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Objectives
· Develop and implement accelerated poisoning and aging protocols to provide:
· rapid evaluations of emissions control devices;
· deeper understanding of the mechanisms and chemistry affecting deactivation;
· provide input for modeling deactivation processes and their impact on performance.
· Develop laboratory experiments to mimic field use.
· Base protocol on analysis of the application and ways to accelerate.
· Use extensive materials characterization.
· Verify results by comparing to high mileage emissions control devices.
· Procedures and techniques developed in this project can also be used to evaluate field durability.
Approach
· Protocols are developed with significant industrial input to ensure that they are meaningful and relevant.

· Project uses industrially supplied emissions control devices.
· Catalyst samples have multiple formulations and suppliers.
· BASF, Fleetguard, Delphi, Catalytic Solutions
· Filters and substrates represented by multiple materials and suppliers.
· Cordierite, SiC, mullite substrates from NGK and Dow
· Develop protocols for implementation using either a bench-flow reactor or a small diesel engine with appropriately-sized emissions control devices.
· Current areas of focus:
· Rapid phosphorus poisoning of DOC with comparison to field-aged samples;
· Rapid thermal aging of LNTs;
· Rapid ash loading of DPFs;
· Combined lube-oil based phosphorus poisoning and thermal aging of DOC-SCR-DPF system.
· Limited evaluation of new areas of research including ethanol effects on three-way catalysts, lean burn gasoline, biodiesel effects and catalysts for HCCI engines.

· Extensive materials characterization required in all project areas.
· Most research is conducted as the basis of graduate student thesis research at the University of Tennessee-Knoxville.
Accomplishments

· Rapid phosphorus poisoning of DOCs
· Demonstrated location of oil introduction leads to different phosphorus chemistry in catalyst; form reproduces expected field-aged results. 
· Determined field-return catalysts are most significantly impacted by soot.
· Loss in OSC with poisoning attributed to accumulation of phosphorus.
· Rapid thermal aging of LNTs
· Correlated materials characterization of engine-aged LNT to performance losses.

· Determined activity at 400°C is proportional to LNT surface area losses.  

· Developed protocol for achieving brief high temperature exotherms—700, 800, 900, and 1000°C—in bench-core reactor.  
· Determined that regardless of material formulation that thermal excursions above ~850°C lead to significant performance losses.  

· Rapid ash loading of DPFs

· Developed protocol to rapidly and controllably deposit ash in DPFs.

· Resulted in ash gradient with more ash at rear of DPF than in front, which is the expected field results for active DPF regenerations.
· Showed back pressure increased linearly with ash loading for all substrates.
· Demonstrated that active soot regeneration “light-off” temperature only increases moderately with ash accumulation; apparently, from ash masking the catalyst.
· Rapid phosphorus poisoning and thermal aging of DOC-SCR-DPF system
· Obtained and evaluated fresh and field-aged SCRs from catalytic solutions.

· Demonstrated front section of field-aged SCR is significantly deactivated compared to the middle and rear sections. 
· Characterization results suggest sulfur contamination causes deactivation.
Future Directions

· Rapid phosphorus poisoning of DOCs
· Complete analysis of aged parts.
· Determine relative effects of soot, phosphorus, and sulfur.
· Publish paper.
· Rapid thermal aging of LNTs

· Complete aging study on low temperature LNTs.
· Thoroughly characterize aged materials.
· Determine deterioration mechanisms and their relative effects on performance.
· Model kinetics of deactivation mechanisms.
· Rapid ash loading of DPFs

· Complete analysis of results and publish paper.
· Rapid phosphorus poisoning and thermal aging of DOC-SCR-DPF system
· Begin engine aging of DOC-SCR-DPF systems.
· Perform hydrothermal aging of fresh SCR catalysts using while flowing SO2. 
· Determine deactivation mechanisms and their effects on performance.
· Potential new project areas

