7. The DOE further stated that "several other investigators who are presumable 

experts in the area" were equally skeptical about the prospects of using Cu zeolites for SCR of 

NOx in diesel engines. Roth Declaration, <JI 8. Such expressions of skepticism and disbelief by 

experts is strong evidence of non-obviousness. See Environmental Designs, Ltd. v. Union Oil 

Co-., 713 F. 2d 693, 698 (Fed. Cir. 1983), cert. denied, 464 U.S. 1043 (1984) ("Expressions of 

disbelief by experts constitute strong evidence of nonobviousness. United States v. Adams, 383 

U.S. 39, 52, 15 L. Ed. 2d 572, 86 S. Ct. 708 (1966)."). 

The Roth Declaration also provides evidence of long-felt need. As explained in the Roth 

Declaration, the very recent literature, recognizing the excellent results provided by the instant 

invention have called the problem of NOx reduction in lean burn engines such as diesel engines 

"daunting." Roth Declaration, <JI 10. At the time of the invention, impending Tier 2 Bin 5 

standards were requiring higher NOx conversion, which the authors at Ford Motor Company 

recognized as "especially challenging" for temperatures in the range of 200° to 350° C. While 

there were Cu/zeolite catalysts that delivered fresh performance, their performance degraded 

over time as a result of high temperature deactivation. Roth Declaration, <JI 11. The present 

invention satisfied a long-standing need, and the Ford Motor Company researchers indicated that 

the material used in the process of the present invention was a "remarkable" Cu/zeolite that 

showed high NOx conversion in the low temperature range. Roth Declaration, <JI 11. The instant 
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AMENDMENT I RESPONSE UNDER 37 CFR § 1.111 
Serial Number: 12/480,360 
Filing Date: Jun 8, 2009 
Title: Processes For Reducing Nitrogen Oxides Using Copper CHA Zeolite Catalysts 

Docket:EH5328A 

32. (Original) The exhaust process of claim 31, wherein said diesel oxidation catalyst and 

catalyzed soot filter are upstream from said catalyst comprising a zeolite having the CHA crystal 

structure. 

33. (Currently Amended) A SCR process for the reduction of oxides of nitrogen contained in an 

exhaust gas stream from an internal combustion engine wherein said SCR process comprises 

contacting the gas stream with a nitrogenous reductant and a catalyst deposited on a substrate, 

the catalyst comprising a zeolite having the CHA crystal structure having a silica to alumina 

mole ratio less than about 50 and promoted with sufficient copper to provide a copper to 

aluminum atomic ratio of about 0.25 to about 0.50 including non eJcchanged copper to prevent 

thermal, the catalyst resistant to significant degradation of ths zeolite fresh NOx conversion 

performance of the catalyst when exposed to temperatures of at least about 600°C and high water 

vapor environments of about 10% or more for at least about 6 hours. 

34. (Cancelled) 

35. (Cancelled) 

36. (Currently Amended) The process of claim 33, wherein the zeolite contains ion eJcchanged 

copper and an amount of non eJcchanged copper sufficient to and the catalyst maintain§. about 

90% of fresh NOx conversion of the catalyst in an exhaust gas stream containing nitrogen oxides 
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AMENDMENT I RESPONSE UNDER 37 CFR § 1.111 
Serial Number: 12/480,360 
Filing Date: Jun 8, 2009 
Title: Processes For Reducing Nitrogen Oxides Using Copper CHA Zeolite Catalysts 

Docket:EH5328A 

H\ 'Il1r~ '64-4 [Kitent does not q.:oe.c ifkally disclose or suggest that. the zeolite having the CHA 

cryst<.)l stn1c.t.u.re. is use.ful for selec:rive ..:.:atalyt.k re<.h.lction of oxides of nitrogen in the. pres-en;.~~ of 

a reductant~ such as anunonia. 'Ibere is no dioc:ussic>11, suggestion or example in the '644 patent 

indicating that a zeolite. having the CH.A crystal stniC.ture cc>11taining copper e.xb.ibitt> improved 

seh~(:tive. catalytic n·oduction of oxides of nitrogen at. temp,?.m.ttu·e.s beknv 350" C compared to 

other z.ooHte.s, or that a zeolite. having the CHi\ crys.tal structure. and containing c.oppt'r maintains. 

exce Uent conversion of oxides of nitrogen after hydrothennal aging at te.Jnperatures in e.xcess of 

6..-"iO"' C and 10%, H:::'O. I understand that many Zt.X1lite.s aJ.nta:ining c.opJpe.r and oth€::r me.t.a.ls have. 

had limited applicatioo as §elective catalytic reduction z~atalysts in diesel engines t.~.:.~ause. of 

problems rek:1.ted tn nt':ti.ntetlatit.e. fJ.f good nitrogen oxide conversion upon hydn:Jthennal exposure 

at terr1pe.rantre.s in exce.;::s of 6.:50" C 

As was discussed at length in the interview, all zeolites that are promoted with a promoter metal 

such as copper, cobalt, nickel, ceria, etc. are expect to have some activity in the reduction of 

oxides of nitrogen. But the question of obviousness of the presently claimed invention is not 

whether the claimed process would have exhibited some activity, but whether the claimed 

process would have excellent activity at temperatures below 350° C that is maintained after 

hydrothermal aging. Failure to consider the excellent attributes of the copper promoted CHA 

materials of the present invention including excellent low temperature conversion after 

hydrothermal aging, resistance to poisoning from hydrocarbons and low generation (make) of 

N20, a greenhouse gas, fails to consider the invention as a whole. 

It has long been the law that ascertaining the differences between the prior art and the 

claims at issue requires interpreting the claim language, and considering both the invention and 

the prior art references as a whole. "In delineating the invention as a whole, we look not only to 

the subject matter which is literally recited in the claim in question ... but also to those properties 

of the subject matter which are inherent in the subject matter and are disclosed in the 

specification ... Just as we look to a chemical and its properties when we examine the 

obviousness of a composition of matter claim, it is this invention as a whole, and not some part 

of it, which must be obvious under 35 U.S.C. 103." In re Antonie, 559 F.2d 618, 620, 195 USPQ 

6,8 (CCPA 1977) (emphasis in original). 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In Inter Partes Reexamination of: ) 

BULLET AL ) 

Reexamination Control No. 95/001,453 ) 

Patent No. 7,601,662 

Issued: October 13, 2009 

For: COPPER CB:A 
ZEOLITE CATALYSTS 

Mail Stol' Inter ]Joartes Reexam 
Central Reexrunination Unit 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

) 

) 

) 

Exarniner: DIA.MOND, ALAND 

Group Art Unit: 3991 

Confirmation No: 2755 

DECLARATION OF STANLEY ROTH, ]>ItO. UNDER 37 C.F.R. § 1.132 

I, Stan Roth, do declare and say as follows: 

1. I am currently the research group leader for diesel oxidation catalysts ru1d soot filters for 

BASF Corporation, located in Iselin, New Jersey. In 2005, I held the position of research group 

leader for NOx control catalysts for Engelhard Corporation, which was subsequently acquired by 

BASF Corporation. 

2. I received a doctorate degree in Inorganic Chemistry in 1982 from University of Illinois. 

I have been involved in the research and development of catalysts since 1986, and since 1995 I 

have worked in the areas of research and development of catalysts for automotive emissions, in 

pruiicular diesel engines. 

3. I am fruniliar with United States Patent No. 7,601,662 ("the '662 patent"), which is 

directed to a catalyst comprising a zeolite having the CHA crystal structure, a silica to alumina 
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LY!ter Partes Reexamination No. 95/001,453 
Declaration of Stanley Roth, Ph.D. 

ratio of about 15 and an atomic ratio of copper to aluminum exceeding about 0.25, with specific 

claims directed to silica to alumina ratios in the range of 15 to 40 and copper to aluminum ratios 

in the range of about 0.25 to 0.50. Such catalysts are useful fbr the abaternent of nitrogen oxides 

in lean bum engines such as diesel engines, particularly by selective catalytic reduction in excess 

oxygen in the presence of a reductant such as anm1onia. I understand that the '662 patent 

presently under reexamination in the United States Patent and Trademark Oflice, and that all of 

the claims have been rejected as allegedly being obvious over various cited references. 

4. In 2005, I contacted a university professor, whom Engelhard was working with to obtain 

Department of Energy (DOE) funding for a proposal to study Cu-zeolites for selective catalytic 

reduction (SCR) of nitrogen oxides (NOx). Exhibit A attached hereto is a copy of the e-mail 

correspondence with the university prof(~ssor on the DOE proposal, with the names of the 

professor, DOE review personnel and other personnel redacted. As shown on page 7 of Exhibit 

B, the grant proposal was wait-listed because the DOE grant rnonitor concluded that "Cu-

exchanged zeolites lack the hydrothem1al stability needed to be commercially viable for SCR of 

NOx vvith ammonia for diesel engines." 

5. After receiving the infonnation that the grant proposal had been vvait-listed, I wrote back 

to the professor asking if the proposal could be reconsidered. The professor explained that 

"some reviewers, and my DOE grant :riiqnager simply think Cu-exchanged zeolites are far to [sic, 

too] unstable to water to be commercially feasible, so they do not want to fund work in the area." 

(Exhibit A, at page 5). 

6. After vvriting to the professor a second time, the professor quoted the DOE contact as 

stating: 

"Clarifying the vvater-stability issue, without revealing proprietary 
knowledge, would be a good point to address in a new version. I have 
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Inter Partes Reexamination No. 95/001,453 
Declaration of Stanley Roth, Ph.D. 

heard the same negative comment about the prospects for Cu-zeolites from 
several other investigators who presumably are also experts in this area. 
Thus, it is imperative to argue/present evidence that dispels such belief. 
More that the practicality of the concept, such as prospects for large-scale 
commercialization, the BES reviewers will be seeking fur the rationale 
that will lead to new/corrected mechanistic understanding underlying such 
stability (or lack thereof)." 

