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Abstract 

Comprehensive steady-state experimental and modeling study of the selective 

oxidation of ammonia on washcoated multi-functional Pt/γ-Al2O3+metal-exchanged 

zeolite monolith is reported. The catalysts are compared in terms of their activity and 

selectivity for a range of temperature, catalyst architecture, catalyst composition, space 

velocity, and feed compositions (NH3 + O2; NH3 + NO+ O2) in the presence and absence 

of H2O and CO2. SCR functions used in this thesis are Cu-ZSM-5, Fe-ZSM-5 and Cu-

SSZ-13. The Pt loading of the monolith used are in the range of 0.7 – 10 g/ft
3
 of 

monolith. 

A single component Pt/Al2O3 catalyst, at the lower space velocity (66k hr
-1

) light-off 

was characterized by decrease in the light-off temperature of ammonia oxidation with 

increase in Pt loading from 0.7 to 10 g Pt/ft
3
 monolith and, in general, the selectivity to 

N2 decreased while that of N2O and NOx increased. In absence of feed NO, a dual-layer 

ASC resulted in higher selectivity to N2, due to selective reaction in the Fe-zeolite layer 

between NH3 from the bulk and counter-diffusing NOx formed in the underlying 

Pt/Al2O3. Even with feed NO, the dual layer catalyst showed low NOx yield and high N2 

yield due to SCR of NO by NH3. When Fe-ZSM-5 and Pt/Al2O3 particles were mixed and 

washcoated as a single layer, this led to an increase in NH3 conversion at high space 

velocity due to a decrease in the diffusion barrier, however, the N2 yield was lower due to 

Pt-catalyzed NH3 oxidation, compared to the dual-layer ASC. The mixed catalyst out-

performed the dual-layer catalyst at low temperature by exhibiting lower N2O and higher 

N2 yield which was attributed to NO migration and reduction on the SCR.  
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Most of the trends were predicted by a 1+1 D reactor model that includes the 

Pt/Al2O3 ammonia oxidation and Fe-ZSM-5 kinetics and the relevant transport processes. 

Kinetic parameters are estimated from single catalytic component experiments while the 

reacting species effective diffusivity in the alumina and zeolite layers are estimated from 

the simulation of multi-layer experiments in which inert top layers of γ-Al2O3 and Na-

exchanged ZSM-5 were added to an underlying Pt/γ-Al2O3 layer. 

ASC comprising Cu-SSZ-13+Pt/Al2O3 showed conversion and selectivity trends 

similar to that of Fe-ZSM-5+Pt/Al2O3. In absence of feed NO, NH3 conversion decreased 

while N2 selectivity increased as Cu-SSZ-13 loading was increased. In presence of feed 

NO, both NH3 and NOx conversion of the dual-layer catalyst increased with an increase 

in the Cu-SSZ-13 washcoat loading (thickness). We also demonstrated that a hybrid 

catalyst having dual-layer and mixed catalyst attributes exhibits good performance by 

exploiting the beneficial effects of both catalyst types. 

Finally, experimental and modeling study of CO oxidation on a Pt/Al2O3 revealed a 

shift from kinetic to mixed washcoat diffusion with increasing temperature. Experiments 

conducted on the Pt/Al2O3 layer coated with γ-Al2O3 layer of different thicknesses were 

used to estimate the effective diffusivity of CO in the γ-Al2O3. 
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She    external Sherwood number 

u      average fluid velocity in the fluid phase (m/s) 

t     time (s) 

T     monolith temperature (K) 

xf    cup-mixing mole fraction in fluid phase 
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xs     mole fraction fluid-washcoat interface  
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z     length co-ordinate along axial direction (m) 

Greek letters 
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ʋjr     stoichiometric coefficient of species j for reaction r 

θk     fractional surface coverage of species k 

τwc     tortuosity factor of the washcoat 
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Chapter 1 Introduction 

1.1 Emissions background 

On-road and off-road automobiles are two of the highest contributors to air pollution. 

Air pollution has an adverse effect on nature and living organisms. Therefore, it is 

necessary to have strict control over these pollutants. Automotive emissions can be 

broadly categorized into evaporative emissions and exhaust emissions. Evaporative 

emission occurs in several ways: (i) escape of trapped vapor while refueling the fuel tank, 

(ii) evaporation of fuel from tank during hot days, and (iii) evaporation of fuel from 

engine right after it is turned off (since engine stays hot for a short duration of time even 

after it is turned off) [1]. Evaporative emissions can be controlled by using a canister 

system which traps the fuel vapors from the engine and fuel tank, and return the fuel to 

the engine during operation. Exhaust emissions occur from burning fuel in an engine; 

fuels include gasoline, diesel, natural gas, and additives such as ethanol (for gasoline) and 

biodiesel (for diesel) depending on type of engine. Gasoline typically consists of 

hydrocarbons with carbon atom between 4 and 12, also known as C4-C12. Diesel 

comprises hydrocarbons ranging from C10H20 to C15H28. In theory, burning fuel in 

presence of air should only produce carbon dioxide and water without any effect on 

nitrogen present in the air. For diesel engine, concentration of these gases in exhaust are 

typically in the range of 2-12% CO2, 2-12% H2O, 3-17% O2 and balance N2 [2]. 

However, an engine never operates under ideal conditions, so in addition to the benign 
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species the exhaust gas also comprises hydrocarbons, oxides of nitrogen, carbon 

monoxide, particulate matter and oxides of sulfur. 

The hydrocarbon in exhaust are either caused by partial oxidation of fuel or 

recombination of intermediate compounds. Engine lubricants are another source of 

hydrocarbon emission. The amount of hydrocarbon in exhaust depends on various engine 

design as well as operating parameters such as air to fuel ratio, engine load while driving, 

cold starts and misfires, fuel injection system and timing, turbocharging, intake swirl and 

nozzle opening pressure [3]. The change in these parameters can either increase or 

decrease hydrocarbon emission. Hydrocarbons can react with NOx in presence of sunlight 

to produce ozone (O3) at the source of pollution, which can further react hydrocarbons in 

air to produce ground-level smog that can irritate respiratory system and sting eyes. Some 

exhaust hydrocarbon are carcinogens and some are potential greenhouse gas abating in 

global warming [4]. 

Oxides of nitrogen (NOx) refers to nitric oxide (NO) and nitrogen dioxide (NO2). 

Nitrogen makes up 78% of the intake air used by engine for combustion of fuel. High 

temperature created by fuel combustion and high pressure created by piston compression 

facilitates the reaction between nitrogen and oxygen through the Zeoldovich mechanism 

resulting in formation of NOx [3]. About 70 to 95% of NOx comprises of NO. NOx 

emission also depends on the engine variables and operating parameters such as fuel to 

air ratio, nozzle opening pressure, injection timing, fuel cetane number, air swirl in the 

engine cylinder and intake charge dilution through exhaust gas recirculation (EGR) [3]. 

NOx produces photochemical smog, acid rain, destruction of ozone in stratosphere and 

eutrophication [4]. 
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CO emission is caused by combustion of fuel in very low air to fuel ratio. CO 

emissions are especially problematic for gasoline engines which operate near the 

stoichiometric air to fuel ratio (spark-ignited engines). Diesel engine operates in very lean 

environment (excess oxygen) so CO emissions are very low. CO is an extremely toxic 

gas which has 200 times more affinity towards hemoglobin than oxygen [4]. Therefore, 

CO can strongly bind with hemoglobin inhibiting oxygen from binding on it. Various CO 

poisoning effect can be experienced by human being depending upon blood CO level 

with more than 70% being fatal [4]. 

Particulate matter, sometimes called soot, is not a well-defined term. Its definition is 

based on sampling method which involves filtering the exhaust gas through sampling 

filter and determining the weight of the PM collected in the sampling paper [2]. Based on 

this definition, anything that can be captured in a sampling filter which ranges from 

elemental carbon, ash, soluble organic fraction, sulfates and phosphates are all considered 

PM. Some of the potential sources of PM are leakage of engine lubricants to combustion 

chamber, during cold start, incomplete combustion of fuel and lower fuel quality due to 

additives such as kerosene (problematic in developing country) [3]. PM can cause 

irritation of pulmonary function as well as increase human allergic response. Prolonged 

exposure to high level of PM can cause lung and bladder cancer. PM suspended in air can 

diffract light which can reduce visibility in atmosphere [4]. Scientific evidence has 

suggested that PM below 2.5 µm in diameter is more harmful than particles exceeding 10 

µm, justifying the stricter regulations. 

Oxides of sulfur refers to SOx, which constitutes sulfur dioxide (SO2) and sulfur 

trioxide (SO3). SOx mainly originates from sulfur in fuel or engine lubricant [3]. SOx 
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primarily exist as SO2 in the exhaust and can oxidize to form SO3 which is a precursor to 

sulfuric acid. SOx emissions are irritating when inhaled and it can lead to acid rain. 

1.2 Emission regulations 

Automotive engines can be broadly categorized into compression ignition (CI) and 

spark ignition (SI) engines. The CI engine, also known as the diesel engine, uses 

compression of air to high pressure and temperature to ignite the fuel [5]. CI engines 

operate under lean condition (excess O2). The SI engine, also known as the gasoline 

engine uses the spark from a spark plug to ignite the mixture of air and fuel. SI engines 

operate under rich condition (stoichiometric air-fuel ratio). Most of the off-road and 

heavy duty on-road vehicles are powered by diesel engines due to their higher brake 

thermal efficiency [5]. However, only 3% of total on-road passenger cars and light duty 

vehicles are equipped with diesel engine in US, whereas Europe is close to 50% [6]. 

Compared to spark ignited gasoline engines, diesel engine benefits include higher fuel 

economy, lower greenhouse gas emission (CO2 and N2O), lower HC emissions, lower 

CO emissions and lower cold start emissions. Diesel is safer to handle than gasoline due 

to its higher ignition temperature, and its lower volatility means reduced evaporative 

emissions. Diesel engines also provide greater durability (longer lifetime) and reliability 

(lesser maintenance required) compared to gasoline engine. In spite of their many 

advantages, the main drawbacks include much higher PM emissions, difficult-to-treat 

NOx emissions, higher engine costs, and heavier engines [4,5,7]. 