· Ethanol impact on three-way catalysts

· Biodiesel effects on DPF and SCR

· Lean-burn gasoline catalyst deactivation

· Catalysts for HCCI engines
Introduction

The development and refining of current emissions control devices on spark ignition engines have allowed great advances in the efficiency of three-way catalysts (TWC).  These advances are due in part by the implementation of rapid aging protocols that allow catalyst manufacturers to quickly and effectively evaluate their products for durability and functionality.  The emissions control devices that are currently being installed on diesel powered vehicles do not have rapid aging or poisoning protocols in place to enable the quick assessment of new formulations or designs.  The development of these protocols could enable a dramatic improvement in the efficiency of the emissions control devices currently being developed.  There is also a significant additional benefit to establishing these protocols for lean exhaust systems.  Where improved efficiency for TWC systems will only lead to a reduced catalyst cost, improved efficiency of the diesel emissions control system will reduce costs and also enable decreased fuel consumption, since each of the systems currently being evaluated have an associated fuel penalty.  
By 2010, diesel powered-vehicles are expected to require an oxidation catalyst (DOC), a particulate filter (DPF), and a NOx reduction device.  Currently, urea-based selective catalytic reduction (SCR) and lean NOx traps (LNT) are the leading candidates for NOx control and it may be necessary to implement both.  All of these devices are susceptible to aging and poisoning to some degree.  Phosphorus is a well-known catalyst poison that is derived from the zinc dialkyl-dithiophosphate (ZDDP) additive in lube oil used as an anti-wear agent.  While in operation, an engine consumes lube oil, which results in phosphorus in the exhaust gases and subsequently the emissions control devices.  The consumption of oil also leads to the formation of ash particulates which are easily trapped in the DPF; however, unlike soot they are not gasified upon high temperature operation and remain in the filter until they are physically removed.  The sulfur concentrations in ultra-low sulfur diesel (ULSD) fuel are still too high to avoid the inhibiting effect of SO2 particularly in LNTs.  Its effect can be reversed through periodic high temperature rich operation, but this process leads to irreversible catalyst aging mechanisms.  It is the aim of this project to develop rapid aging and poisoning protocols that address these key areas of deactivation in diesel emissions control devices that not only simulate the conditions in the field but allow us to gain a deeper understanding of the chemistry behind the deactivation.  This understanding will guide future catalyst formulations, engine control strategies, and enable models to more accurately predict catalyst performance throughout the lifetime of the vehicle.  
Approach

The development of the aging and poisoning protocols rely on two reactor systems—one is engine-based and the other is bench-core reactor-based.  A 517cc Hatz single-cylinder diesel engine was modified to accommodate intake and exhaust manifold injection of lube oil or diesel fuel.  The lube oil could be enhanced with ZDDP to accelerate phosphorus poisoning or simply used to increase the ash content of the exhaust.  The fuel sprayed into the exhaust is either used to regenerate the LNT during typical operation for NOx conversion measurements or to induce an exotherm for high temperature thermal aging.  The engine system is equipped with a full array of analytical systems to allow measurements of hydrocarbon, carbon monoxide, NOx conversions, as well as pressure drops and temperatures at various points including the midbed of the emissions control devices.  
The bench-core reactor allows precise control of the aging temperatures, the composition of the exhaust gases, and the duration of the rich and lean pulses.  Simulated exhaust gas stream with a composition similar to the exhaust gas stream from a diesel engine is introduced into the bench-flow reactor system by means of mass flow controllers.  The bench-core reactor is also fully equipped with gas analysis capabilities and utilizes up to six thermocouples to measure temperature variation along the catalyst axis.  In addition to the aging experiments, bench-core reactor tests were used to obtain hydrocarbon and carbon monoxide light-off performance from samples cored from field service and engine-poisoned catalysts which provides evaluation under more controlled conditions than the engine bench allowed.
To fully understand the effects aging and poisoning have on the emissions control devices, the aged samples are sectioned and prepared for material characterization.  Key materials characterization measurements that are needed are PGM crystallite size, concentration of NOx storage sites, total surface area of the catalysts, elemental analysis of the devices including radial and axial profiles, and metal-oxide phase identification.  These measurements can be achieved using the following techniques: BET physisorption, H2 chemisorption, X-ray Fluorescence (XRF), inductively coupled plasma techniques (ICP), scanning and transmission electron microscope (SEM and TEM), X-ray diffraction (XRD) and Electron Probe Microanalysis (EPMA).  It is anticipated that the experimental results from the study can be used to determine the temperature range for the deactivation of LNTs by various thermal aging mechanisms, to correlate bench flow-aged catalysts to field-aged catalysts, and to extract deactivation kinetics from which theoretical models of thermal aging of LNTs can be formulated. 
Results