(Exhibit A, page 3 ). 

7. The professor further quoted one of the reviewers as stating: 

"The structure-property-processing relationships that the PI's describe as 
the scientific goals are meritorious and worthy of support. The PI's 
weaken their position considerably, hovvever, by emphasizing the 
technology of SCR in diesel vehides \Vhen in fact propose to study de
N Ox via ammonia over Cu-exchanged mordenite. Moreover, the PI's 
completely side step the issue of catalysts deactivation in the presence of 
water; I believe this to be the primary reason why metal-exchanged 
zeolites have limited application. It is interesting to note that not a single 
metal-zeolite for SCR was commercialized in the USA in the 1990'2 (see 
John Annor, App. Cat. A, V222, page 407(2001))." 

(Exhibit A .. , pages 3-4). 

8. The statements made by the DOE contact and reviewers represented the view of many 

researchers and those skilled in the art that Cu-zeolites could not be used as catalysts for the SCR 

of NOx because of the inability to maintain NOx conversion upon exposure to hydrotherrnal 

conditions-namely temperatures in excess of 650° C and H20 of 10%. Even the recent 

literature, recognizing the results achieved in the '662 patent have called the problem of NOx 

reduction in lean bum engines as "daunting". (Exhibit B, f]rst page). 

9. The challenge before the invention of the '662 patent was to provide a zeolite materia! 

promoted with a metal or metal ion that exhibited high NOx conversion across a wide 

temperature range, including temperatures in the range of 200° to 350° C and that maintained 

high NOx conversion after hydrothennal aging of temperatures above 650° C, and in some cases 
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Inter Partes Reexamination No. 95/001,453 
Declaration of Stanley Roth, Ph.D. 

as high as 800° C or 900" C. The researchers at Ford summarized the problem in the research 

paper attached as Exhibit C (first page): 

Passenger and. light duty diesel vehicles will require up to 90% NOx 
conversion over the Federal Test Procedure (FTP) to meet future Tier 2 
Bin 5 standards. This accomplishment is especialiy challenging for low 
exhaust temperature applications that mostly operate in the 200°- 350° C 
temperature regime. Selective catalytic reduction (SCR) catalysts 
.formulated \vith Cu/zeolites have shown the potential to deliver this level 
of perfomumce fresh, but their perfom1a.nce can easily deteriorate over 
tirne as a result of high temperature thermal deactivation. 

10. In 2006, I am aware that Engelhard Corporation provided samples of a Cu-zeoiite having 

the CHA crystal structure deposited on a substrate to Ford Motor Company for SCR testing, and 

I understand that this is the material tested and described in Exhibit C, a research paper by Ford 

Motor Company entitled "Enhanced Durability of a Cu/Zeolite Based SCR Catlayst.. As noted in 

Exhibit C (first page), it was believed that Fe-zeolites exhibited superior hydrothermal durability 

compared to Cu-zeolites. After testing the samples that were sent to Ford, the Ford researchers 

concluded that the material of the '662 patent is "remarkable". (Exhibit C, last page). 

In past years, no reported Culzeolite SCR formulation was able to yield. 
stable low temperature NOx per.f()rnu.mce after exposure to hydrothennal 
conditions consisting of 1 hour at 950° C. Within the last year, a 
remarkable Cu./zeolite SCR formulation was identified with high NOx 
conversion in the 200° C - 350° C temperature range. 

11. The material claimed in the '662 patent has been sold for use as a SCR catalyst for the 

removal of NOx in diesel engines in several different automotive manufacturer vehicle 

platforms. The material of the '662 patent has met a long-standing and previously unfulfilled 

need - a metal zeolite that exhibits both excellent NOx conversion over a wide temperature 

range, including the range of 200° to 350° C, and that maintains high conversion after exposure 

to hydrothermal conditions. This has allowed auto~notive manufacturers to rneet increasingly 

stringent NOx standards that went into effect in 2010. 
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Inter Partes Reexamination No. 95/001,453 
Declaration of Stanley Roth, Ph.D. 

12. The Research & Development Council ofNew Jersey has recob'11ized the inventors ofthe 

'662 patent with the 2010 Thomas A.lva Edison Patent Award in the environmental category, 

which recognizes the outstanding work done by New Jersey scientists and inventors by honoring 

the most exceptional efforts. 

I hereby declare that all statements made herein of my own knowledge are true and that all 

statements made herein on infom1ation and belief are believed to be true; and further that these 

statements were made with the knowledge that willful hllse statements and the like so made are 

punishable by fine or imprisonment, or both, under Section 1 001 of Title 18 of the United States 

Code, and that such willful faise statements may jeopardize the validity of the above-identified 

patent. 

Respectfully submitted, 

Dated: January 20, 2011 By: 

5 
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Stan Roth/RD/ENGELHARD To Jamesllllllllll!llllll!llllll!llllll!llllll!llllll!llllll!llllll-'i'.~i>!> 
cc 

09/28/2005 02:55PM 
Subject RE: proposal on Cu-zeolites for NOx SCRLtn)s. 

Jim, 

I have been out of the country for the past week. How did we leave this issue of your DOE proposal? 

From my perspective you can go ahead as planned in your memo below. Hopefully our discussion has 
been useful. You can modify your introduction to include the comparative zeolite requirements for HC
SCR and NH3-SCR. Let me know if you require me to slightly modify my 2005 memo to state that 
"Preliminary experimental data shows thermal durability to 800"C" 

In the zeolite literature there are probably many examples of structures with hydrothermal durability to the 
700-SOO"C range. The big issue appears to be your DOE reviewers that have experience limited to the 
Cu-ZSM5 HC-SCR example, where catalytic performance quickly died after modest hydrothermal aging. 

I understand that you like Mordinite because it's symmetry makes calculations easier. And that many of 
your papers have concerned work on ZSM-5. Is part of the problem with your DOE proposal that you are 
stressing continual work on these zeolites? 

Moving forward, I would not really recommend either of these zeolites for the NH3-NOx application. Do 
we want to take our relationship to the next step, and have Engelhard supply you with samples for 
evaluation/modelling. This will of course require confidentiality/secrecy agreements, and in the past it has 
taken months to iron out all the legal implications. In cases were the University requires retention of 
patent rights, Engelhard has declined to participate in potentially useful programs. The alternative is to 
keep the relationship on an informal basis. That limits the relevance of your work to model catalyst 
systems, but also puts no limitations on publication of the results. Let me know you thoughts on this 
subject. 

Regards, 
Stan 

09/16/2005 05:05PM 

Hi Stan, 

cc: 
Subject: RE: proposal on Cu-zeolites for NOx SCR 

Thanks very much for the explanation. I knew part of it, but what you said 
really clarified the issues for me. 

I would like to go ahead and resubmit my proposal mostly as is but with more 
explanation of the stabilization issue, as that was the only major objection 
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to our proposal, which otherwise was very favorably reviewed. 

So, my plan is to change our intro to include solrm~e~.~o~f~~~~~~~~~~·s data from 
11111111111, and some data from ( of the I Institute. 

With your permission, I will also clarify some of the stability issues using 
the info only from your Sept 16 email, and none of your proprietary info. 

I would like to also ask if I could reuse the letter you had given me in 
January 2005, but with a current date? 

Hopefully that will be enough. The DOE really wants me to resubmit by mid
September to meet their January review, so I am unfortunately being rushed in 
my revisions. 

Thanks again for your help! 

Best wishes, 
Jim 

James 111111111111111 
Professor 
Department of Chemical and Materials Engineering 

University 

(fax) 

-----Original Message-----
From: Stan_Roth@engelhard. com [nk j_ J. t: o; .''i:.-':n ___ r-zo::.hi<:,:,nqe l ha;:·-·:1 < C()H:] 

Sent: Friday, September 16, 2005 12:38 PM 
To: James 
Cc: Stan_Roth@engelhard.com 
Subject: RE: proposal on Cu-zeolites for NOx SCR 

Jim, 

Thank you for these reviewer quotes. 
At last I finally understand where the objections to your proposals are 
comming from. 

5-10 years ago there was much effort worldwide on the reaction of HC+NOx, 
oven known as active lean NOx or HC-SCR. There are propably 500+ 
literature references to this catalyst concept. There were two main types 
of catalyst used for this reaction: 
(1) Pt-ZSM5 which functioned from 180-250°C but had as it's main weakness 
that the reaction was not selective and produced predominately N20 rather 
than N2. 
(2) Cu-ZSM5 which was had an activity window from 300-500°C, did not 
produce N20, but had as it's main weaknees that the catalyst deactivated 
and could not survive extended hydrothermal treatment over 550°C. The 
mechanism of deactivation was clearly demonstrated to be loss of strong 
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acid sites in the zeolite that were responsible for coke formantion. The 
reaction pathway involved the seqauential reaction of HC on the acid sites 
to form coke. The reaction of NO on Cu to form N02 and the reaction of N02 
with "coke" to form NO and N2. 

NH3-SCR catalysts do not have the same deactivation mechansim because the 
strong acid sites do not play a role in the rate determining step of the 
reaction. Yet it appears as if the reviewers, who are not experts in the 
field, are taking what little they have deard about unrelated chemisty and 
drawing the conclusion that your proposed project is not based on a 
catalyst that can survive under realistic conditions. 

How do we go forward? 