Even though emissions from an individual automobile seems to be very low 

compared to stack gases from chemical plants, the millions of automobiles operating at 



 

5 

any given time adds up the overall emission of exhaust into an environment. In the 

United States, automobiles contribute 50% of the total anthropogenic NOx emissions, 

80% of CO emissions, 50% of HC emissions and 30% of PM emissions [4]. These 

species negatively impact human health as well as environment, which calls for strict 

control over its emission. The European Union (EU) sets the limit for emission from 

automobiles. Similarly, US has the Environmental Protection Agency (EPA) and the 

California Air Resources Board (CARB). They require all automotive to be emission 

certified before being released to the market. They also require automotive to meet the 

emission standard for certain minimum mileage or the time period.  

The Clean Air Act of 1970 gave authority to EPA to dictate the maximum amount of 

pollutants that are emitted by an automobile [1]. The first effort to control emissions 

came through the use of positive crankcase ventilation (PVC) system to decrease 

evaporative emissions by trapping fuel vapors. Similarly, other emission controls 

involved tuning the engines and through the use of Exhaust Gas Recirculation (EGR). In 

1975, the use of catalytic converter first came into action to meet the stricter regulations. 

The Clean Air Act of 1990 further tightened the regulation on emission limit in order to 

control acid rain and protect the stratospheric ozone. Since then, tighter standards are 

established. 

In order to ensure repeatability and real world driving conditions, automobiles are 

certified through standard engine or vehicle test cycles. Engine cycle certification is 

conducted in an engine dynamometer, and the emissions are expressed in terms of grams 

per brake-horsepower hour (g/bhp-hr). If the vehicle cycle is conducted on a chassis 

dynamometer, and emission is expressed as grams per mile [8]. US Federal Test 
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Procedure (FTP) Transient Cycles are used to certify heavy-duty engine in the US and is 

done on an engine dynamometer; US FTP-75 is used to certify light-duty engines and is 

done on a chassis dynamometer. Effectively from 2007, all engines must be certified for 

Supplemental Emission Test (SET) and Not-to-Exceed (NTE) testing. SET is carried out 

to ensure engines operates within standards during steady state types operations, and the 

emission limits are close to the FTP limits. NTE testing is done to check engine 

performance when operated in pre-defined NTE control areas. The emission limits in 

these controlled areas are usually higher than the emission limits under FTP cycles [9]. 

In March 2014, Tier-3 emission standards, closely aligned with the CARB Low 

Emission Vehicle III (LEV III) standard, were signed into law. These standard covered 

light duty vehicles, independent of their fuel type, and required certification over FTP-75 

to one of the seven emission bins as shown in Table 1-1. The Tier 3 standards will be 

phased over the period of 2017 through 2025. As can be seen in the table, the bins are 

named based on the maximum allowable limit for non-methane organic gas plus NOx 

(mg/mile) and the vehicles should comply with the certification for 15 years or 150,000 

miles, whichever comes first. 

The current emission standards for heavy duty engine were signed in December 2000 

and phased-in over the period of 2007-2010. CARB also enacted identical standards in 

October 2001, which were adopted in 2007. Table 1-2 shows the development in the 

emission standards for the past 2 decades. 
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Table 1-1 Tier 3 Certification Bin Standards (mg/mile) [9] 

Bin NMOG+NOx PM CO HCHO
*
 

Bin 160 160 3 4.2 4 

Bin 125 125 3 2.1 4 

Bin 70 70 3 1.7 4 

Bin 50 50 3 1.7 4 

Bin 30 30 3 1.0 4 

Bin 20 20 3 1.0 4 

Bin 0 0 0 0 0 

*
Formaldehyde emission 

Table 1-2 US EPA emission standard for heavy duty diesel engines (g/bhp-hr) [9] 

Year CO HC HC+NOx NOx PM 

1994 15.5 1.3 - 5 0.1 

1996 15.5 1.3 - 5 0.1 

1998 15.5 1.3 - 4 0.1 

2004 15.5 - 2.4 - 0.1 

2007 15.5 0.14 - 0.2 0.01 

2015 15.5 0.14 - 0.02
*
 0.01 

*
Optional. Certification for CARB Low NOx Standards of 0.1, 0.05, 0.02 g/bhp-hr 
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1.3 Diesel aftertreatment system 

Since its introduction in 1975, the catalytic converter has been a vital part of the 

aftertreatment system to comply with emission regulations. The catalytic converter, a 

type of monolithic reactor, is made up of large number of parallel channels combined 

together in a single block to form a honeycomb like structure. Monoliths have a variety of 

cell densities varying between 40 to 100 cells/cm
2
 and are generally made of either metal 

or cordierite [10,11]. The cordierite monolith is made of 2MgO.2Al2O3.5SiO2, and is the 

most common for automotive applications due to its low cost, high mechanical strength, 

thermal resistance and low thermal expansion coefficient. The catalyst is deposited on the 

wall as a thin washcoat (10-50 µm thick). During operation of the exhaust gas 

purification, the gases flow through the channel, diffuse to the catalytic wall, diffuse and 

react on the wall, diffuse back to the channel from the wall and the clean exhaust gases 

flow out of the channel. Figure 1-1 depicts a diagram of monoliths of various flow 

dimensions available in the market today. 

 

Figure 1-1 Ceramic honeycomb monolith [10]. 
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Due to ever stringent emission regulation, the new generation diesel aftertreatment 

system comprises a series of catalytic converters, each with definite functionality. Figure 

1-2 shows a schematic of typical diesel aftertreatment system.  

 

Figure 1-2 Schematic of diesel aftertreatment system [12]. 

Each block of catalytic converter are strategically placed into its position with certain 

function. The exhaust from diesel engines typically comprising NOx, PM, HCs and CO 

enters through the first component of the aftertreatment system which is Diesel Oxidation 

Catalyst, where HCs and CO are oxidized to CO2 and H2O as follows: 

R1-1:  2CO + O2  2CO2, 

R1-2:  2CmHn + (2m+n/2)O2  2mCO2 + nH2O, 

R1-3:  2NO + O2  2NO2, and  

R1-4:  2CmHn + (4m+n)NO2  2mCO2 + nH2O + (4m+n)NO. 

DOC also facilitates oxidation of NO to NO2 through reaction R1-3, which can further 

react with hydrocarbons through reaction R1-4. NO2 produced in DOC also has 

beneficial effect on downstream operation. Pt and Pd supported in metal oxide are the 
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two main catalysts present in the DOC. After the DOC, the exhaust travels through the 

Diesel Particulate Filter (DPF), which is basically a wall-flow through filter containing Pt 

catalyst. Alternating channels of the DPF are sealed at the inlet while the adjacent 

channel is sealed at the outlet such that there is no direct in-out passage of gas from any 

single channel. This forces the exhaust to flow through the walls to the adjacent channel 

to flow out of the filter, during which PM are deposited onto the DPF wall. The DPF is 

regenerated (burning of retained carbonaceous compound) either passively which is done 

in presence of NO2, or actively, which is done periodically by an imposed temperature 

excursion. Passive regeneration of DPF can occur at temperature as low as 250 
o
C from 

reaction R1-5, whereas active regeneration from reaction R1-6 requires temperature 

upward of 600 
o
C [13]. As mentioned earlier, NO2 produced in DOC benefits in 

continuous passive regeneration of DPF:  

R1-5:  [C] + NO2  CO2 + NO and 

R1-6:  [C] + O2  CO2. 

At this point in the exhaust system the gas mainly comprises NOx where it encounters 

the Diesel Exhaust Fluid (DEF) dosing system. The DEF comprises various sensors and 

injection valve placed strategically to maintain certain NH3:NOx ratio in the downstream 

operation. Here, liquid urea is injected into the hot stream of exhaust gas, where it 

undergoes thermal hydrolysis and decomposition to produce NH3 as follows [14–16]: 

R1-7:  NH2-CO-NH2 (aq.)  NH2-CO-NH2 (s) + xH2O (g), 

R1-8:  NH2-CO-NH2 (s)  NH3 (g) + HNCO (g), and 
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R1-9:  HNCO (g) + H2O (g)  NH3 (g) + CO2 (g). 

From these reactions we can see that 2 moles of NH3 is produced from one mole of urea. 

Much research has been done to increase this ratio in order to decrease the urea fill-up 

time. Recent research has suggested that metal amines are a viable option with higher 

NH3 to metal salt ratio.  

The mixture of exhaust gas and NH3 then flows to the Selective Catalytic Reduction 

(SCR) system which usually consists of metal exchanged small-pore zeolite such as Cu-

SSZ-13, medium-pore Fe-ZSM-5 or large-pore Fe-BEA. SCR catalysts catalyze reactions 

between NH3 and NOx to produce N2 [17]. Depending on amount of NO and NO2 present, 

NOx reduction by NH3 can proceed through any of the following pathways: 

R1-10:  4NH3 + 4NO + O2  4N2 + 6H2O, 

R1-11:  2NH3 + NO + NO2  2N2 + 3H2O, 

R1-12:  4NH3 + 3NO2  3.5N2 + 6H2O, 

R1-13:  4NH3 + 3O2  2N2 + 6H2O, 

R1-14:  2NH3 + 2O2  N2O + 3H2O, and 

R1-15:  2NH3 + 3N2O  4N2 + 3H2O. 

Many published experimental and simulation studies have focused on 

understanding the reaction pathways and rate of SCR reaction on NO2:NOx ratio for 

various SCR catalysts[16–48]. Based on these studies, reactions R1-10 is favorable for 

NO2:NOx ratio close to 0, and is called “Standard SCR”. When the ratio is close to 1, the 
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reaction pathway follows R1-12, also called “Slow SCR”. For exhaust with NO2:NOx 

close to 0.5, R1-11, also known as “Fast SCR”, is dominant which is the fastest of the 

three reactions, hence the name. This suggests that NO2 formed in DOC can have 

beneficial impact on operation of SCR catalyst. Additional reactions includes R1-13 and 

R1-14 also occur competitively at different rates based on catalyst formulation and 

reaction temperature [45,49–51]. Some studies have also reported N2O-SCR reaction 

through R1-15 [43,50,52–54]. 

Ideally the exhaust coming out of SCR catalyst should only constitute N2, O2, CO2 

and H2O. However under various dynamic condition NH3 breakthrough from the SCR 

catalyst can happen. NH3 has a very pungent smell, it can be corrosive when mixed with 

water, and NH3 can easily be detected in concentration above 20 ppm in ambient 

condition. For this reason, an additional block of catalytic converter known as Ammonia 

Slip Catalyst (ASC) is placed downstream of SCR catalyst to selectively oxidize slipped 

NH3 into N2 (R1-12). NH3 emission from tailpipe of automotive in US will be a subject of 

future regulation. For now, Euro VI has set the limit on NH3 emission at about 10 ppm 

[55]. 