The project to develop a rapid phosphorus poisoning protocol for DOC is near completion.  The techniques used to introduce ZDDP-laden oil at various points along the engine and the resulting phosphorus forms have been published along with the comparison to field aged samples [1-3].  Recent efforts in this area have focused on correlating the characterization results with DOC performance.  One of the major findings of this effort is that the soot coating the field- and engine-aged DOCs is the most significant contributor to deactivation.  Figure 1a shows three curves for the conversion of CO as a function of DOC temperature in the bench-core reactor.  The fresh sample demonstrates 50% conversion at a temperature (T50%) of 325°C, but the field aged catalyst which is soot-laden has a T50% of 350°C.  After heating the soot laden DOC to 500°C where the soot is oxidized, the CO conversion curve closely resembles the fresh catalyst and the T50% returns to 325°C.  Elemental analysis of the sample demonstrates that the phosphorus and sulfur content has not significantly changed during this oxidation step, so these results strongly suggest that the soot layer is the leading cause to deactivation in these DOCs.  Even though the phosphorous in the DOC did not have a significant impact on the CO conversion, its impact can still be observed through other characterization techniques.  Figure 1b shows temperature dependent measurements of the oxygen storage capacity, i.e. the ceria content, and both the field-aged and the rapidly-poisoned DOCs show a similar decrease in capacity due to the formation of cerium phosphates and washcoat aging.  Although this type of measurement can be used to correlate reaction site losses, the impact on performance was not observed with the space velocities used in this study which is representative of normal driving conditions.
The rapid thermal aging project for LNTs is a very broad in scope.  Engine and bench reactor aging protocols have been developed and implemented, and three catalyst formulations have been studied.  The engine-based thermal aging study is now complete, and the results have been published [4].  In addition to the development of the protocol the other major finding in the study was the correlation to performance losses to total surface area.  Figure 2 shows the progression of NOx conversion as the model Pt/Ba/Al2O3 LNT is engine-aged for greater than 50 cycles at 700, 800, and 900°C.  It is clear that there is a more significant decrease in activity when the LNT is exposed to 900°C compared to the milder temperatures.  After characterizing the LNTs material changes it is possible to normalize the cycle average NOx conversion rate to observed materials changes.  Figure 3 shows this rate on a mass-basis, total surface area-basis, and Pt surface area-basis.  The rate decreases on a mass basis similar to the NOx conversion results in Figure 2.  However, when this is normalized to surface area the rate is relatively constant (Figure 3b).  This strongly suggests that the loss in LNT activity is strongly tied to the surface area losses.  To complete the analysis it is necessary to analyze the rates on a Pt-basis, which actually shows an increase in functionality of the Pt surface sites.  This observation may very well be a realistic one as it has been reported in the literature [5], however for the purposes of this study it merely highlights that the Pt surface sites are not limiting the functionality of the aged LNT.  
A bench reactor based thermal aging protocol has also been fully developed and published [6].  This protocol allows more precise control of the aging cycle and more accurate assessment of catalyst performance than the engine protocol above.  The results from this effort on a fully-formulated LNT that contains Pt, Rh, potassium, barium, and ceria components have very different material effects than the model LNT discussed above, but as can be seen in Figure 4 the NOx conversion still decreases when aging temperatures are above 800°C.  The characterization of these aged samples showed many effects that were highly temperature dependent as summarized in Figure 5.  The complexity of this catalyst makes it difficult to draw simple direct comparisons to the rates as discussed for the model catalysts, so we are working to implement these findings into a model that contains the necessary complexity.  Additional efforts are also in progress implementing the bench-core reactor thermal aging protocol on an LNT designed for low temperature operation.  
The rapid ash loading project for DPFs is also nearing completion.  A protocol has been developed and the graduate student is currently writing his thesis which describes the experimental details; publication will soon follow.  A significant outcome of this study was the ability to develop a technique that closely approximates the typical ash distributions along field-aged DPF channels.  For a DPF that is actively regenerated, i.e. intentional exotherms are introduced under net lean conditions that oxidize the soot to gaseous CO2, it is expected to find ash that has accumulated near the rear of the channel with only minor accumulation in the front section.  As can be seen in Figure 6a, regardless of the filter material there is an ash plug at the rear of the catalyst and a gradient from the front to the middle.  While the ash distribution was filter independent the impact of ash on back pressure was not.  Figure 6b shows the increase in back pressure as a function of ash loading.  It is clear that the rate of increase (slope) for both the cordierite- and the SiC-based filters are similar while the mullite increase is significantly lower.  We also measured the temperature required to actively regenerate the filter, i.e. “light-off” temperature; as ash level increased the light-off temperature showed a moderate increase probably due to ash masking the catalyst.  
The SCR system approach is just getting started, but we have already received fresh and field-aged samples.  The aged samples were sectioned into three parts and evaluated on the bench reactor as shown in Figure 7a.  NO was the only NOx source fed to the reactor but there was also an equivalent level of NH3 and 10% O2.  At low temperatures, all sections of the aged catalyst are considerably less effective, but the middle and rear sections behave similar to the fresh sample.  The front section is much less effective over the entire temperature range, so it is clear that a significant deactivation mechanism has occurred over the lifetime of this catalyst; however, if a mixture of NO2 and NO is fed to the reactor, all aged sections show activity similar to the fresh sample as can be seen in Figure 7b.  This clearly shows that the NO oxidation functionality was the affected mechanism during field-use.  In general, an SCR system relies on a DOC to aid this oxidation, which explains why the catalyst was still active during field use and emphasizes the importance of a “system” approach for evaluating catalysts deactivation.  Further characterization of the materials, Figure 7c, showed that there was significantly more sulfur in the front section compared to the middle and rear, suggesting that sulfur was selectively poisoning sites key to NO oxidation.  Further characterization is ongoing, and engine and bench aging experiments are forthcoming.
Conclusions