Regards, 
Stan 

P.S. I will be out of the office for the next week visiting 
automotive/truck customers in Europe. We can talk again when I return. 

J<a>Im~e~~~~~~~~~-~~~~~ ---~ ----------------------------~t~? __ : ____________________ .. ~}.:~--~:-~_~:_]_===!~-~~-~~~x~-~~:-~~=-~:_]_9~~-~l_.x~-~:~-~~:~-~-~-~~~~!_l_l 
_: __ ~_<o'_C_J_L'> 

Subject: RE: proposal 
09/14/2005 02:55 
PM 

Hi Stan, 

CC: c <c. 
on Cu-zeolites for NOx SCR 

Our DOE contact is Here is the latest quote from him: 
"Clarifying the water-stability issue, without revealing proprietary 
knowledge, would be a good point to address in a new version. I have heard 
the same negative comment about the prospects for Cu-zeolites from several 
other investigators who presumably are also experts in this area. Thus, it 
is imperative to argue/present evidence that dispels such belief. More that 
the practicality of the concept, such as prospects for large-scale 
commercialization, the BES reviewers will be seeking for the rationale that 
will lead to new/corrected mechanistic understanding underlying such 
stability (or lack thereof)." 

Also, a quote from one of the reviewers was: 
"The structure-property-processing relationships that the PI's describe as 
the scientific goals are meritorious and worthy of support. The PI's weaken 
their position considerably, however, by emphasizing the technology of SCR 
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in diesel vehicles when in fact propose to study de-NOx via ammonia over 
Cu-exchanged mordenite. Moreover, the PI's completely side step the issue 
of catalysts deactivation in the presence of water; I believe this to be 
the primary reason why metal-exchanged zeolites have limited application. 
It is interesting to note that not a single metal-zeolite for SCR was 
commercialized in the USA in the 1990'2 (see John Armor, App. Cat. A V222, 
page 4 0 7 ( 2 0 0 1 ) ) . " 

So, I think their major concern is instability of the zeolite, either due 
to dealumination or inactivation of the Cu. Any help you could provide 
would be greatly appreciated. t just gave me approval to 
include her latest results presented at DEER 2005 meeting, which helps 
greatly but doesn't specify the metal in the zeolite. So, if you could 
give me any info re. stability of Cu-exchanged zeolites, I would greatly 
appreciate it. 

Thanks very much! 

Jim 

James 111111111111111 
Professor 
Department of Chemical and Materials Engineering 

University 

(fax) 

-----Original Message-----
From: Stan_Roth@engelhard.com [mailto:StaD~Roth@0Dgelnar0.com] 

Sent: Wednesday, September 14, 2005 11:34 AM 
To: James 1111111111 
Subject: RE: proposal on Cu-zeolites for NOx SCR 

Jim, 

Is the issue one of your contact at DOE not understanding the fundamental 
hydrothermal stability of zeolites. If that is the case I can probably 
pull together some papers/patents that show zeolites can remain stable for 
HC adsorption or acid catalysis after being exposed to high temperatures. 

Or is the issue one of stability of Cu in the zeolite matrix, and its 
ability to retain SCR specific activity after exposure to high 
temperatures. 

Who is your DOE contact. I know some of the DOE people that have been 
involved in funding advanced combustion and catalyst programs. 
Specifically Gurpreet Singh and Kevin Stork. 

Regards, 
Stan 
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_: .. _:_:~~~~::~> c c : 
Subject: RE: proposal on 
Cu-zeolites for NOx SCR 
09/14/2005 12:45 
PM 

Dear Stan, 

The information you present below would make ALL the difference between our 
receiving or not receiving a grant from DOE. Some reviewers, and my DOE 
grant manager, simply think Cu-exchanged zeolites are far to unstable to 
water to be commercially feasible, so they do not want to fund work in the 
area. 

One option would be for you to verbally share that information with my DOE 
grant officer, but ask him to keep it confidential. 

Another option is if I quote the information below but do not name the 
company, but inform the reviewers that DOE has been told. 

Please think about this, as without help from you or 1111, the DOE grant 
officer thinks work in this area is useless. 

I am also waiting to hear from at 1111, as she has shared 
some exciting data privately with our group, and I am hoping I will be 
allowed to include or refer to it. 

Best wishes, 
Jim 

J a me s 11!1111!111!111!1 
Professor 
Department of Chemical and Materials Engineering 

University 

(fax) 

-----Original Message-----
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From: Stan_Roth@engelhard. com [ma :[ :u:.c·: ~:; t: an ___ Fc·t: b (len·T:: Lha ::d. c.-:_.n1] 

Sent: Wednesday, September 14, 2005 9:29 AM 
To: James 111111111 
Subject: Re: proposal on Cu-zeolites for NOx SCR 

Jim, 

Under laboratory aging conditions of air + steam we have SCR catalysts 
based on Cu-zeolite that have survived 50h at 800°C without significant 
loss in SCR activity and still exhibit >90% NOx conversion at inlet temp 
>300°C. At lower temperatues the performance drops due to oxidation of NO 
not due to thermal durability of the Cu-zeolite. 

This information is confidential to Engelhard and I am uncertain how to 
support your program without disclosure of our product performance. Such a 
catalyst will likely not be in commercial application until 2010. 

Is there any way to support your program without disclosure of confidential 
information? 

It sounds to me as if DOE has a reviewer who does not have much experience 
with zeolites. 

Regards, 
Stan 

11111111111111.: .. ~~-~~-~:> cc : 
Subject: proposal on 
Cu-zeolites for NOx SCR 
09/06/2005 03:07 
PM 

Dear Stan, 

I hope all is well with you. I've been waiting to hear on my DOE proposal, 
which was "wait-listed" and although it was close, it was finally not 
approved for funding. The major criticism from one reviewer (and echoed by 
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the DOE grant monitor) is that Cu-exchanged zeoliteslack the hydrothermal 
stability needed to be commercially viable for SCR of NOxwith ammonia for 
diesel engines. 

I greatly appreciate the support letter you wrote for me last year, which 
was helpful, but due to proprietary issues it was not quite strong enough 
to address the reviewers concerns. 

DOE has encouraged me to resubmit the proposal in the next 1-2 weeks, if I 
can obtain stronger evidence of the hydrothermal stability of the 
zeolites. I am asking at 1111 for help and to be able to 
include some of her data, but I would also greatly appreciate it if you 
again give me a letter of support, especially one that directly addresses 
the hydrothermal stability concerns. 

I very much want to continue work in this area, but without stronger 
evidence of hydrothermal stability I will not be able to address the 
reviewers concerns and obtain funding from DOE. 
appreciate any help you can give, in the form of 
last year, and/or any data I can point to. 

Thanks very much. 

Sincerely, 

James 111111111111111111111111111 

Professor 

Department of Chemical and Materials Engineering 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIUniversity 

So, I would greatly 
a modified letter from 
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Superior activity and selectivity of a Cu ion-exchanged SSZ-13 zeolite in the selective catalytic reduction 
(SCR) of NOx with NH3 were observed, in comparison with Cu-beta and Cu-ZSM-5 zeolites. Cu-SSZ-13 was 
not only more active in the NOx SCR reaction over the entire temperature range studied (up to 550 oc), 
but also more selective toward nitrogen formation, resulting in significantly lower amounts of NOx by
products (i.e., N02 and N20) than the other two zeolites. In addition, Cu-SSZ-13 demonstrated the highest 
activity and N2 formation selectivity in the oxidation of NH3 . The results of this study strongly suggest 
that Cu-SSZ-13 is a promising candidate as a catalyst for NOx SCR with great potential in after-treatment 
systems for either mobile or stationary sources. 

1. Introduction 

The abatement of environmentally harmful NOx compounds 
(NO, N02 , and N2 0) emitted from mobile or stationary power 
sources remains a challenging task for the catalysis community. 
In particular, conventional three-way catalysts used in the exhaust 
after treatment technologies of internal combustion engines prove 
ineffective when the engine is operated under highly oxidizing 
conditions (to achieve better fuel efficiency). The problem is daunt
ing, since reduction chemistry (NOx to N2 ) has to be carried out un
der highly oxidizing conditions. Several approaches have been 
proposed for lean-NOx abatement, each of them with its own spe
cific sets of problems. The two technologies that seem to have clear 
advantages among the processes proposed are the selective cata
lytic reduction either with hydrocarbons (HC-SCR) or with ammo
nia (NHrSCR), and lean-NOx traps (LNT). For the NHrSCR 
technology, transition metal (in particular Fe and Cu) ion-ex
changed zeolite catalysts have shown high activity and N2 

selectivity. 
The most extensive studies have been carried out on Cu2+ ion

exchanged ZSM-5 (Cu-ZSM-5) zeolites, first shown to exhibit high 
NO decomposition rates and NOx SCR activities in the 1980s i ~J ~~7]. 
More recently, Cu2

+ -exchanged beta zeolite ( Cu-beta) has been 
shown to have excellent activity in the SCR of NOx with NH3 , and 
metal-exchanged beta zeolites are generally found to have greater 
hydrothermal stability than similar ZSM-5 catalysts [8]. In the very 
recent patent literature, Cu2 + ion-exchanged SSZ-13 ( Cu -SSZ-13) 

* Corresponding author. Fax: + 1 509 3 76 283 7 ~ 
E-mail address: chuckpeden@pnl.gov (C.H~F~ Peden)~ 

0021-9517/$ - see front matter © 2010 Elsevier Inc. All rights reserved~ 
doi:1 0.101 Gjj .jcdt.201 0.07~031 

© 2010 Elsevier Inc. All rights reserved. 

has been reported to exhibit NOx conversions of 90-100% over a 
wide temperature range in the NHrSCR process, and its activity 
exceeded 80% even after extensive high-temperature hydrother
mal aging [9]. The SSZ-13 zeolite has chabazite (CHA) structure 
with a relatively small pore radius (~3.8 A) in an eight-membered 
ring [10]. The enhanced thermal stability ofthe Cu-SSZ-13 catalyst 
has been attributed to the location of copper ions within the cage; 
i.e., just outside the six-membered rings of the zeolite framework, 
as evidenced by XRD analysis 111 ]. Although, high catalytic activity 
has been reported in the patent literature for the Cu-SSZ-13 cata
lyst under a specific set of reaction conditions, no comparisons 
have been made with other, widely studied NHrSCR catalysts 
(i.e., Cu-ZSM-5 and Cu-beta) under the same reaction conditions. 
Here, we report on the performance of a Cu -SSZ-13 catalyst in 
the SCR of NOx with NH3 , particularly focusing on the activity 
and N2 selectivity in comparison with those of Cu-beta and Cu
ZSM-5. We also compare the NH3 oxidation activities/selectivities 
of these catalysts under highly oxidizing conditions. Our results 
confirm that the activity and selectivity of the Cu-SSZ-13 catalyst 
for both NOx SCR with NH3 and NH3 oxidation are superior to those 
of both Cu-beta and Cu-ZSM-5. 