1.4 Ammonia Slip Catalyst 

With the ASC being the subject of this thesis, it is instructive to discuss some of the 

situations under which SCR catalyst is prone to NH3 slip. As mentioned earlier, one of 

the desired characteristics of the SCR catalysts is a high ammonia storage capacity, which 

is required to maintain high NOx reduction activity. The amount of NH3 stored on the 

catalyst surface depends on the temperature. Some of the NH3 can desorb from the 
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catalyst bed and slip out when there is sudden increase in exhaust temperature [56]. The 

DEF dosing system is usually designed to maintain a NH3:NOx ratio slightly higher than 

1 (to account for NH3 oxidation, R1-13), which is the stoichiometric requirement based 

on reaction kinetics. Since the SCR catalyst is never 100% efficient in reducing NOx, 

unreacted NH3 may slip out of the catalyst. The SCR catalyst is generally positioned 

downstream of DPF, which needs to be regenerated periodically by applying a 

temperature excursion. This high temperature along with the high H2O content in the 

diesel exhaust can result in hydrothermal aging of the SCR catalyst, thus losing some of 

its NOx reduction activity. As a result, unreacted NH3 can slip out of the SCR catalyst 

when dosing system fail to account for this loss in activity. 

NH3 has pungent order, can cause irritation in the respiratory system, and can be 

corrosive when mixed with water. The EU regulation has set the threshold limit value for 

NH3 emission ~10 ppm. Due to the need to meet this stringent limit, a highly selective 

and active ammonia slip catalyst (ASC) must be placed downstream of the SCR. The 

ASC is either applied as a short section on the same SCR monolith brick at the outlet or 

as a separate brick. The function of ASC is to directly oxidize NH3 to benign N2. 

It is known that NH3 oxidation to NO is very fast in precious group metal (PGM). 

This reaction has been extensively studied for nitric acid production through Oswald 

process for over a decade. The conditions encountered during this process are far more 

strenuous, with temperatures above 1000 
o
C and NH3 concentrations approaching 10 

vol.%, than those encountered in aftertreatment system, temperature below 500 
o
C and 

NH3 concentration of 100s of ppm. Under diesel exhaust conditions, NH3 oxidation on 



 

14 

PGM is highly selective towards N2O (R1-14) at intermediate temperature and NOx at 

high temperatures given by following reaction [57–63]: 

R1-16:  2NH3 + 2O2  NO + 3H2O and 

R1-17:  4NH3 + 7O2  4NO2 + 6H2O.  

 N2O is 270X more potent than CO2 in terms of greenhouse gas effectiveness. As such, it 

will be strictly regulated in future emission regulations [64]. NOx produced by the ASC 

will have a detrimental effect on efficiency of diesel aftertreatment system which is 

primarily designed to mitigate emission of NOx. Therefore, PGM catalyst such as 

Pt/Al2O3 cannot be used as a stand-alone ASC. Recent state of the art ASC uses 

composite of SCR catalyst and PGM catalyst in order to get high NH3 oxidation activity 

along with high N2 selectivity (R1-13) [56,65–70]. A key requirement of the ASC is to 

selectively oxidize NH3 to N2. Most of the literature has extensively focused on the dual-

layer washcoat structure for ASC.[65,67,68] Therefore, this introductory chapter explains 

the working principle of ASC using dual-layer washcoat architecture as a reference. 

Figure 1-3 shows a schematic of the washcoat structure of a dual-layer ASC. As seen, 

the monolith wall is first coated with an oxidation catalyst, such as Pt/Al2O3, which is in 

turn coated with a reduction catalyst, such as Cu-SSZ-13. This way NH3 that flows 

through the gas flow channel first encounters the top Cu-SSZ-13 layer. NH3 can either 

store in Cu-SSZ-13, given its high NH3 storage capacity, diffuse to the bottom Pt/Al2O3 

layer, or react with counter-diffusing NOx. In the Pt/Al2O3 layer, NH3 can oxidize into 

various N- and O- containing compounds including N2 (R1-13), N2O (R1-14), NO (R1-

16) or NO2 (R1-17) depending on the catalyst temperature. These compounds then 
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diffuse back to the top Cu-SSZ-13 layer where NOx and in some cases N2O can further 

react with counter-diffusing or stored NH3. As mentioned earlier, the SCR reaction 

between NH3 and NOx is highly selective to N2 in metal-exchanged zeolitic catalysts. 

Therefore, the dual-layer ASC selectively oxidizes NH3 to N2 through this cycle. In cases 

when both NH3 and NOx flow through the gas flow channel, they first encounter the top 

CuSSZ-13 layer, where they can react through SCR reaction pathway. This way the top 

Cu-SSZ-13 layer not only acts as a reduction catalyst but also as a mass transfer barrier 

for undesired NH3 oxidation on the bottom Pt/Al2O3 layer. 

 

Figure 1-3 Schematic of working principle of a dual layer ASC 

1.5 Literature review 

This section provides a comprehensive review on the ASC research that has been 

conducted by different groups on the field of ASC. Hunnekes et al. carried out a lab 

reactor study to evaluate the performance of ammonia slip catalyst, with PGM loading of 

5 g/ft
3
, for ammonia conversion and product selectivity with a feed gas containing 500 

ppm NH3, 5% H2O, 10% O2 and with or without 500 ppm NO [70]. They found that the 
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presence or absence of NO in the feed did not affect ammonia conversion, (NH3,in – 

NH3,out)/NH3,in, but did affect the product selectivity. In the presence of NO, Pt acts as a 

low temperature SCR catalyst causing the reduction of NO, which is accompanied by an 

increase in N2O. They also conducted an engine test over ETC (European Transient 

Cycle) to understand the effects of space velocity by using catalysts of different length. 

They found that ammonia slip reduced from 88 ppm to 6 ppm at high space velocity and 

to below 1 ppm at low space velocity with no increase in NOx selectivity and only a 

slight increase in N2O selectivity. They also showed the benefits of integrating the ASC 

downstream of the SCR catalyst. With the ASC, the permissible range of molar ratios of 

NH3/NO expanded from 0.92-1 to 0.92-1.3, which provided flexibility to the urea dosing 

system to maintain high NOx conversion while minimizing ammonia slip. Girard et al. 

reported ammonia oxidation performance of CDPF (Catalyzed Diesel Particulate Filter) 

and various ASCs (compositions not stated) under varied space velocities, temperatures 

and concentration of NH3 and NOx [56]. They found that CDPF was highly selective to 

N2O at temperature below 350 
o
C and NOx at higher temperatures. They also studied the 

effect of PGM loading of the CDPF. The main influence of an increased PGM loading is 

to reduce the light off temperature with minimal effect on product selectivity. For the 

ASC, they found that the increase in the space velocity shifted the light-off to higher 

temperatures. The presence of NO with the slipped NH3 strongly influenced selectivity 

for both ASC and CDPF catalysts. 

Scheuer et al. studied ammonia oxidation on a Pt/Al2O3 coated monolith under 

automotive NH3 slip catalyst conditions [71]. They used the mechanistic reaction kinetics 

originally developed by Kraehnert et al. [61] for polycrystalline Pt to estimate NH3 



 

17 

conversion and product selectivity Pt/Al2O3 catalyst. With some re-parameterization, the 

model was able to capture NH3 conversion and product selectivity of TPR experiments 

(150 – 500 
o
C, 2 K min

-1
 ramp up) under feed condition with NH3 to NO ratio of 1:1 or 

1:0. In their simulation work, the diffusion resistance in the washcoat was neglected due 

to the fact that washcoat was very thin, ca. 9 µm. In their other work, they implemented 

the above mechanistic model, including diffusion resistance in washcoat, to create spline 

interpolation functions from pre-computed solutions of the mass balances of one volume 

element of the reactor model [72]. They demonstrated that this method reproduced the 

output concentration of an individual volume element and the outlet concentration of the 

entire reactor to within 3% error to that by classical 1+1D model. The main advantage of 

this approach was a decreased computation time by a factor of 3200. They also 

implemented the kinetic models of NH3 oxidation on Pt/Al2O3 and SCR into a 2-D model 

(COMSOL) of one channel of dual-layer catalyst using spline interpolation of pre-

computed source terms [65,73]. The kinetics on Pt and SCR were individually tuned in a 

separate set of experiment, and the dual-layer model was validated against the lab reactor 

experiment. Using this model, they studied the effect of various design parameter on the 

performance of dual-layer catalyst. Their model predicted a trade-off between NH3 

conversion and N2 selectivity due to increase in SCR washcoat loading. They also 

showed that increase in diffusion coefficient of gas through SCR layer could improve 

NH3 conversion with minimal effect on product selectivity. 

Colombo et al. showed that only surface of the PGM washcoat is effectively active in 

the range of exhaust aftertreatment condition [74]. Based on this, they simplified 1+1D 

model for dual-layer ASC to Layer+Surface Model (LSM), where a coupled 
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diffusion/reaction equation was solved for SCR layer and surface reaction equation for 

PGM layer. Based on the LSM model, they verified the presence of underlying PGM 

layer led to the onset of significant concentration gradient across the SCR layer, which 

emphasized the need to account for diffusion/reaction phenomena in the SCR layer of the 

ASC. They also used commercial simulation software Axisuite
®
 to compare the 

performance of four configurations of monolithic ASC namely, (i) PGM catalyst, (ii) 

mechanical mixture of the SCR and PGM catalyst, (iii) dual-layer with SCR on top of 

PGM catalyst and (iv) dual-layer with PGM on top of SCR catalyst [75]. They found that 

the dual-layer configuration with SCR on top of PGM catalyst best exploited the 

beneficial interaction of the SCR and PGM oxidation chemistries to favor N2 selectivity 

irrespective of feed condition which contained either NH3 or equimolar mixture of NH3 

and NOx. However, they observed some decrease in NH3 conversion due to the top SCR 

layer acting as a diffusion barrier. The decrease in NH3 conversion was more severe at 

higher space velocity. Based on the steady state and transient kinetic runs performed on 

precursor washcoat powder, they developed a global PGM kinetic model for NH3 

oxidation which accounted for the effects of temperature and co-feed NOx with NO2/NOx 

[76] feed ratio in the range of 0-1. The model accounted for NO2 inhibition on both NO 

oxidation and NH3 oxidation.  