· Multiple material changes occur during catalyst aging and poisoning.
· Performance losses need to be related to specific mechanisms.
· Time-temperature rates can be modeled.
· Soot layer largely dominates DOC performance in our studies.
· Soot layer removed in oxidizing environment above 450°C.
· Sulfur and phosphorus deposit in field use and accelerated poisoning, and they have a measurable impact on oxygen storage capacity.
· All LNTs evaluated show significant performance degradation above a threshold temperature of circa 850°C.
· NOx performance changes at 400°C are largely dominated by surface area losses.
· Rapid ash loading can reproduce a field pattern of ash tubes and plugs over length of DPF.
· Ash-driven backpressure characteristics are substrate specific, but proceed ina linear fashion.
· Ash accumulation leads to a minor increase in light-off temperature during active regeneration; most likely cause is ash masking the catalyst.
· Field-aged SCR catalysts show deactivation of NO oxidation functionality in front section.
· Significantly more sulfur observed in front section.
· Overall performance maintained due to dependence of DOC for NO oxidation to NO2 and the integrity of middle and rear sections.
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Acronyms

Al2O3 – aluminum oxide, alumina
Ba – barium

BET – surface area measurement using the methods of Brunauer, Emmett and Teller

CO – carbon monoxide

CO2 – carbon dioxide
DEER – Diesel Engine-Efficiency and Emissions Research

DOC – diesel oxidation catalyst

DOE – Department of Energy

DPF – diesel particulate filter
EPMA – electron probe microanalysis

H2 – hydrogen gas, di-hydrogen
ICP – inductively coupled plasma 

LNT – lean NOx trap
NH3 - ammonia
NO – nitrogen oxide

NO2 – nitrogen dioxide
NOx – collective oxides of nitrogen, mostly NO and NO2  
O2 – oxygen gas, di-oxygen
Pt – platinum 
PGM – platinum group metals
Rh – rhodium, a member of the platinum group metals

SAE – Society of Automotive Engineers

SCR – specifically refers to “Selective Catalytic Reduction” of NOx using urea or NH3 

SEM – scanning electron microscope

SiC – silicon carbide 

SO2 – sulfur dioxide
T50% – temperature where catalyst achieves 50% conversion in the reaction of interest

TEM – transmission electron microscopy
TWC – three-way catalyst
ULSD – ultra-low sulfur diesel fuel; S content <15 ppm
XPS – X-ray photoelectron spectroscopy 
XRD – X-ray diffraction
XRF – X-ray fluorescence spectroscopy

ZDDP – zinc dialkyldithiophosphate

Figure and Table Captions

Figure 1.  Effects of field use and rapid poisoning are evident in DOC (a) CO conversion and (b) oxygen storage capacity (OSC).  
Figure 2.  Engine-based NOx conversion measured at 400°C using a model LNT.  Effects of thermal aging at 700, 800, and 900°C using an engine-based protocol are evident.   
Figure 3.  Characterization of engine-aged model LNT allow analysis of rates of NOx conversion activity as a function of (a) total LNT mass, (b) total LNT surface area, and (c) exposed Pt surface area.  
Figure 4.  Bench-core reactor based NOx conversion measured at 400°C using a fully-formulated LNT.  Effects of thermal aging at 700, 800, 900 and 1000°C using an engine-based protocol are evident.
Figure 5.  Synopsis of the material effects that were observed and the temperature range that the deactivation mechanism was active.  
Figure 6.  (a) EPMA elemental maps for calcium which is indicative of ash content.  The results are taken from sectioned cores of three different materials and show that the rear section has become plugged while a gradient is apparent from the front section to the middle section.  (b) During the rapid ash loading experiments the back pressure increased at approximately the same rate for all samples except the mullite sample, which was considerably less affected.
Figure 7.  Bench-core reactor results for NOx conversion of a fresh SCR and a sectioned field-aged SCR while flowing (a) NO-only and (b) equimolar NO and NO2.  (c) Elemental analysis of the field-aged sections showed a step decrease in the sulfur content in going from the front section to the back portions.  
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Figure 4.
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Figure 5.  
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Figure 6.  
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