2. Experimental 

The SSZ-13 zeolite was synthesized using the methods recently 
published by Fickel and Lobo [111. reported to give a material with 
a Si/Al2 ratio of~ 12. The structure-directing agent used in the syn
thesis, N,N,N-trimethyl-1-adamantanamine iodide, was synthe
sized using the procedure reported by Zones [ 10]. After synthesis, 
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the SSZ-13 was calcined at 550 oc for 5 h in air before ion exchange 
in order to remove the zeolite framework structure-directing 
agent. Copper ions were exchanged into the zeolite in an aqueous 
ion-exchange process, using 0.1 M Cu(N03 )2 solutions; solution 
volumes were such that they contained twice the amount of Cu2

+ 

needed for complete ion exchange. After ion exchange over 1 day 
at room temperature, the catalysts were filtered, thoroughly 
washed with distilled water, and dried overnight at 100 oe, To 
ensure complete ion exchange, this process was carried out a sec
ond time with an aqueous solution of Cu2+ of the same initial con
centration. The dried catalysts were pre-calcined at 500 oc in 
laboratory air for 2 h before reaction tests. The CHA structure in 
Cu-SSZ-13 was confirmed with XRD measurement. 

For comparison purposes, Cu2+ -exchanged ZSM-5 and beta zeo
lites were prepared from commercially available zeolites (ZSM-5 
(CBV-3024, Si/Alz = 30) and beta (CP-814(, Si/Alz = 38), both from 
Zeolyst International Co.), using the same ion-exchange and calci
nation procedures applied to the preparation of the Cu-SSZ-13 
sample, except for varying the Cu2

+ concentration of the solution 
to match the Si/Al2 ratios of the particular zeolite. 

The NOx SCR activities were measured in a flow-through pow
der reactor system using gas mixtures containing 350 ppm NO, 
350 ppm NH3 , 14% 0 2 , and 2% H2 0 with a balance of N2 . The total 
flow rate was held at 300 seem over the 120-130 mg catalyst pow
der samples (SV ~ 30,000 h- 1 

). The temperature was varied from 
550 to 160 oc in approximately 50 oc steps, as measured by a small 
type K thermocouple inserted directly into the center of the cata
lyst powder bed. The NH3 oxidation reaction was carried out under 
similar reaction conditions in the absence of NO in the gas mixture. 
The reactant and product gas mixtures (NO, N02 , N2 0, and NH3 ) 

were analyzed using FTIR spectroscopy (Nicolet Magma 760 with 
OMNIC Series software) in a heated, 2-m path-length gas cell. 
Our reported NOx conversions (%) are defined as {NOiniet- (NO+ 
NOz + 2 * NzO)outlet/NOinietl * 100. 

3. Results and discussion 

NOx conversions as a function of reaction temperatures be
tween 150 and 550 oc are shown in fig. 1 over the three Cu-zeo
lites studied. Both Cu-ZSM-5 and Cu-SSZ-13 catalysts exhibit 
maximum conversion (>95%) at temperatures somewhat above 
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Fig. 1. NOx conversion profiles for Cu-SSZ-13 (squares), Cu-beta (circles), and Cu
ZSM-5 (triangles) at various temperatures in a gas mixture containing 350 ppm NO, 
350 ppm NH3 , 14% 02o and 2% H20 with a balance of N2• 

250 oc, while the maximum conversion over Cu-beta in the same 
temperature range is slightly lower (90%). Note that the Cu-SSZ-
13 catalyst maintains its high conversion (>90%) up to 500 oc, 
while the NOx conversion of Cu-ZSM-5 begins to decline above 
300 oe, Even at 550 oc, the highest temperature of this study, Cu
SSZ-13 exhibits a respectably high conversion of 83%. The order 
of activity of these catalysts in the high-temperature region 
(350-550 oc) is as follows: Cu-SSZ-13 > Cu-ZSM-5 > Cu-beta. 

In addition to NOx conversion, significant differences in product 
selectivity were observed for the three zeolite catalysts studied. 
Fig. 2 displays the amounts of by-products N02 (a) and N2 0 (b) 
formed in the SCR reaction. At reaction temperatures above 
300 oc, Cu-ZSM-5 and Cu-beta produce significant amounts of 
N02 , and at 500 oc the amounts of N02 produced over these two 
catalysts are 30 and 25 ppm, respectively, much higher than the 
<1 0 ppm measured over the Cu-SSZ-13. N2 0 formation profiles as 
a function of reaction temperature, shown in Fig. 2b, also exhibit 
large differences among the three Cu ion-exchanged zeolite cata
lysts. The N20 level over the Cu-SSZ-13 is very low ( <5 ppm) over 
the entire temperature range studied, while the Cu-beta catalyst 
shows a double maxima in N20 concentrations at low and high 
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Fig. 2. N02 (a) and N20 (b) formation profiles during NH3 SCR on Cu-SSZ-13 
(squares), Cu-beta (circles), and Cu-ZSM-5 (triangles) at various temperatures in a 
gas mixture containing 350 ppm NO, 350 ppm NH3, 14% 02o and 2% H20 with a 
balance of N2. 
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temperatures; i.e., 27 ppm at 200 oc and 24 ppm at 450 oc, respec
tively. The Cu-ZSM-5 catalyst produced a similar N20 formation 
profile to Cu-beta, but the amounts of N20 formed were much 
smaller. These N2 0 formation profiles are likely related to the reac
tion mechanisms of the NOx reduction reactions. For example, our 
results demonstrate that reaction intermediates (e.g., NOx-NH3 ad
sorbed complexes) on Cu-SSZ-13 take a more selective reaction 
route toward the production of N2 than do the complexes on the 
Cu-beta and Cu-ZSM-5 catalysts. 

The differences in activity and selectivity of the three zeolites 
studied may be related to fundamental differences in the known 
structures of these zeolites, i.e., the pore sizes and locations of 
the copper ions. The order of high-temperature NH3 SCR reactivity 
discussed earlier is the inverse of the order in pore size, i.e., SSZ-13 
having the smallest pores ( ~4 A, 8-membered ring) being the most 
active, ZSM-5 with medium size pore opening (~5.5 A, 10-mem
bered ring) having medium activity, and beta with the largest 
pores (~7 A and ~5.5 A, 12-membered ring) having the lowest 
activity and N2 selectivity. For these three catalysts, the smaller 
size pores seem to be preferred for the desirable reaction path
ways; however, detailed mechanistic studies need to be conducted 
to substantiate the correlation between pore size and activity/ 
selectivity. In summary, both the activity and selectivity of NOx 
SCR with NH3 for Cu-SSZ-13 are superior to those of Cu-ZSM-5 
and Cu-beta over the entire temperature range studied (up to 
550 °C). 

The differences observed in the ammonia SCR reactivities and 
N2 formation selectivities for the three catalysts studied may also 
be related (at least in part) to their abilities to oxidize ammonia. 
Therefore, we performed NH3 oxidation reactions over the three 
different Cu-zeolite catalysts in the absence of NO and the results 
are presented in Fig. 3. Ammonia conversions (Fig. 3a) reveal that 
the light-off temperature for NH3 oxidation is the lowest for Cu
SSZ-13, indicating its superior intrinsic NH3 oxidation ability. For 
this catalyst, the NH3 oxidation reaction lights off at around 
200 oc and reaches a conversion level of more than 90% at 
~300 oe, The NH3 conversion profiles for Cu-beta and Cu-ZSM-5 
are shifted to higher temperatures by ~so and ~ 100 oc, respec
tively, relative to that of Cu-SSZ-13. 

The concentrations of NOx (NO+ N02 + N2 0) in the reaction 
effluent, which are regarded as by-products during NH3 oxida
tion to N2 , are plotted in Fig. 3b. The Cu-beta catalyst produced 
relatively higher levels of these by-products, with a maximum of 
about 55 ppm at 350 oc, while the Cu-ZSM-5 catalyst produced 
significant amounts of by-products at 550 oe, The relative lack 
of NOx formation during ammonia oxidation on the Cu-SSZ-13 
catalyst implies that most of the NH3 is converted to N2 over 
a wide temperature range for this catalyst. The near absence 
of further oxidization to N20, NO, or N02 , as was the case for 
the Cu-beta and Cu-ZSM-5 catalysts, suggests again that the 
environment within the Cu-SSZ-13 catalyst may provide opti
mum conditions for selective conversion of reaction intermedi
ates to Nz. 