Colombo et al. also studied NH3 oxidation over a “Double Bed” and “Mechanical 

Mixture” configuration. In the Double Bed configuration SCR catalyst powder was 

placed upstream of the PGM catalyst powder, whereas the Mechanical Mixture 

configuration consisted of intimately mixed SCR and PGM powders into a single 

catalytic bed. Modeling was done using a heterogeneous one dimensional dynamic plug 
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flow model under isothermal and isobaric condition. They found that though both 

configurations gave similar NH3 conversion, the N2 selectivity of the Mechanical Mixture 

configuration was higher due to the fact that in this configuration the undesired NH3 

oxidation product, NOx, formed over PGM catalyst had a chance to further react 

selectively with NH3 over SCR catalyst. The model satisfactorily captured the beneficial 

interaction between PGM and SCR chemistries. They validated the global kinetic model 

developed over a precursor powder against data collected over a single layer PGM coated 

monolith [67]. They used the previously developed LSM model along with the SCR 

model described by Chatterjee et al. and PGM model validated above to model the dual-

layer ASC. Their model was able to capture NH3 oxidation over PGM catalyst and dual-

layer ASC over wide range of temperature and co-feed of NH3 and NOx. They also 

adopted the DOE (Design of Experiments) approach for their experimental plan to cover 

wide range of realistic operating condition for ASC, for which the results showed that 

their model was able to simulate the realistically the performances of the actual slip 

catalyst configuration. 

Kamasamudram et al. studied the behavior of an ASC comparatively to the DOC and 

SCR catalyst in order to deconstruct the behavior of ASC to its underlying catalytic 

constituents, PGM based oxidation component and zeolite based SCR component [69]. 

They also studied the behavior of ASC using accelerated progressive catalyst aging as a 

tool for catalyst property interrogation. The three-step protocol was used for their 

experiment in order to yield useful information such as NH3 oxidation, product 

selectivity, and ammonia storage, oxidation functionality of PGM and reduction 

functionality of SCR. The first step involved feeding NH3 and O2, in the second step the 
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NH3 feed was cut off and NO feed was turned on, and in the third both NH3 and NO was 

turned on. They found that the ASC catalyst efficiently combined high NH3 conversion 

activity of DOC and high NOx reduction activity of SCR catalyst to effectively oxidize 

NH3 to N2. While co-feeding NH3 and NO, the ASC performed the role of SCR catalyst 

which was seen by net consumption of NO along with increased selectivity of N2. They 

also found that hydrothermal aging had little effect on the PGM component as illustrated 

by little change in ammonia conversion and NO oxidation results, whereas there was 

substantial effect on the SCR component as illustrated by the increase in NOx selectivity 

of the catalyst with aging, which points out to inability of the SCR component to 

adequately reduce NOx produced by the PGM component.  

Balaji et al. proposed 1D+1D model accounting for 1-D framework for the top layer 

and 1-D framework for the bottom layer, with diffusion and mass transfer between two 

layer approximated by an empirically determined mass transfer correlation which was 

function of temperature and catalyst length [68]. These correlations were optimized based 

on reactor data. The model used independently tuned global kinetic model for SCR and 

PGM component of catalyst. They showed that this model predicted the steady state data 

obtained by following 3 step experimental protocol described by Kamasamudram et al. 

quite well. It was also shown that the model predicted the transient catalyst performance 

on a real engine over different test cycles. 

Ottinger et al. studied the effect of short- and long-chain aliphatic hydrocarbons on 

NH3 and hydrocarbon oxidation, product selectivity and hydrocarbon storage of ASC 

[77]. They used three different samples of ASC; (i) PGM only, (ii) PGM+ Large Pore 

SCR and (iii) PGM + Small Pore SCR. They found that C3H6 reduced the low 
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temperature NH3 oxidation of all the ASCs, with PGM only having greatest impact. The 

PGM + Large Pore SCR catalyst was most susceptible to hydrocarbon poisoning as seen 

by drastic increase in NOx formation. This catalyst also showed significant storage 

capacity for hydrocarbon, which explained the increase in NOx selectivity by blocking of 

SCR sites by required to reduce NOx. C3H6 did not affect the NOx selectivity of the PGM 

+ Small Pore SCR which showed the benefit of having small pore SCR which keeps the 

hydrocarbon from blocking the SCR sites. They also showed that C3H6 oxidation and 

NH3 oxidation inhibits each other at low temperature.  

Smith et al. studied the impact of sulfur oxide on critical functions of ASC and on 

NH3 oxidation activity and product selectivity [78]. They also studied the impact of 

desulfation under certain conditions on the performance of different ASC technologies. 

They employed the 3 step experimental protocol described by Kamasamudram et al. [69] 

on the hydrothermally aged catalyst before exposure to SOx, after exposure to SOx and 

after deSOx to get insight into the effect of sulfation and desufation on different 

component of ASC. They found that sulfation had minimal effect on NH3 oxidation 

activity but it did adversely impacted the product selectivity by degrading the SCR 

component of the catalyst. The extent of degradation in product selectivity depended on 

the amount of sulfur stored which was a function of the type of SCR component used in 

the ASC. Further, the effect of sulfation was reversible with the required desulfation 

temperature to regain ASC activity depending on the type of SCR component used. 
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1.6 Objectives and outline of research 

Given that the concept of ASC is fairly new compared to other components of the 

aftertreatment system, few studies have appeared in the open literature to date. Those 

reported have been conducted on commercial ASC samples only, and details on their 

formulation have been protected for proprietary reason. The uncertainty about the catalyst 

formulation makes it difficult to interpret the reported data and to understand the reaction 

and transport coupling in various component of ASC. The lack of literature studies 

provided us with an opportunity to carry out a systematic research study on ASC by 

synthesizing the slip catalyst with known formulations, along with the ability to evaluate 

each catalyst design parameter systematically and independently. Chapter 2 provides 

details description on catalyst synthesis, catalyst characterization, washcoating the 

catalyst into monolith and bench scale reactor set-up. 

As mentioned earlier, the dual-layer washcoat structure is a architecture suitable for 

ASC in order to selectively oxidize NH3 to N2 at high temperatures. Therefore, the first 

step of our work involved verifying the working principle of the dual-layer ASC. This 

study involved synthesizing dual-layer catalyst with various SCR loading (Cu-ZSM-5) 

and constant Pt/Al2O3 loading (10 g/ft
3
 Pt), and quantifying between NH3 conversion and 

N2 selectivity with SCR loading for a range of operating conditions. Chapter 4 covers 

detail about this work. 

ASC is used as an add-on (accessory) component to the SCR system, therefore it 

should be cheaper and smaller compared to the SCR system. From the cost stand-point, it 

is desirable to decrease the amount of PGM content of the catalyst. The ability to 
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synthesize ASC in-house provided us with the means to study the effect of PGM loading 

on the ASC performance. Literature has mostly focused on dual-layer formulation for 

ASC, with SCR being top layer and PGM being bottom layer. We took this opportunity 

to explore new architectures such as the mixed washcoat ASC, and to compare it to dual-

layer ASC with same catalyst composition. Chapter 4 presents this study. 

Chapter 5 discusses in detail about ASC model development and use of the model to 

predict experimental results for different feed composition and temperature. The ASC 

comprises two completely different catalytic component with different reaction kinetics. 

These two components can be applied into a monolith forming various architectures. 

Therefore, not only the reaction kinetics but also the transport features for each of these 

component is vital for ASC performance. In order to understand the coupling between 

transport and reaction, we develop a method to tune the reaction kinetic and diffusion 

transport of species through each catalyst component. The tuned model was then used to 

predict the experimental finding under various feed composition and range of 

temperatures for both dual-layer and mixed ASC. 

The commercialization of new SCR (Cu-SSZ-13) catalyst will lead to the 

development of new generation ASC comprising Cu-SSZ-13. In Chapter 6, we studied 

the effect of Cu-SSZ-13 loading of a dual-layer catalyst under various feed composition, 

temperature and space velocity. After comparing the activity of dual-layer and mixed 

catalyst, we synthesized the hybrid of dual-layer and mixed catalyst to improve the 

performance of ASC.  
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In earlier work in thesis, we found out that diffusion transport of species through γ-

Al2O3 is important parameter which governs the species conversion at certain 

temperatures. In chapter 7, we use Pt-catalyzed CO oxidation as a model reaction to study 

reaction and transport in order to elucidate diffusive transport in γ-Al2O3. 

Finally, Chapter 8 gives the conclusions of our overall research work. In this chapter 

we also provide suggestions for future work that may be helpful to further the 

understanding of reaction and transport coupling in ASC, and therefore lead to 

development of new ASC with better NH3 oxidation activity and higher N2 selectivity. 
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Chapter 2 Experimental 

2.1 Introduction 

This chapter provides an in-depth description of the experimental set-up, procedures 

and techniques used in this thesis. This includes the catalyst synthesis, washcoating and 

characterization techniques. A bench-scale reactor set-up was used to test the activity of 

the monolithic catalyst. This chapter also describes the various components of the reactor 

set-up. 

2.2 Catalyst Synthesis 

2.2.1 Incipient wetness impregnation 

In order to obtain a Pt loading of 10, 3, 2.5, and 0.7 g/ft
3
 along with total washcoat 

loading of 1.3 g/in
3
 (monolith volume basis), an incipient wetness impregnation (also 

known as dry impregnation) procedure was carried out. The required amount of active 

metal precursor was dissolved in an aqueous solution whose volume is equal to the pore 

volume of the catalyst support material. Hexahydrated Chloroplatinic acid, H2PtCl6.6H2O 

(Sigma-Aldrich, USA), was used as Pt precursor. More specifically the γ-Al2O3 (Strem 

Chemicals, USA) catalyst support used for this work had a pore volume ~0.44 cm
3
/g, as 

provided by manufacturer. In order to synthesize 30g of catalyst corresponding to 10 g/ft
3
 

of Pt loading and 1.3 g/in
3
 of washcoat loading, 0.3 g of H2PtCl6.6H2O was first 

dissolved into 13.2 ml of di-ionized water. The metal-containing solution was added 

dropwise to γ-Al2O3 with constant stirring to ensure proper mixing. The wet γ-Al2O3 
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powder was then dried in an oven for overnight at 120 
o
C. The dried γ-Al2O3 was then 

calcined at 500-550 
o
C by ramping from room temperature to the target temperature in 20 

hour, holding at that temperature for 5 hours, and then gradually ramping the temperature 

back to room temperature in 20 hours. The resulting catalyst powder, Pt/Al2O3, had a Pt 

wt% of 0.46, whose pore walls are impregnated with Pt nanocrystals. 

2.2.2 Ion exchange 

The Na-ZSM-5 (Si/Al = 280) and Cu-ZSM-5 (Si/Al = 23) powder were synthesized 

by a series of ion exchanges of a commercially-available ammonium form of ZSM-5. The 

NH4-ZSM-5 (Zeolyst International, USA) with a specific Si/Al ratio (23 or 280) was first 

converted to protonated form (H-ZSM-5) by calcining the powder at 500 
o
C for 5 hours. 

The H-ZSM-5 was then converted to Na-ZSM-5 by continuously stirring H-ZSM-5 in a 

0.1 M NaNO3 (Alfa Aesar, USA) solution at ambient temperature overnight. The pH of 

the slurry was adjusted to 7 by using NH4OH or acetic acid. The amount of NaNO3 in the 

solution was such that the concentration of Na
+
 ion was twice the concentration of Al

3+
 

ions. For instance, 60 g of H-ZSM-5 with Si/Al ratio 23 was mixed in a 1.6 L of solution 

containing 13.74 g of NaNO3. After the ion exchange procedure, the particles were 

vacuum-filtered (or centrifuged) and dried at 120 
o
C for 3-5 hours. This ion exchange 

procedure was repeated twice to ensure a maximum exchange of Na
+
 ions. If the goal was 

to synthesize Na-ZSM-5 powder, then the thus formed Na-ZSM-5 powder was calcined 

at 500 
o
C for 5 hours. However, if the goal was to synthesize Cu-ZSM-5 powder, the Na-

ZSM-5 powder was continuously stirred in a 0.02 M copper(II) acetate (Sigma Aldrich, 

USA) solution overnight. The pH of the solution was adjusted to ~5 using NH4OH or 

acetic acid. The amount of copper(II) acetate used was such that the concentration of 
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Cu
2+

 ion was 1.5 times the concentration of Al
3+

 ions. For example, 46 g of Na-ZSM-5 

with Si/Al ratio 23 was ion exchanged in a 4.5 L of solution containing 16.74 g of 

copper(II) acetate. The particles were vacuum-filtered and dried at 120 
o
C for 3 hours. 

This step was repeated twice in order to ensure adequate Cu
2+

 ion exchange in the zeolite 

sample. The final Cu-ZSM-5 sample was then calcined at 500 
o
C for 5 hours. 

2.2.3 Monolith washcoating 

The catalyst powders were coated onto the monolith walls by a dip coating procedure. 

This allows catalyst powder to adhere into the monolith wall by physical interaction 

between catalyst support and the wall through physical keying. The solid content, particle 

size, pH and viscosity of the slurry are the important parameters to be taken into 

consideration to achieve a uniform coating. More details on the effect of these various 

parameters on washcoat can be found in following literature [6,10,79,80]. In order to coat 

Pt/Al2O3 powder into a monolith, first Pt/Al2O3 slurry was prepared by mixing 32 wt% of 

the Pt/Al2O3 powder, 60 wt% of deionized water and 8 wt% of boehmite solution (20 

wt% AlOOH, Nyacol Nano Technology, Inc., USA). The boehmite used served as a 

binder which improved the catalyst adherence to the monolith wall. The particle size of 

boehmite is ~50 nm which is much larger than typical pore diameter (4-15 nm) of the 

Al2O3 support particles where active catalyst resides. Therefore, the likelihood of binders 

clogging/blocking the pore mouth is negligible. The pH of the slurry was adjusted to 

about 3.5- 4 using 0.1N acetic acid or NH4OH. The slurry was ball milled in a container 

using 90% Burundum grinding media (E. R. Advanced Ceramics Inc., USA) of size 0.25 

inch X 0.25 inch for 20 hours to get particle size of 1-5 µm.  
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Blank cordierite monoliths with cell density of 400 cpsi and dimensions of 1 inch 

diameter and 3 inch length were provided by BASF (Iselin, NJ). These were cut into 2 or 

0.5 cm long, ~0.8 cm diameter samples, and were washcoated by dipping the monolith 

into the Pt/Al2O3 slurry for 30 seconds, and blowing off the excess slurry for 10 seconds. 

To obtain a uniform coating, the washcoating method was carried out by dipping the 

monolith from alternating ends consecutively. The monolith was dried in an oven at 120 

o
C for 3 hours. The weight of the monolith before and after washcoating was measured to 

get the Pt/Al2O3 loading of the monolith. About 2 - 3 repeats of this procedure was 

required to obtain the washcoat loading of about 1.4 g/in
3
 (~15 wt%). Finally, the 

monolith was calcined at 500 
o
C with a temperature ramp from ambient to target 

temperature in 20 hours, holding at target temperature for 5 hours and then cooling back 

to ambient temperature in 20 hours. The slow ramp rate was chosen to minimize the 

cracks formation on the washcoat surface which can occur due to thermal stress caused 

by sudden temperature excursion. 

In order to coat Na-ZSM-5, Fe-ZSM-5, Cu-ZSM-5 or Cu-SSZ-13 into a monolith, 

slurry of the respective powder was prepared by mixing the catalyst powder, water and 

boehmite at the mass ratio of 4:8:5. The pH of the slurry was adjusted to about 3.5 using 

NH4OH or acetic acid. The mixture was ball-milled for approximately 20 hours to obtain 

a particle size of 1-5 µm, which in our experience is the desirable particle size range 

needed to achieve a uniform washcoat [10]. The washcoating, drying and calcining 

procedure was similar to the one described above were used to apply the catalyst into the 

monolith. 
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Dual-layer catalysts were prepared by dipping Pt/Al2O3 washcoated monolith into 

slurry containing Cu-ZSM-5, Fe-ZSM-5, Na-ZSM-5, Cu-SSZ-13 or γ-Al2O3, then drying 

in an oven at 120 
o
C for 3 hours. This procedure was repeated until a desired loading of 

second catalyst was obtained, and then calcined.  

Preparing a mixed catalyst was more challenging because there was some loss in 

activity of Pt catalyst when the requisite amount of Fe-ZSM-5 or Cu-SSZ-13 and 

Pt/Al2O3 were ball milled together for 20 hours, with the slurry pH adjusted to 3.5, and 

then washcoated into the monolith. While we were not able to explain this loss in Pt 

activity with certainty, we hypothesize this was caused by leeching of Pt catalyst from 

Al2O3 support and its transport to the deeper cages of Fe-ZSM-5 or Cu-SSZ-13 catalyst 

where it was inaccessible to the reacting species. In other to avoid this potential problem, 

the Pt/Al2O3 and Fe-ZSM-5 or Cu-SSZ-13 catalysts were ball milled in separate 

containers for 19 hours. These slurries were then transferred into a larger container and 

ball milled together for an hour to ensure uniform physical mixing. The blank monolith 

was then coated with this mixture of slurry and dried in an oven at 120 
o
C for 3 hours to 

obtain a monolith washcoated with mixed catalyst. The above procedure was repeated 

until the desired washcoat loading was obtained, after which the monolith was calcined at 

500 
o
C for 5 hours. The freshly-prepared monolith catalysts consisting of Pt/Al2O3 were 

reduced at 500 
o
C for 30 min with 2% H2 and balance Ar at total flow rate of 1000 sccm. 

Finally, the catalysts were degreened at 650 
o
C for 2 hours with 5% O2 and balance Ar at 

the total flow rate of 1000 sccm. 
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2.3 Catalyst characterization 

The catalyst powder was characterized by using various techniques. The dispersion of 

Pt on a Pt/Al2O3 catalyst was measured by using H2 chemisorptions in a Micromeritics 

Accelerated Surface Area and Porosimetry System (ASAP2020). Inductively coupled 

plasma atomic emission spectroscopy analysis (Galbraith Laboratories Inc., USA) was 

used to quantify the amount of Fe, Cu or Pt in the Fe-ZSM-5, Cu-SSZ-13 or Pt/Al2O3 

powder, respectively. Scanning electron microscopy (FEI XL300FEG) was used to 

measure the thickness of the washcoat in a monolith catalyst. The crystallinity of γ-Al2O3 

and various zeolitic catalyst used were verified by X-ray diffraction. XRD was 

accomplished by using a Siemens D5000 which also confirmed that there was no change 

in crystallinity of γ-Al2O3 after Pt impregnation. A Coulter SA 3100 Series Analyzer, 

Micromeritics ASAP2020, Mercury Porosimetry (Core Laboratories, USA) were used to 

measure the BET surface area, pore size distribution and pore volume of the Pt/Al2O3 

powder. Energy Dispersive Spectroscopy (EDS) was used to quantify the elemental Pt 

concentration on the top Fe-ZSM-5 layer for the dual layer catalyst to ensure no Pt 

leeching from bottom Pt/Al2O3 layer. Leica 3000DMI inverted microscope was used to 

check the particle size of the catalyst particles after ball milling. 

2.4 Bench scale reactor set-up 

A bench scale reactor set-up was used to carry out the experimental study. This 

experimental set-up consisted of (i) a gas supply system, (ii) a reactor system, (iii) an 

analytical system and (iv) a data acquisition system. The detail schematic diagram of this 

set-up is shown in Figure 2-1. 
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Figure 2-1 Schematic of the bench scale reactor set-up used [81]. 

2.4.1 Gas supply system 

The gas supply system consisted of various compressed gas cylinder which was used 

to emulate the synthetic automotive exhaust gas condition. The gas cylinders were 

supplied by Matheson Tri-gas and Praxair. The outlet pressure from the gas cylinders 

were regulated by pressure regulators connected directly to the cylinder. The stainless 

steel tube manufactured by Swagelok was used to carry gases from cylinders to reactor. 

A series of mass flow controller supplied by MKS instruments Inc. was used to control 

the flow rate of various gases. MFCs with various flow range were used. Each MFCs 

were calibrated for the specific gas using Humonics Optiflow 520 Digital flowmeter. The 

flow range of MFC used was contingent upon the certified species concentration of the 
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gas cylinder as well as concentration of the species required to emulate the desired feed 

condition. Table 2-1 gives detail description of the various gas species used for this study, 

their certified concentration in the gas cylinder, the supplier of cylinder, the type of 

pressure regulator used, the range of MFC used to control its flow rate and the specific 

use of each gas species in this study. All MFCs flowed gases directly to a manifold, 

which was connected to a mixing tube downstream to ensure proper mixing of gas before 

being fed to the reactor. An Isco syringe pump (Model 500D) was used to feed water. 

The water carrying tube from syringe pump was connected to the needle valve. This 

needle valve injected water to the heated line carrying Ar (280 sccm Ar + 20 sccm CO2). 