According to the results of previous studies, noble metal cata
lysts, including Pt [12], have been found to be very active in 
ammonia oxidation, but rather non-selective to N2 formation, 
while transition metal oxides such as Mn02 and CuO 113] have 
higher N2 selectivity, but require significantly higher tempera
tures. Cu-SSZ-13, on the other hand, can meet the two important 
requirements: excellent NH3 oxidation activity and N2 selectivity 
over a wide temperature range. Thus, for example, the use of Cu
SSZ-13 as an NH3 oxidation catalyst at the downstream end of a 
NOx SCR with NH3 unit might provide flexibility for controlling 
the dose of urea introduced before the SCR catalyst, since any ex
cess of NH3 can perhaps be removed more easily over the catalyst 
bed. 
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Fig. 3. (a) NH3 conversion profiles and (b) NOx product distributions during the NH3 

oxidation reaction on Cu-SSZ-13 (squares), Cu-beta (circles), and Cu-ZSM-5 
(triangles) at various temperatures in a gas mixture containing 350 ppm NH3 , 

14% 0 2 , and 2% H20 with a balance of N2. 

4. Conclusions 

Under the same reaction conditions for NOx SCR with NH3 , 

Cu -SSZ-13 demonstrates superior activity and N2 formation 
selectivity in comparison with Cu-beta and Cu-ZSM-5 zeolites. 
We find that Cu -SSZ-13 is more active for N Ox conversion over 
the entire temperature range studied (160-550 oc). Moreover, 
the Cu-SSZ-13 is also more selective toward the formation of 
N2 , producing lower amounts of undesired by-products such 
as N02 and N20. Our results also demonstrate that Cu-SSZ-13 
has superior performance for NH3 oxidation (lower light -off 
temperature) than Cu-beta and Cu-ZSM-5 zeolites, while also 
producing significantly lower amounts of (over-oxidized) NOx 
species. These results suggest that Cu-SSZ-13 is an excellent 
candidate catalyst for use in practical NH3 SCR of NOx and/or 
NH3 oxidation applications (the after-treatment systems of var
ious mobile or stationary sources). Detailed mechanistic studies 
are currently under way in our laboratory to understand the 
origin of the different activities and selectivities observed for 
these three catalysts in both the NOx SCR and NH3 oxidation 
reactions. 
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ABSTRACT 

Passenger and light duty diesel vehicles will require up to 
90"/o NOx conversion over the Federal Test Procedure 
(FTP) to meet future Tier 2 Bin 5 standards. This 
accomplishment is especially challenging lor low exhaust 
temperature applications that mostly operate in the 200 -
3500C temperature regime. Selective catalytic reduction 
(SCR) catalysts formulated with Cu/zeolites have shown 
the potential to deliver this level of performance fresh, 
but their performance can easily deteriorate over time as 
a result of higt1 temperature thermal deactivation. These 
high temperature SCR deactivation modes are 
unavoidable due to the requirements necessary to 
actively regenerate diesel particulate fiiters and purge 
SCRs irom sulfur and hydrocarbon contamination. 
Careful vehicle temperature control of these events is 
necessary to prevent unintentional the1-mal damage but 
not always possible. As a result, there is a need to 
develop thermally robust SCR catalysts. Fe/zeolite 
formulations are known to exhibit superior hydrothermal 
stability over Cu/zeolite formulations, However, current 
Fe/zeollte forrnulations are not very active for NOx 
conversion in the desired 200 -- 350"C temperature 
regime under conditions having low N02/NOx ratios. 
From previous studies, Cu/zeolite formulations have 
demonstrated never-to-exceed temperatures up to 
775"C, In this work, a laboratory flow reactor was 
utilized to hydrothermally age and evaluate tile latest 
state-of-the-art Cu/zeolite formulations. Results confirm 
remarkable high temperature hydrothermal stability up to 
950"C while maintaining stable low temperature NOx 
activity. A broad range of time-at-temperature 
hydrothermal aging was carried out to clearly define the 
full durability range. H1e aging time was varied from 1 
hour to 256 hours while the aging temperature was 
varied from 670 OC to i 1 00 OC. The catalyst performance 
was evaluated under a synthetic exhaust gas mixture 
commonly known as the "Standard" SCR reaction. 

INTRODUCTION 

The operating conditions over the Federal Test 
Procedure (FTP) results in high NOx emissions in the 
200 --· 350"C temperature range. From current ligllt-duty 

SAE Int. J. Fueis Lu!Jr. 1 Voiume 1 1 Issue 1 

diesel applications, the future Tier :?. Bin 5 em1ss1on 
standards will require up to 90"/o reduction in the tailpipe 
NOx emissions, 

Implementation of zeolite based components has been 
extensively studied for application in gasoline and diesel 
aftertreatment devices. However, the harsh high 
exhaust temperatures observed in typical gasoline 
vehicles have limited their widespread use. On the other 
hand, tile relatively milder diesel exhaust temperatures 
have encouraged continued development of zeolites as a 
major component in aftertreatrnent devices. 

One prom1mng diesel aftertreatrnent tecllnology 
containing zeolite is the Selective Catalytic Reduction 
(SCR) of NOx with an ammonia-based reductant such as 
aqueous urea. As stated in equation ( i), NOx reduction 
is possible due to the high selectivity of the ammonia 
(NHa) and nitrogen oxide (NO) reaction to form elemental 
N2. In the absence of nitrogen dioxide (NO;:), this 
reaction is referred to as the ''Standard" SCR reaction 
[i ]. Additionally, the SCR reaction containing 50% NO 
and 50% N02 is referred to as the "Fast" SCR reaction 
(equation 2). 

"Standard" ( 1) 

"Fast" (2) 

Vanadium, Fe/zeolite, and Cu/zeolite based SCR 
formulations are very active for the "Standard" SCR 
reactions, However, vanadium based formulations have 
been shown to easily deactivate when exposed to 
temperatures necessary to actively regenerate Diesel 
particulate filters (DPFs) with oxygen [2]. This cannot be 
avoided since a DPF is currently required to meet Tier 2 
Bin 5 particulate matter (PM} emission standards. 
Fe/zeolites have been shown to be much more durable 
to high temperature exposure. However, in the absence 
of N02, Fe/zeolites lack the low temperature (200 · 
350cC) NOx activity necessary for high FTP efficiency. 
In this critical temperature range, Cu/zeolite formulations 
have been reported to have much lower s;::nsitlvity to the 
N02/NOx ratio. As a result, Cu/zeolite formulations have 
been shown to achieve hiqh NOx conversion at the 
desired low operating tem-peratures. Their lack of 
hydrothermal stability above T75 "C has drawn questions 
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about their long-term in-use durability and robustness to 
occasional over--temperature events. 

lrnprovements in the therrnal durability of Cu/zeo!ite 
based SCR formulations has been higt1ly desirable and 
pursued by many research institutes and catalyst 
suppliers. 

This paper discusses the performance and hydrothermal 
durability of an enhanced Cu/zeolite based SCR 
formulation exhibiting durable low temperature NOx 
activity under a wide matrix of time-at-temperature aging 
conditions. On key aged samples, surface area 
measurements and Cu reduction measurements are 
performed to investigate changes in the zeolite and Cu 
state, respectively. 

EXPERIMENTAl 

SAMPLE PREPARATION 

A full size monolith washcoated with a state-oHhe-ati 
Cu/zeo!ite based SCR formulation was obtained from a 
catalyst supplier in 2007. The cordierite-based monolith 
measured 20.3cm diameter x 15.2cm length with 400 
cells per square inch (CPS!) and 4.5 mil wall thickness. 
The SCR monolith was completely cored and cut into 
i 60 round samples measuring c: 54cm diameter x 
2.54cm length. From this, a normal distribution was 
observed where the 95'% confidence interval around the 
mean mass was determined to be ± 0.4%. Older 
formulations mentioned in this paper did not necessarily 
exhibit the same distribution in mass. 

HYDROTHERMAL AGING 

As configured in Diagram i, sam pie cores were 
hydrothermally aged in flowing gas from an automated 
flow reactor system. The total flow rate utilized was 6A4 
liters/min. The synthetic gas composition consisted ol 
14% 0 2 , 5% H~,o, 5% C02, and balance N2. For each 
aging, three samples rneasuring 2.54cm diameter x 
2.54cm length were placed in a quartz reactor tube and 
labeled A, 8, and C. The three SCR samples were 
separated by 30mm to ensure weli distributed gas flow in 
aU channeis. An uncoated cordierite monolith was 
placed upstream to sente as a gas heat exchanger. The 
uncoated monolith ensured an isothermal gas 
temperature across each sample. Samples positioned in 
location "A" were used for surface area measurements. 
Samples positioned in location "B" were used for 
temperature-programmed reduction measurements 
(TPR). Samples positioned in location "C" were used for 
the NOx conversion evaluation tests. 

478 SAE Int. J. Fuels Lubr. i Volume 1 I Issue 1 

14%0~ 

5"/a H20 

5%,C02 

Balance N~ 

€L44 nters/min 

Cordierite 

DIAGRAM 1. Sample configuration during hydrothermal aging. 

A wide range of time-at-temperature hydrothermal aging 
was carried out to clearly define tile full durability range 
of a promising Cu/zeolite SCR formulation. The 
hydrothermal aging duration was varied from 1 hour to 
256 hours while the aging temperature was varied from 
670"C to 11 OO"C. Totaling i i 16 aging hours, Table i 
defines the 24 different aging conditions utilized in this 
study. Special attention was considered to determine 
the shoti-terrn never-to-exceed (NTE) temperature and 
the long--term SCR durability necessary to withstand the 
temperature resulting frorn DPF regeneration events. 
For a given aging duration, the NTE is defined as the 
temperature at which the NOx conversion decay 
accelerates significantly. 