The line was heated to nominally 200 
o
C to ensure rapid evaporation of water as soon as 

it entered the heated line and also so that no water got condensed inside the tube wall. To 

get stable flow of water (without sudden water peaks) through the system the needle 

valve was tuned such that the back pressure on the syringe pump was maintained around 

50-60 psi. 
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Table 2-1 Detail specification of the gas supply system 

Gas 

Species 

Certified Concentration 
Gas 

Supplier 

MFC Upper 

limit 

Use 

Ar Ultra High Purity Matheson 1000 sccm N2 Carrier /Diluent 

O2 Ultra High Purity Matheson 50 sccm O2 Reactant 

N2 Ultra High Purity Praxair N/A BET adsorption 

H2 Ultra High Purity Praxair N/A Chemisorption 

He Ultra High Purity Matheson N/A 
Pressurizing 

switching valve 

N2 
1% N2, bal. Ar (CP grade, 

>99.5% purity) 

Matheson 20 sccm N2 
Calibration 

CO2 Ultra High Purity Praxair 200 sccm CO2 
Reactant 

NH3 1% NH3, bal. Ar Matheson 50 sccm NH3 
Reactant 

/Calibration 

NO 1% NO, bal. Ar Praxair 200 sccm NO 
Reactant 

/Calibration 

NO2 1% NO2, bal. Ar Praxair 100 sccm NO2 
Reactant 

/Calibration 

N2O 1% N2O, bal. Ar Praxair 20 sccm N2 Calibration 
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2.4.2 Reactor system 

The reactor system comprised quartz tube, monolithic catalyst, heating furnace, 

temperature controller and thermocouples. A clear fused quartz tube of I.D. 10.5 mm, 

O.D. 12.75 mm and length 4 ft was supplied by Technical Glass Product. This tube was 

cut into 3 smaller tube of length 16 in each. A monolith catalyst was wrapped with 

FiberFrax ceramic paper and inserted into the quartz tube. This was done to ensure proper 

seal between monolith and tube wall. The monolith catalysts used in all of the 

experiments had ~28 channels and were of two different lengths, 2 cm and 0.5 cm. The 

tube was then placed inside a heating furnace. Mellen (model SC11) single zone heating 

tube furnace was supplied by Mellen, which utilized Mellen Clamshell as heating 

element, along with the Mellen Temperature Control System (model PS305) to control 

furnace temperature. This system had an upper operating temperature limit of 1100 
o
C. A 

four-port duel-actuated switching valve was placed upstream of the reactor. This 

switching valve directed the flow stream to the reactor, and was operated by Labtech 

software. K-type thermocouples were used to measure feed temperature and monolith 

temperature. The feed temperature was measured by placing a thermocouple 

approximately 1 cm upstream of monolith inlet and monolith temperature was measured 

by placing a thermocouple at the approximate mid-point (radial and axial) of the 

monolith. The K-type thermocouples, with probe tip O.D. 0.5 mm, were supplied by 

Omega Engineering, Inc. 
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2.4.3 Analysis system 

The effluent gases from the reactor flowed downstream to the analytical system 

which consisted of FT-IR (Thermo-Nicolet, Nexus 470) and quadruple mass 

spectrometer (MKS Spectra Products; Cirrus LM99). FTIR was used to measure effluent 

gases such as NO, NO2, N2O, NH3, CO2 and H2O to the accuracy of few parts per 

million. FTIR consisted of an ultra-low volume (25 cm
3
) gas cell (Axiom, Mini Linear 

Flow Cell) with BaF2 windows. The path length of the cell was 0.5 m. The concentrations 

of effluent gas were measured by FTIR at the constant temperature and pressure of 140 

o
C and 880 mmHg. The gas cell was wrapped in a heating jacket and the temperature 

controller was connected to the jacket to maintain the system at 140 
o
C. A manual back-

pressure regulator was stationed downstream of FTIR to constantly maintain the system 

at 880 mmHg. All the gas lines were heated to temperature above 200 
o
C to avoid 

adsorption/condensation of water and ammonia. Table 2-2 gives detail information on the 

IR region in which different gas species were calibrated. 

Quadruple mass spectrometer (QMS) was used to measure concentration of N2 and 

O2. It was positioned 0.7 m downstream of FTIR. A thin capillary tube was inserted 

between the tube connecting FTIR and back-pressure regulator to draw about 20 sccm of 

effluent gas. This capillary was encased inside a heated silicon tube which carried the gas 

to QMS. All other residual gas was sent to the vented hood. 
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Table 2-2 Gas species and corresponding IR region of calibration. 

Gas Species Absorbance Region (cm
-1

) 

NH3 920.0-970.0 

NO 1871.4-1940.0 

NO2 1578.8-1613.8 

N2O 1248.8-1325.3 

H2O 3750.0-3950.0 

 

2.4.4 Data acquisition system 

The data acquisition and control system comprised two PCs and an ADAM 5000 TCP 

(Advantech Ind.) module. ADAM acted as an interface between the PCs and different 

devices connected in the bench scale reactor set-up. It converted analog signals from the 

thermocouples and pressure gauge into digital signals. One of the PC was loaded with 

Labtech® software to interpret these digital signals into a meaning temperature and 

pressure reading and store them in a excel executable data sheet. This software was also 

used to control the flow rates from different MFCs. The same PC was loaded with 

Process Eye software which collected data from QMS and saved it into a text files. The 

second PC was loaded with OMNIC® software (Thermo Nicolet; version 6.2) which 

collected data from FTIR and stored it in an excel data sheet. The details about the 

calibration procedure for the FT-IR and QMS are described in [82]. Since, each of the 
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analysis devices was kept at various distances from the reactor outlet, different delay 

times were associated with the reading obtained from this devices. This difference in the 

times should be taken into consideration during the data analysis if transient experiments 

were conducted. All the experiments conducted for this study were steady-state 

experiments, so this delay has no impact on the data analysis. The start-up, operating, 

shut down and safety procedures of the bench scale reactor set-up can be found in [82]. 
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Chapter 3 Ammonia Oxidation on Structured Composite 

Catalysts 

3.1 Introduction 

Diesel engines are gaining popularity due to their higher fuel efficiency, but advanced 

methods of exhaust aftertreatment are needed to eliminate particulate soot and nitrogen 

oxides (NOx). For the latter, selective catalytic reduction (SCR) using ammonia as the 

reductant has emerged as the method of choice for heavy-duty diesel vehicles [69]. 

Recent advances in SCR catalysts comprising Cu-exchanged small-pore zeolites have led 

to significant improvement in NOx conversion efficiency and catalyst durability. While 

advanced control systems deliver the requisite aqueous urea to meet NOx reduction 

targets, an ammonia slip catalyst (ASC) is employed downstream of the SCR in order to 

avoid ammonia undesired emissions. An efficient ASC allows for heavy dosing of 

ammonia as needed to reach nearly complete conversion of NOx. 

ASC formulations studied recently, with increased product selectivity to N2, contain 

two components, a metal-exchanged zeolite to trap ammonia and reduce NOx and a 

precious metal to catalyze the oxidation of ammonia [83]. These components may be 

present as a mixed washcoat or in layered form. Platinum is the precious metal of choice 

because of its excellent activity for ammonia oxidation by O2 or NO. A distinguishing 

constraint of the ASC is to keep Pt loadings less than 10 g/ft
3
 monolith. Recent interest 

has focused on dual-layer ASC monolith [84] comprising a bottom Pt-containing 

washcoat and a top layer of Fe- or Cu-zeolite [74,83]. Advances have been made in 
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understanding the interplay of the two ASC functions [71,74]. The working concept of 

the dual-layer ASC is that NH3 diffuses through the top zeolite layer to the underlying Pt 

layer where it is oxidized, producing a mixture of desired N2, and undesired N2O, NO, 

and NO2. NOx product species diffuse towards the bulk, but may react with counter-

diffusing NH3 in the zeolite layer and a detailed schematic description on the ASC 

catalyst can be found in [65]. However, little published experimental data has appeared in 

the open literature [65,71]. 

In this paper experimental results are reported for ammonia oxidation in a dual layer 

ASC monolith reactor comprising a Pt/Al2O3 bottom layer and Cu-ZSM-5 upper layer. A 

systematic variation of the zeolitic layer loading (thickness) is carried out to quantify the 

effects on the ammonia conversion and selectivity over a range of temperatures and space 

velocities. The results are interpreted in terms of the competing reactions and transport 

phenomena. This study is part of a larger effort to gain a fundamental understanding of 

ammonia oxidation mechanism and kinetics, with the goal to identify catalytic multi-

component compositions and uniform or stratified architectures that give high ammonia 

oxidation activity and N2 selectivity with low loading of precious metal. 

3.2 Experimental Description 

Dual layer catalysts containing a top layer of Cu-ZSM-5 catalyst and bottom layer of 

Pt/Al2O3 catalyst were synthesized for this study (Table 3-1). A commercial ASC 

monolith (300 cpsi) sample provided by Cummins containing a precious metal and Fe-

exchanged zeolite was used for comparison. Each monolith was cut into smaller piece 

with diameter 0.8 cm (21 channels) and length 2.0 cm. The dual layer catalysts were 
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prepared by a sequential washcoating procedure. A detailed description on steps on ion 

exchange procedure can be found elsewhere [85,86]. The Pt/Al2O3 slurry was prepared 

by wet incipient method using Chloroplatinic acid hexahydrate as the precursor. We 

followed a procedure similar to that described by Ji et al. [87]. A blank cylindrical 

cordierite monolith (cell density 400 cpsi) was first dip coated multiple times with 

Pt/Al2O3 slurry to obtain the reported loading (Table 3-1). A detailed procedure on the 

washcoating can be found in the literature [10,86]. Three of the samples were dip coated 

with Cu-ZSM-5 slurry over previously deposited Pt/Al2O3 layer. The dip coating 

procedure was repeated until the desired loading was obtained (Table 3-1). An estimate 

of the washcoat thickness is nominally 10-15 m per 1 g/in
3
 washcoat loading. After each 

deposition the monoliths were dried overnight at 120 
o
C and calcined at 500 

o
C for 5 hrs. 

The Pt/Al2O3 samples were reduced in 5% H2 and balance Ar at 500 
o
C for 4 hrs (to 

remove precursor Cl). The catalysts were then pre-treated by oxidization in 5% O2 and 

balance Ar at 650 
o
C for 2 hrs.  