Temp. 
('C) 

l-iydrotherma! Aging Duration (hours} 
f--,---.........:.,......--,----r=----=-.---.--.:.........-,-:___ __ -------

2 i 4 8 ! 16 32 64 140 256 

TABLE 1. Time-at-temperature hydrothermal aging matrix. 
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LABORATORY CATALYST EVALUATION 

Fundamental catalyst activity data were obtained using 
an automated laboratory-scale flow reactor system. 
Custom--written labVIEW based software with National 
Instruments data acquisition hardware controlled MKS 
mass flow controllers and lindberg Mini··Mite tubular 
furnaces. A computer controlled evaluation protocol was 
developed and run ior each sample to decrease the test
to-test variations commonly observed by manual 
operation. Table 2 shows the simulated diesel exhaust 
gas composition flowed through each sample core to 
study the "Standard" SCR reaction. 

-----~-:~--~~~-~~~;~~---------- ------------------;~~~~~~;~~~~----------------~ 

------------------------------------------------------ -------------------------------------------------------i 
NO (ppm) 350 -1 

NOz (ppm) 0 · 
---------------NH~-(p·j;;)·--------------- --------------------------·-35o·-------------·-------------~ 

02 (%) 14 ! 
---------------------------------------------------------------····------------------------j 

C02 (%) 5 ! 
!-----------------------------------+----
! H20 ('%.) , 5 J 

[---------------~-~!~_n_c_~ _______________ j ___ -_---______________ -N_~_---_---_----------=--------_---~--J 

TABLE 2. Simulated gas composition used to study performance for 
the "Standard"' SCR reaction. 

For all evaluations, the total gas flow rate was held 
constant at 6.44 liters/min while the sample size was 
held constant at 2.54cm diameter x 2.54cm length. As a 
result, a space velocity equal to 30,000ihr was used in 
this study. For the typical light-duty diesel vehicle 
operating over the FTP drive cycle, this space velocity 
corresponds to a SCR monolith size between 100% -
150% ol tile engine swept volume. 

Tile SCR inlet gas temperature was maintained with one 
preheat tubular furnace followed by a second tubular 
furnace. SCR samples were loaded in quartz tubing and 
placed in the second tubular furnace. A Tl1ermo Electron 
Antaris IGS FTIR Oas Analyzer with a heated sample 
cell was used at the outlet of the reactor to measure NO, 
N02, N20, NH:3, C02, and H,.o levels. To cover the full 
exhaust ternperatures expected on diesel vehicles, data 
were taken at SCR inlet gas temperatures from 
approximately i50'C to 700"C in 25-50"C steps. Tile 
computer-controlled evaluation protocol stepped the 
reaction temperature setting from a high temperature to 
low temperature for a prescribed duration. At each 
temperature setting, the duration was chosen so that 
post SCR gas composition was allowed enough time to 
completely equilibrate. 

The fiow reactor used in this study was examined to 
determine the test-to-test variability of the entire 
measurement system. Among nurnerous variables, the 

SAE Int. J Fuels Lubr. 1 Volume 1 1 Issue ·t 

FTIR measurement, the thermocouple measurement, 
and precision of the mass flow controllers may 
collectively contribute large discrepancies in the data. 
This may make it difficuit to conclude with confidence 
that one ·result is statistically diiferent than another result. 
Repeated evaluation runs were made on a single pre
aged (64hr/670"C) SCR sample to determine the 95% 
confidence intervaL Five evaluation runs were 
petiormed over the entire temperature range. 

SURFACE AREA MEASUREMENTS 

A ~v1icromeritics ASAP 2400 instrument in conjunction 
witi'l the well-known Brunauer, Emmet, and Teller (BET) 
equation was employed to determine the surface area of 
each SCR sample. The BET equation deterrnines the 
surface area by establishing the relationship between tile 
volurne adsorbed at a given partial pressure and the 
volume adsorbed at monolayer coverage [3]. 

TEMPERATURE PROGRAMMED REDUCTION (TPR) 

The Cu state within zeolite lorrnulations changes during 
the SCR reaction and after t1ydrothermal aging. These 
physical-chemica! changes yield different reduction 
temperatures. The TPR results reveal direct evidence of 
changing Cu-species in the catalyst and may be 
correlated to the deactivation of SCR activity aiter aging. 

Temperature-Programmed-Reduction (TPR) was 
conducted on a Microrneritics AutoChem I! 2920 
instrument Part of a catalyst sample (location "8") was 
sliced off and cut into small pieces, about 3 mm long. 
These small pieces were then loaded into a quartz 
reactor for TPR. Typically, 0.5 ~!ram oi sample was used 
in the experiment. The temperature was measured with 
a thermocouple in the catalyst bed. Prior to TPR, the 
catalyst sample was pretreated in 10%02/He at 600"C 
for 30 minutes and then cooled down to room 
temperature in 1 0"'/o02/He. After the pretreatment, the 
gas fiow was changed to 9%H2iAr at :?.0 ml/min. During 
TPR, the catalyst bed was heated to 600CC at a linearly 
increasing rate of 1 0 "C/min. The change in H2 

concentration was monitored using Thermal
Conductivity-Detector (TCD). The consumption of H2 

indicated the reduction of oxidized Cu. 

RESULTS AND DISCUSSION 

FLOW REACTOR VARIABILITY 

The variability of the evaluation flow reactor was 
determined by running a pre-aged SCR sample five 
times. The steady state "Standard" SCR reaction results 
for each of the five runs are overlaid in Figure 1. In 
addition, the 95% confidence interval around the mean 
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NOx conversion is shown in Figure 2. From Figure 1, 
the NOx conversion traces are virtually line on line for 
operating temperatures below 600"C. Above 600"C, the 
NOx conversion drops slightly after each subsequent 
evaluation run. For this particular SCR formulation, the 
explanation for this slight deactivation has to do with the 
additional aging the sample experiences during high 
temperature performance evaluations. This trend 
becomes more apparent with data presented later in this 
paper. Figure 2 more clearly defines the variability in the 
overall flow reactor system. The data from Figure 1 was 
manipulated in Minitab to yield the 95% confidence 
interval at each evaluation temperature. For evaluation 
temperatures below 600"C, the 95% confidence interval 
around the mean NOx conversion was better than ±2'?/c. 
Due to catalyst deactivation with testing, the higher 
temperature points showed variability up to ±6%. 
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FIGURE 1. I'JOx conversion results for the STANDARD SCR 
REACTION. Five consecutive evaluation runs on a single sample 
aged 64 hours at 6 70 "C. 
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FIGURE 2. Calculated from Figure ·1, the differential NOx conversion 
variability around the mean as determined by !he 95% confidence 
interval. 
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RECENT SCR DURABILITY IMPROVEMENTS 

Since current and future diesel aftertreatment systems 
contain DPFs, SCR formulations are required to 
withstand the high temperature process of regenerating 
soot-loaded particulate filters. A robust engine control 
strategy that lessens the variability of the actual 
regeneration temperature is critical to the durability of the 
SCR. For this study, the target active DPF temperature 
has been determined to be 670"C. Also, the total 
cumulative duration for the full vel1icle useful life has 
been determined to be 64 hours. Therefore, the long· 
term hydrothermal stability of base metal-zeolite SCR 
catalysts for typical light-duty diesel applications must be 
able to endure, at minimum, 670"C for 64 hours. 

Figure 3 shows the recent progress that has been made 
in Cu/zeo!ite SCR development. Many Cu/zeo!ite 
iormulations have been aged and evaluated betvveen 
2005 and 2007. Steady improvements of NOx 
conversion have been made in the low temperature 
range (200 - 350"C). For example, at 200"C, the NOx 
conversion has been enhanced from 70"/, to 90%. In 
addition, the 200? state-of-the··art SCR maintained 90%+ 
NOx conversion over a much larger temperature range. 
However, note that the enhanced !ow temperature 
activity came with a trade-off in the performance above 
400"C. 
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FIGURE 3. NOx conversion results for the STANDARD SCR 
REACTION. Best in class SCR catalyst formulations fmm 2005 ··· 
2007 after hydrothermal aging for 54 hours at 670"C. 

As shown in Figure 4, the three SCR formulations 
generate measurable levels of N20 as a by-product. 
The N20 formation has a bi-modal profile as a function of 
temperature. The low temperature N20 formation 
around 200 "C is a result of NHa oxidation by NO 
whereas the high temperature N20 formation around 
525'C is mainly from the oxidation of NH3 by 0 2. The 
latest SCR formulation generates much less N20. At 
200"C, the 200"1 SCR formulation yielded up to 3 times 
less N20 compared to the tvvo older iormulations. 
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FIGURE 4. N20 formation resu!ls for the STANDARD SCR 
REACTION in Figure 1. Best in class SCR catalyst formulations from 
20llt'i- 2007 after hydrothermal aging for 64 hours at 670"C. 

Durable !ow temperature NOx performance ls desirable 
lor light-duty diesel applications. However, a 
considerable amount of NOx is ernitted at high 
temperature during the time when the vehicle undergoes 
an active DPF regeneration. This added NOx emission 
must be compensated by additional NOx conversion 
during low temperature operation. As mentioned 
previously, the high temperature NOx performance of the 
2007 SCR catalyst drops sharply as the temperature 
increases beyond 400"C (Figure 3). Figure 5 plots the 
NHs oxidation of the three catalysts in the absence of 
NOx. Ammonia is more strongly oxidized by the c~007 
SCR catalyst. In addition, a clear inflection point at 
400"C is obsented which corresponds to the formation of 
NOx (Figure 6). As a result, the NOx performance in 
Figure 3 declines rapidly due to, in part, the remake of 
NOx from NH3 oxidation (Figure 6}. 
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FIGURE 5. NHa conversion results lor the ammonia oxidation 
reaction in the absence of NOx. Bes! in class SCR cataiyst 
formulalions from 2005 - 2007 alter hydrothermal aging for 64 hours 
at 670"C. 

SAE In/. J Fuels Lubr. I Volume 1 1 Issue 1 

100 

90 

80 

'iS' 
"" 

70 

s 
" 

50 

" ~ 5(.1 
§ 

" 40. 
1.<. 

" 0 z 30. 

20 

10 

3 ·. 
100 "!5(1 :!00 250 3fiV 350 400 450 500 550 GOV 

Inlet Gas Tempera!um ("C) 

FIGURE 6. NOx formation (ppm) results for the ammonia oxidation 
reaction in the absence of NOx (FIGURE 5). Best in class SCR 
catalyst Jormuia!ions from 2005 - 2007 alter hydrothermal aging for 64 
hours at 670"C. 

Unrefined engine exhaust temperature control during 
DPF regeneration events coupled with inexact 
temperature measurement may expose SCR catalysts to 
an occasional unexpected oveHernperature. As a 
result, the SCR formulations are screened with a 
robustness test protocol consisting of hydrothermal 
exposure at 900 <t~ for i hour. These types of data are 
used to define the short-term never-to-exceed (NTE) 
temperature. The NTE testinhl provides a higher degree 
of discrimination among similar performing formulations 
compared to the less severe 64hri670 "C standard aging. 

Figure 7 illustrates the remarkable progress that has 
been made in the past year with tl1e durability of the 2007 
Cu/zeolite based SGR formulation. Among the dozens 
of Cuizeolite formulations tested in past years, no 
formulation has been able to withstanding exposure up 
to 900"C while maintaining stable NOx perforrnance at 
200"C. Under the 1 hour/900"C aging condition, the 
2007 SCR catalyst retained 90"/, NOx conversion at 
200 "C. Ali older SCR formulations have achieved no 
better than 20% NOx conversion. The enhanced 
durabHity of the 2007 SCR formulations has been mainly 
attributed to advances in the zeolite type and 
composition. 
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FIGURE 7. NOx conversion of besl in class SCR catalyst 
formulations from 2005- 2007 after hydrothermal aging for i hour at 
900"C. 

Based on these encouraging results, a more severe 
time-at-temperature aging study was undertaken with the 
2007 SCR iormulation defined in Figure 7. The aging 
and evaluation helped determine the full robustness map 
of this promising Cuizeoiite based SCR formulation. 

TIME-AT-TEMPERATURE PERFORtvlANCE 

Current diesel engines require a DPF to meet the Tier 2 
particulate matter standards. As a result, the SCR must 
be able to tolerate extreme temperature swings due to 
typical and non-typical active DPF regenerations. Also, 
the durability requirement of the SCR formulation will 
hinge largely on the location of the SCR relative to the 
DPF. SCR formulations placed directly upstream must 
withstand high exhaust temperatures generated from the 
engine or over a DOC. SCR formulations placed directly 
downstream of the DPF wi!i need to withstand extended 
temperatures coming from soot regeneration. However, 
the most severe conditions will likely arise from future 
combination systems where the DPF filter is coated with 
a SCR formulation. Clearly, for promising SCR 
lorrnulatioris in close relationship to the DPF, there is a 
need to determine the full temperature based durability 
map to better assess the thermal robustness. 

A broad range of time-at-temperature hydrothermal 
aging was carried out to clearly define tile full durability 
rangif The aging time was varied frorn i hour to 256 
hours while the aging temperature was varied from 
670"C to i 1 OO'C. The catalyst NOx performance was 
based on tile "Standard" SCR reaction, the "Fast" SCR 
reaction, ancl ammonia oxidation reaction (in tile 
absence of NOx). 

For the typical light-duty driving conditions, the 
"Standard'' SCR reaction is considered to be the most 
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challenging since little or no N02 is expected below 
250"C. 

The effect of long-term hydrothermal aging at 700"C 
versus duration was carried out in the laboratory. The 
duration was varied from 1 hour to 256 hours while the 
aging temperature was held constant at 700"C. NOx 
conversion as a function of temperature was measured 
on each individual sample. Results show that the 2007 
Cu/zeoiite SCR catalyst demonstrated outstanding 
stability (Figure 8). Recall that the 64 hour aging 
duration has been calculated to be an equivalent of 
120,000 miles for a typical light-duty diesel. As long as 
the SCR catalyst temperature does not exceed 700"C, 
these results heighten the industry"s confidence for 
successfu!iy implementing a Cu/zeolite SCR formulation 
into production. 
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FIGURE 8. NOx conversion results tor the ST Ai'JDARD SCR 
REACTION. SCR samples hydrothermally aged at ?OO''C tor-; hour-
256 hours. 

For configurations where the SCR catalyst is placed 
upstream ol the DPF, temperatures greater than 700"C 
are not expected normally. However, higher 
temperatures may be apparent for SCR catalysts placed 
immediately downstream of a DPF and for SCR 
formulations coated on the DPF itself. Therefore, the 
effect of long-term hydrothermal aging for up to 256 
hours at 800"C was also conducted. The results 
showing the NOx conversion as a function of 
temperature are plotted in Figure 9. The Cu/zeoiite SCR 
catalyst proved to demonstrate durable NOx conversion 
up to 64 hours. Further aging out to 140 hours and then 
out to 256 hours resulted in a continual decline in the low 
temperature NOx conversion. The high temperature 
f\JOx conversion declines steadily from i hour to 64 
hours but then mildly improves from 64 !lours to 256 
hours. Recall, the high NOx conversion becomes 
negative due to aggressive oxidation of NH3 with 0 2 to 
yield NOx. 
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Given the observed hydrothermal aging !imitation oi 64 
hours at 800'C, these data provide encouragement for 
the potential deve!opment of a single combined 
SCR/DPF substrate where the SCR formulation is 
coated within the DPF substrate. This consolidation 
would provide smaller vehicle packaging and lower cost 
possibilities. 
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FIGURE 9. NOx conversion results for the STANDARD SCR 
REACTION. SCR samples hydrothermally aged at 80Q~ for i hour-
256 hours. 

Figure 1 0 shows the NOx conversion results for samples 
hydrothermally aged at 900'C for durations from 1 hour 
to 64 hours. Durable NOx conversion is observed up to 4 
hours. The Cu/zeolite cannot tolerate 8 hours and the 
performance is completely destroyed with the individual 
samples aged out to 16 hours and beyond. 

l 
c 
0 
·~ 

"' > 
"' , 
0 

"' 0 :z 

10{} 

so. 

so 
70 

GO 

50 

40 

30 

20 

10 

0 

-10 

·20 

.,so 
IC>ll 

: -$-16!·n_9fJ>JC i 

• -lli·S4hr .. B(l<)~j 

153 2!10 250 300 JSO 400 453 500 550 GOO fiSQ 700 

lnlel Gas Temperature (•C) 

FIGURE 10. NOx conversion results for the STANDARD SCR 
REACTION. SCR samples hydrothermally aged at 900"C ior i hour·-
64 hours. 
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Figure 11 shows the NOx conversion results tor samples 
hydrothermally aged at 950"C for 1, 2, 4, and 8 hours. 
The Cu/zeolite formulation can only tolerate i hour 
exposure to 950'C. Tl1ere is a significant drop in 
performance af1er 2 hours and complete deactivation 
after only 4 hours of exposure. 
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FIGURE 11. NOx conversion results for the STANDARD SCR 
REACTION. SCR samples hydrothermally aged at -~~Q.':C. for i hour-
8 hours. 

For a i !lour exposure, the sllort--term never-to-exceed 
(NTE) temperature is defined as the maximum 
temperature the SCR formulation can tolerate without 
showing signs of significant deactivation. This is 
particularly helpful for use by engine control calibration 
engineers. Figure ·12 sllows the NOx conversion results 
for samples hydrothermally aged ior i hour with 
temperatures ranging irom 700 'C to 1100 'C. The results 
indicated that the NTE temperature was 950°C but 
without much margin for error. For example, at 250"C, 
increasing the aging temperature from 950''C to 1000"C 
decreased the NOx conversion from 95% to 18%. At 
1 HlO'C, the NOx conversion was further reduced to 0"1o. 
It was clear tl1at structural damage occurred and further 
work to understand the deactivation will be carried out in 
the near future. 
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FlGUF!E 12. Short-terrn Never-To-Exceed (r\lTE) Temperature: NOx 
conversion resu!ts for the STANDARD SCR REACTION. SCR 
samples hydrothermally aged at i hour from 700"C -110occ. 

Figure 13 shows the NOx conversion results for samples 
hydrothermally aged for 64 hours and temperature 
exoosure frorn 670"C to 900"C. For the baseline, 64 
ho'urs at 670"C aging (120k mi equivalent), the Cu/zeolite 
activity data clearly shows > 90"/o NOx conversion in the 
200"C - 350''C temperature window. However, the 
maximum temperature for tilis extended duration is 
800"C. An additional 50"C, corresponding to 850"C, had 
a severe impact on the catalyst durability. 
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FIGURE 13. NOx conversion results tor the STANDARD SCR 
REACTION. SCR samples hydrothermally aged at 64 hours !rom 
6'lO"C --- 900'C. 