The reactor set-up used in this study has been described elsewhere [81]. The effluent 

concentrations of NH3, NO, N2O and NO2 were analyzed by FTIR whereas that of N2 

was analyzed by quadruple mass spectrometer. All experiments were carried out at the 

constant feed flow rate of 1,000 sccm. The inlet gas composition for the reaction under 

study comprised of 500 ppm of NH3, 3-5% O2 and balance Ar. Ammonia oxidation was 

studied in each of the catalysts at the standard gas hourly space velocity (GHSV) of 

66000 h
-1

. To further understand the role of top SCR layer on the selectivity of products 

and light off temperature, ammonia oxidation reaction was studied at a much higher 

space velocity (265000 h
-1

) achieved with a sample of length 5 mm. Approximately 30 
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minutes was sufficient to reach steady state at temperatures above 250 
o
C, whereas up to 

a few hours were needed to reach steady state at temperatures below 250 
o
C. 

Table 3-1 Catalyst used in study 

Catalyst Name 
Cu-ZSM-5 

loading (g/in
3
) 

Pt/Al2O3 

loading (g/in
3
) 

Pt loading (g Pt per 

100 g washcoat) 

FePt* - - - 

Pt(10) - 1.31 0.46 

Cu(0.5)/Pt(10.5) 0.51 1.31 0.46 

Cu(1.0)/Pt(10.5) 1.01 1.31 0.46 

Cu(1.5)/Pt(10.5) 1.48 1.31 0.46 

*ASC catalyst with proprietary composition was used for comparison. 

3.3 Results and Discussion 

The steady state ammonia conversion for the synthesized and commercial catalysts 

for GHSV = 66k h
-1

 and 265k h
-1

 are shown in Figures 3-1a and 3-2a, respectively. At the 

lower space velocity the conversion increases abruptly at the light-off temperature with 

little difference observed in the light-off temperature between all five catalysts. An 

increase in the space velocity to 265k h
-1

 moved the light-off point to slightly higher 

temperatures. The light-off curves were not as steep as at the lower space velocity, 

increasing more gradually to 95%
+
 over a range of temperatures. In terms of the light-off 

temperature, the zeolite-free sample [Pt(10)] was most active while the sample with the 

highest zeolite loading was least active. 
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Figure 3-1 Steady state (a) NH3 conversion (b) N2 yield (c) NO yield and (d) N2O yield 

for catalysts under consideration. Reaction conditions: 500 ppm NH3, 3-5% 

O2, balance Ar GHSV 66000 h
-1. 
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An undesired effect of the zeolite loading is a reduction in the overall NH3 conversion 

at higher temperatures. Figure 3-3 shows the dependence of the ammonia conversion on 

the zeolite loading for several catalyst temperatures. At 250 
o
C the conversion is a 

moderately decreasing, nearly linear function of the zeolite loading. A similar trend is 

observed at higher temperatures (350 
o
C, 450 

o
C). At the lowest temperature (210 

o
C) the 

conversion is independent of the zeolite loading. Below ca. 250 
o
C Cu-ZSM-5 had a 

rather low activity [88] The constant light-off temperature with loading shows that the 

ammonia is being oxidized in the underlying Pt/Al2O3 layer, noting that each of the 

catalysts had the same Pt loading (0.46 wt%). In contrast, at higher temperatures the 

conditions are favorable for reduction of NOx with NH3 to occur in the Cu-ZSM-5 layer 

in addition to NH3 oxidation by O2 and NO in the Pt/Al2O3 layer. Under these conditions 

the reaction on the Pt/Al2O3 is sufficiently fast that the NH3 conversion is limited by its 

diffusion through the zeolite layer. We return to this issue below. 
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Figure 3-2 Steady state (a) NH3 conversion (b) N2 yield (c) NO yield and (d) N2O yield 

for catalysts under consideration. Reaction conditions: 500 ppm NH3, 5% 

O2, balance Ar, GHSV 265000 h
-1

. 

The product distribution results for the same experiments are shown in Figs. 3-1b-d 

and 3-2b-d in the form of product yield Yi; the yield is defined as Yi = XNH3Si,N; where 

XNH3 is the ammonia conversion and Si,N is the N atom selectivity of product i. The Pt-

only catalyst, Pt(10), had nearly equal yields of N2 and N2O at lower temperature (< 225 

o
C). The N2 yield exhibited a maximum of 60-70% at 225 

o
C while the N2O yield has a 

maximum of 45-50% at 260 
o
C (Figs. 3-1b, 3-1d). The N2 and N2O yields fall off with 

temperature, giving way to an increasing NOx yield. At even higher temperature the 

Pt(10) catalyst oxidized NO to some NO2 (not shown here). 

The addition of the zeolite layer has a significant effect on the product distribution. 

The main effect is an increase in the N2 yield at higher temperatures with a corresponding 

decrease in the NOx yield. This trend is most evident in the lower space velocity 
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experiments (Fig. 3-1.b, c). The N2 yield profiles show a rather complex dependence on 

temperature, exhibiting both a relative maximum at lower temperature and a local 

minimum at higher temperature (Fig. 3-1.b). Clearly, the zeolite layer has a significant 

effect in the higher temperature regime where a high conversion of NH3 is achieved for 

all of the catalysts. For example, at 400 
o
C the N2 yield increases from about 10% for the 

Pt(10) catalyst to about 95% for the dual-layer catalyst with the highest zeolite loading, 

Cu(1.5)Pt(10). This trend of increasing N2 yield with increasing zeolite loading illustrates 

the basic working concept of the dual layer catalyst. NOx that is generated in the 

underlying Pt layer diffuses into the zeolite layer where it reacts with counter-

diffusing/stored NH3 on the selective SCR sites, producing N2 [65]. This is indicated by 

the measured decrease of the NOx yield with increasing SCR layer thickness in the same 

high temperature regime (Figs. 3-1.c, 3-2.c). For example, at 450 
o
C and the lower space 

velocity, the NOx yield decreased from 80% for the Pt(10) catalyst to only ~3% for the 

dual layer catalyst Cu(1.5)Pt(10). Similarly, at 500 
o
C at the higher space velocity, the 

NOx yield decreased from 80% for the Pt(10) catalyst to only 12% for Cu(1.5)Pt(10) 

catalyst. 

At high space velocity the catalyst performance is very sensitive to the zeolite layer 

loading above the light-off temperature. For example, Fig. 3-2.b shows that at 400 
o
C the 

N2 yield increases from ~10% for the Pt(10) catalyst (no zeolite) to 60% for 

Cu(0.5)Pt(10). (Note that we did not evaluate the commercial catalyst at the higher space 

velocity.) The addition of more zeolite has diminishing returns and may be detrimental 

because of the diffusion-limited reduction in the overall rate encountered at the high 

space velocity. The data indicate that there is an optimal zeolite loading that gives the 
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combination of a high ammonia conversion and N2 selectivity over a range of 

temperatures. At the higher space velocity the conversion achieved by the zeolite-free 

catalyst [Pt(10)] at high temperature is slightly less than 100%. Clearly the decreased 

channel length results in decreased contact time = L/u; L is the channel length and u is 

the linear velocity in the channel. Thus, the ratio of  to the characteristic reaction time r, 

the Damkohler number Da = /r, decreases which results in decreased conversion. The 

other factor is the aforementioned increase in the diffusion resistance as measured by the 

ratio of the washcoat diffusion to reaction time 
2
 = d/r, where d = 

2
/De with  

representing the washcoat thickness, De the effective diffusivity of the limiting reactant 

NH3 and  is the Thiele modulus. Regarding external mass transfer, the relevant 

parameter is the transverse Peclet number, Pet (= uR
2
/LD), where D the bulk gas phase 

diffusion coefficient of the limiting reactant NH3. For a fixed feed volumetric flow rate 

Pet is constant (i.e., Q ~ uR
2
) implying that the reduction in the channel opening does not 

increase the external mass transport resistance. A more detailed evaluation of the 

transport features of the catalyst will be presented in a future publication. 

Of additional interest is the yield of N2O. N2O, while not a component of NOx, is 

under increased scrutiny because of its dubious greenhouse gas stability. In general, the 

N2O yield shows a decreasing trend with an increase in thickness of SCR layer for both 

space velocity cases. For example, at 250 
o
C the Pt(10) catalyst produces the most N2O, 

with yields as high as 50% and 43% at 66k h
-1

 and 265k h
-1

, respectively. In contrast, the 

dual layer catalyst, Cu(1.5)Pt(10), produced a maximum of 32% and 18% at 250 
o
C, 

respectively. 
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Figure 3-3 Steady state NH3 conversion vs. washcoat loading of the zeolite. Reaction 

condition: 500 ppm NH3, 5% O2, balance Ar, GHSV 265000 h
-1

. 

The emission of NO2 is also undesired because in the atmosphere it can lead to nitric 

acid formation and is an active participant in the formation of aerosol particles. At higher 

temperatures the NO can be oxidized to NO2 on Pt. The measured yield achieved a 

maximum of 7% (not shown here) in the 400
o
C range for the Pt-only catalyst at high 

space velocity (265k h
-1

). The addition of the zeolite layer was effective in utilizing the 

NO2 as evidenced by a reduction in the NO2 concentration to <5 ppm for the zeolite-

containing catalysts. These trends suggest that any NO2 produced by the underlying Pt 

layer is quickly consumed by in the SCR layer. This is not surprising given the known 

reactivity of NO2 with NH3 to N2 at higher temperature, especially in the presence of NO; 

i.e., the so-called fast SCR reaction [86,88]. 

It is instructive to highlight the main performance differences between the 

synthesized catalysts containing Cu-exchanged zeolite and commercial catalyst 

containing Fe-zeolite and Pt washcoat. Consider more specifically a comparison of the 
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commercial catalyst, FePt, with the synthesized dual layer catalyst, Cu(1.5)Pt(10). The 

data show that Cu(1.5)Pt(10) had a superior performance at lower temperature in terms of 

N2 yield whereas at higher temperature the performances of both catalysts were 

comparable. Moreover, less N2O was produced by the Cu(1.5)Pt(10), not only in terms of 

yield but also selectivity. The overall superior performance of the Cu(1.5)Pt(10), is most 

likely due to (i) the NH3 diffusing into the top layer is being oxidized by Cu zeolite which 

is known to be more active than Fe zeolite at intermediate temperatures, and (ii) the NH3 

reacting with counter-diffusing NOx in the Cu zeolite layer. In addition, the N2O yield 

decreases with increased Cu zeolite thickness, demonstrating that the NH3 SCR reaction 

is more selective to N2 on Cu than on Pt. An alternative, albeit less likely explanation 

concerning the difference between the Cu(1.5)Pt(10) and FePt catalysts is that N2O-SCR 

is more active on Cu-ZSM-5 at low temperature than on the FeZ-Pt, the latter of which is 

more active at higher temperature. 