The same Identical samples presented In Figures 8 - 13 
were further evaluated under two other SCR reactions. 
These reactions were the "Fast" SCR Reaction and 
"Ammonia Oxidation" Reaction in the absence of NOx. 
Comparison of Figure 13 and Figure 14, the data 
resulting from the "Fast" SCR Reaction experiments 
yielded the same trends in NOx performance as the 
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"Standard'' SCR Reaction but with slightly better activity 
at the low to moderate temperatures. 
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FIGURE '!4. NOx conversion results for tile FAST SCR REACTION. 
SCR samples hydrothermally aged at 64 hours from fj7Q"C -- 900"C. 

As illustrated in Figure 15, the ammonia oxidation 
evaluation in tt1e absence of NOx yielded curves showing 
the deactivation of the catalyst with respect to time-at
temperature. The results show a similar deactivation 
trend as the NOx performance. 
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FIGURE 15. NH3 conversion results !or the AMMONIA OXiDATION 
REACTION in the absence of NCk SCR samples hydrothermally 
aged a1 64 hours frorn 670 "C- 900 "C. 

The results just described were for samples aged for 64 
hours but at varying temperatures, Furthermore, the 
corresponding samples aged at the various other aging 
conditions showed a similar deactivation trend as the 
corresponding NOx perrorrnance. As a result, these 
data sets of NOx conversion and NH3 oxidation have 
been excluded from this paper for brevity. 
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BET SURFACE AREA MEASUREMENTS 

The BET surface area of samples located in aging 
position "A" were measured to determine if a trend can 
be developed with the NOx activity measurements. For 
post mortem analysis, this type of relationship is 
particularly useful for determining the likely temperature 
exposure experienced on fie!d returned SCR parts. The 
zeolite framework is known to de-aluminate steadily with 
mild temperatures and suddenly at high temperatures. 
These changes are accompanied with changes in the 
total surface area. 

The normalized BET surface area results for samples 
aged up to 950 'C are presented in Figure 16. The 
results have been normalized to the sample aged for 1 
hour at ?OO'C. For ali samples aged at 700'C, the 
surtace remained relatively stable. A 1 0°;~ reduction in 
surface area was observed with the 256hours/700'C 
aged sample. This observation is in good agreement 
with the NOx performance data. Recall from Figure 8 
that there was no significant change in the NOx 
perlorrnance for all samples aged at 700"C. At 800'C, 
the surface area dropped suddenly from the 64 hour 
aging to the i 40 hour aging. This drop-off in surface 
area corresponds to the drop-off in NOx performance 
observed in Figure 9. At 900'C, the surface area 
declined after 4 hours of aging. This also corresponds 
quite we!! with Figure i 0 where the first sign of NOx 
conversion deterioration occurred beyond 4 hours of 
aging. At 950"C, tt1e results on Figure 16 show that the 
surface area immediately drops after the 1st hour of 
aging. This coincides nicely with the NOx petiormance 
data presented in Figure 11 . 

Comparint:l the NOx performance data in the previous 
section to the surface area data in this section. a aeneral 
trend exists that links the sudden drop in NOx con~ersion 
with the sudden drop in surface area. The first 20% drop 
in surface area is associated with a rnarginal impact on 
the NOx conversion. However, the rapid decline in NOx 
conversion is associated with the aged samples 
measuring greater than 20% decrease in the surface 
area. 
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FIGURE 16. Normalized BET surface area results from laboratory 
aged samples at as iur.ction ol time 1 - 256 hours and temperatures 
between 700"C- 950"C. 

Figure 17 shows the normalized BET surface area ior 
two sets oi samples aged as a function of temperature. 
Tt1e first set of samples was aged for 1 hour in duration 
to represent tt1e short-term never-to-exceed (NTE} 
temperature. The second set of samples was aged for 
64 hours in duration to represent the long-term SCR 
durabl!ity needed for DPF regeneration conditions. For 
the 1 hour case, results indicated that the surlace area 
steadily dropped as the temperature was increased to 
950'C. However, the SCR surface area completely 
collapsed by increasing the temperature by an additional 
50"C. The surface area tor the 64 hour aged samples 
aiso collapsed sharply once the temperature exceeded 
800"C. Vellicle events resulting in conditions beyond 
1 hr/950 "C or 64hr/800 'C will cause catastrophic 
deactivation irorn both the NOx conversion and surface 
area points of view. 
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FiGURE 17. Normalized BET surface area results from laboratory 1 
hour and 64 hour atJed samples as a function of temperature. 
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TEMPERATURE PROGRAMMED REDUCTiON {TPR) 

Different Cu-species can yield different reduction 
temperatures. Therefore, the TPR result may reveal 
direct evidence of changing Cu-species in the catalyst 
and may be correlated to the deactivation of SCR activity 
after aging. 

The effect of aging temperature on TPR for the 2007 
SCR catalyst is shown in Figure i 8. As the aging 
temperature increased irom 800"C to 950'C, the 
reduction peak at 330"C increased proportionally. The 
upward shift in TPR peak temperatures, due to the 
increase in aging temperature, was reported for zeolite·· 
based SCR catalysts [4]. For Cu/ZSM-5 catalysts, a 
prolonged hydrotherrnai aging process was also reported 
to cause an upward shift of TPR peak temperature due 
to some Cu-species on de-aluminated zeolite [5]. 
Therefore, the increase in the 330"C peak from aging at 
800'C to 950'C in Figure 18 indicated that the extent oi 
de·aiumination increased. This observation agreed with 
the result in BET surface areas (Figure 17) that had a 
i 5'Yo decrease from 800 'C to 950 ''C because of an 
increase in de-alumination or subsequent collapse of 
zeolite structure. However, it was noted that the three 
catalysts aged from 800 "C to 950 "C for 1 hour still 
yielded good Nf-b-SCR catalytic activities (Figure i 2). 

After aging at 1 hr/i 1 00 'C, the catalyst had almost zero 
swiace area (Figure 17). Since the zeolite was 
destroyed, no TPR peak around 330'C was observed 
(Figure 18). However, there was an elevated TPR curve 
above 400'C extending up to 600'C. This high
temperature TPR curve corresponds to the Cu species 
that strongly interacted with destroyed zeolite materials 
alter i hr/i 1 OO'C lean hydrothermal aging. Yan et aL 
experimentally showed that Cu-a!uminate (CuAI20 4) 

yielded similar TPR features above 400''C [5]. it was 
lif(ely that our observed Cu-species was reminiscent of 
CuAI204. The small TPR peaks between 200'C and 
250 "C are probably from discrete CuO particles or 
Cu0/Si02 after the 1 hr/i 1 oooc aging. These Cu
species associated with materials from destroyed zeolite 
were not catalytically active for the r\IHs-SCR reaction 
(Figure i 2). In fact, the 1 hr/11 OO"C aged sample had no 
NOx conversion below 500 "C and negative NOx 
conversion above 500"C. This was the result of non
selective NH~, oxidation with 0 2 to yield additional net 
NOx. 
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FIGURE 18. TPR msults of 2007 SCR formulation aged for 1 hour 
and temperatures between 800"C- 1100"C. 

At 900"C, an increase in aging time from 1 to 8 hours 
yielded an additional TPR peak at 400 ''C (Figure 19). 
This peak became more prominent after aging for 64 
hours. As discussed above, the Cu-species responsible 
for the TPR peaks above 400"C were likely interacting 
strongly with materials from destroyed zeolite and not 
active for the desired NH:rSCR reaction. As a result, for 
increasing aging Urne at 900'C, the growth of this 400"C 
TPR peak in Figure 19 corresponded to the decline in 
observed SCR activity in Figure 1 0. For the samples that 
were aged at 950"C, an increase in aging tirne also 
produced an extra TPR peak at 450'C. Apparently, the 
Cu-species interacting strongly with materials from 
destroyed zeolite became harder to reduce as the aging 
temperature became higher. After aging at 1 hr/1 i 00 "C, 
the Cu-species likely would yield a TPR peak above 
600 "C as indicated in Figure 18. 
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FIGURE 19. TPR results ol 2007 SCR formulation aged at 900"C and 
durations from l hour- 64 hours. 
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CONCLUSIONS 

The following conclusions emerge from this study: 

e in past years, no reported Cu/zeolite SCR 
formulation was able to yield stable low 
temperature NOx performance after exposure to 
hydrothermal conditions consisting of 1 hour at 
950"C. Within the last year, a remarkable 
Cu/zeo!ite SCR formulation was identined with 
high NOx conversion in the 200 ~· - 350 "C 
temperature range. At the 950"C aging 
condition, the 200l SGR formulation became 
more sensitivity as the duration was increased 
beyond 1 hour. 

e Upon the completion of a full time-at
temperature durability study, the newly 
developed Cu/zeolite SCR formulation was 
confirmed to tolerate the following hydrothermal 
conditions: 

o > 256 hours at 700"C. 

o 64 hours at 800"C. 

o 4 hours at 900"C. 

.. The BET suri'ace area results trended with the 
NOx conversion. The first 20% drop in surface 
area was associated with a marginal impact on 
the NOx conversion. Beyond the initial 20%, a 
further decline in the surface area was rapid and 
closely related to the negative impact on NOx 
performance. 

.. TPR of aged Cuizeoiite catalysts was used to 
correlate the change in Cu-species to the status 
of zeolite or to N~·ls-SCR activity after aging. The 
observation of a TPR peak above 400"C 
indicated a strong interaction of Cu with 
destroyed zeolite and a decHne in catalytic 
activity. Since the temperature of this TPR peak 
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increased with increasing aging temperature, 
this feature may be used to diagnose the 
exposure temperature of a deactivated 
Cuizeolite SCR catalyst 
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