3.4 Conclusions 

A fundamental understanding of ammonia oxidation on low PGM catalysts is needed 

to advance the development of next generation ammonia slip catalysts for diesel 

aftertreatment systems. A series of multi-component monolith catalysts were synthesized 

and studied to assess the effectiveness of layering. The results exhibit a trade-off between 

NH3 conversion and N2 selectivity as the thickness of SCR layer is increased. The 

increase in N2 selectivity comes at the expense of a decrease in the NOx and N2O 

selectivities. This demonstrates the higher intrinsic selectivity of the Cu-ZSM-5 layer. 

The use of Cu-ZSM-5 proved advantageous over a Fe-exchanged zeolite by giving higher 

N2 and lower N2O yield at lower temperature. In this study a Pt loading of 0.46 wt.% Pt 
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and 1.3 g/in
3
 washcoat loading (10 g Pt/ft

3
 monolith) was sufficient to oxidize the NH3 to 

NO, but this level may be too high from a cost standpoint.  Along these lines, further 

optimization and complementary modeling efforts are underway to provide guidance on 

the potential catalyst compositions and architectures needed to achieve both high NH3 

conversion and high selectivity to N2.  This includes evaluation of composite catalysts 

with lower Pt loading and studies of the transient behavior of these catalysts; since the 

application is an inherently dynamic process, how the catalyst responds to changes in the 

ammonia concentration, feed flow rate, and temperature is of practical interest. 
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Chapter 4 Selective Oxidation of Ammonia on Mixed and 

Dual-Layer Fe-ZSM-5 + Pt/Al2O3 Monolithic Catalysts 

 4.1 Introduction 

Urea based selective catalytic reduction (SCR) of NOx is a widely practiced 

technology for diesel engine vehicles to reduce NOx (NO+NO2) to N2 [17,46]. Urea is 

injected at a rate dictated by the NO emission rate, which itself is a function of the engine 

operating conditions, so that a nominal NH3:NO feed ratio of unity is achieved as 

required by the SCR stoichiometry. In order to meet the stringent EPA and European 

standards for NOx emissions, SCR catalysts require occasional over-dosing of NH3, 

generated on-board by urea hydrolysis. Furthermore, under the dynamic conditions of 

vehicle operation, NH3 is stored on the Lewis and Bronsted acid sites of the Fe- or Cu-

exchanged zeolites SCR catalysts [28,45] for NOx reduction reactions and also to 

minimize the concentration variations in NH3 needed for NOx reduction i.e., adsorption 

sites acts as NH3 buffer. However, a sudden increase in the exhaust temperature may lead 

to NH3 desorption. SCR catalysts are poor NH3 oxidation catalysts and NH3 over-dosing 

and desorption events could potentially lead to NH3 emissions to the environment, widely 

referred as NH3 slip. The “Ammonia Slip Catalyst” (ASC), positioned downstream of the 

SCR catalyst, is used to oxidize such NH3 to prevent its emissions in to 

environment[56,70]. 

For ASCs, Pt is the catalyst of choice given its high NH3 oxidation activity; however 

it also yields undesired products NOx and N2O whose selectivity depends on reaction 
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temperature. In fact, Pt is the commercial catalyst for NH3 oxidation to NO as the first 

step to nitric acid production [89], albeit at far more strenuous conditions (T >1000 
o
C, 

NH3 concentrations >10% vol.) than those encountered in the aftertreatment exhaust gas 

streams. NO and NO2 are obviously undesirable products of NH3 oxidation; their 

formation in the ASC decreases the overall effectiveness of the aftertreatment system 

whose function is to minimize the emission of NOx from the tail pipe. N2O is a 

greenhouse gas (GHG) and its emission is subject to emerging GHG regulations. 

There is therefore a need to develop a very active, selective and compact NH3 

oxidation catalyst, so that it takes up minimal space in the aftertreatment system, and 

produces N2 as the main product. Moreover, this must be accomplished while reducing 

the cost of the ASC by limiting the precious metal loading to << 10 g/ft
3 

monolith [66].  

Several approaches have been taken by the exhaust aftertreatment community to achieve 

the goals mentioned above. One such approach involves the use of a bi-functional 

catalyst in which NOx that is produced by NH3 oxidation on Pt based catalyst is 

selectively converted to N2 with a second reduction catalyst component such as metal 

exchanged zeolite (SCR) catalysts. The bi-functional ASC can have a variety of 

architectures defined by the specific proximity of the Pt (oxidative function) and SCR 

(reductive function) components. An architecture that has been described in the recent 

literature is a dual-layer ASC comprising a Pt/Al2O3 washcoat, itself coated with a Fe- or 

Cu- exchanged zeolitic catalyst [65,90]. 

The basic working principle of the dual-layer ASC is described as follows. NH3 in the 

flowing gas channel diffuses into the layered catalyst, first encountering the top SCR 

catalyst layer. Some of the NH3 is stored on this catalyst while the remaining diffuses to 
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the underlying Pt/Al2O3 layer. NH3 that reaches the Pt/Al2O3 layer may be oxidized by 

the excess O2 present to the various N-containing species through the following global 

reactions: 

R4-1: 4 NH3 + 3 O2  2 N2 + 6 H2O, 

R4-2: 2 NH3 + 2 O2   N2O + 3 H2O, 

R4-3: 4 NH3 + 5 O2  4 NO + 6 H2O, and 

R4-4: 4 NH3 + 7 O2  4 NO2 + 6 H2O. 

Many studies have shown that at lower temperatures R4-1 and R4-2 are dominant, 

while at higher temperature R4-3 and R4-4 are dominant [57,58,61–63,71,72,91,92]. The 

NH3:O2 ratio is a second important parameter with excess NH3 favoring N2 and N2O, and 

excess O2 favoring NO and NO2 [57,58,61,62,91,93]. The products NO and NO2 that are 

formed in the bottom oxidation catalyst layer then diffuse through the top SCR catalyst 

layer where they may react with stored and counter-diffusing NH3 via selective catalytic 

reduction and oxidation chemistries described below: 

R4-5: 4 NH3 + 4 NO + O2  4 N2 + 6 H2O, 

R4-6:  2 NH3 + NO + NO2  2 N2 + 3 H2O, 

R4-7:  4 NH3 + 3 NO2  3.5 N2 + 6 H2O, and 

R4-8:  4 NH3 + 4 NO + 3 O2  4 N2O + 6 H2O. 

The selective product N2 formed diffuses back to the flow channel and exits through 

the tail pipe, thus leading to the overall selective product conversion of NH3 to N2. 
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Reactions R4-5, R4-6, and R4-7 are called standard, fast and NO2 SCR, respectively. 

Many studies have been conducted by different groups to understand the effect of feed 

concentrations of NO and NO2 on rate of SCR reaction [22,27,28,40,44,50]. It has been 

determined that for an equimolar NO and NO2 R4-6 is dominant, which is the fastest of 

all the SCR reactions. Further, for higher NO2 content in the feed R4-7 is dominant, and 

at lower NO2 content R4-5 is dominant. It has also been determined that at higher 

temperature the direct NH3 oxidation, R4-1, is also feasible on the SCR catalyst. By-

products N2O may be formed by reaction R4-8. 

Most of the published studies reported to date on the ASC have been modeling-

focused [65,68,74,76], with a few notable exceptions. Colombo et al. reported 

experimental findings involving powder catalysts in different configurations including 

the “Double Bed” and “Mechanical Mixture” [67,76]. These respectively mimicked dual-

layer and mixed-catalyst configurations. Kamasamudram et al. studied the behavior and 

the functionality of ASC by direct comparison of ASC with diesel oxidation catalyst and 

SCR catalyst by the means of accelerated progressive catalyst aging [69]. Scheuer et al. 

studied the effect of catalyst size and the thickness of the SCR layer on NH3 oxidation 

through an experimentally-validated 2-D model [65]. In a recent study, our group 

reported data for the dual-layer ASC comprising a bottom Pt/Al2O3 and Cu-ZSM-5 top 

layer supported on a cordierite monolith [90]. That study provided for the first time 

experimental verification of the workings of the dual-layer architecture through the 

systematic variation of the SCR layer loading. 

In this work we advance the understanding of the chemical and physical processes 

occurring during ammonia oxidation on a series of synthesized ASCs of different catalyst 
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architectures containing Pt/Al2O3 and Fe-ZSM-5. Our objective is to examine the effect 

of the composition and architecture of the critical ASC functions, SCR and oxidation 

functions, to achieve high NH3 oxidation activity and selectivity to N2. Another objective 

of this study is to determine the catalyst composition and architecture that maximizes the 

selectivity of NH3 oxidation to N2 for a wide range of temperatures while minimizing the 

Pt loading. To this end, the performance of a series of single component Pt/Al2O3 

catalysts with the same overall washcoat loading but varied Pt loading are reported. 

These Pt/Al2O3 catalysts were then modified with Fe-ZSM-5 catalyst. Two different 

structures, dual-layer and mixed, are compared to better understand the effect of 

proximity of the oxidation (of NH3) and reduction (of NOx) components. By keeping the 

loading of zeolitic catalyst and Pt/Al2O3 catalyst on both dual and mixed ASC constant, 

this enables a direct comparison of structural configuration on NH3 conversion capability 

and its product selectivity. The findings are interpreted with a phenomenological model. 

4.2 Experimental 

4.2.1 Catalyst synthesis and characterization 

Pt/Al2O3 catalysts with 0.03, 0.14 and 0.46% Pt loadings (mass basis) were prepared 

via the incipient wetness impregnation method. Aqueous slurry of γ-Al2O3 was prepared 

by mixing 60 g of γ-Al2O3 particles with 60 ml of deionized water. The Al2O3 slurry was 

ball milled for approximately 20 hrs using an alumina ball milling machine. The pH of 

the slurry was adjusted to 3.5 using acetic acid or ammonium hydroxide, which upon 

milling gave a particle size in the range 1-10 µm [10,80]. The slurry was dried overnight 

at 120 
o
C, followed by calcination at 500 

o
C for 5 hrs with a temperature ramp rate of 0.5 
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o
C/min to yield Al2O3 support. Pt precursor solution was prepared by mixing the 

appropriate amount of Chloroplatinic acid hexahydrate into deionized water, whose 

volume was equal to the manufacturer-provided pore volume of the γ-Al2O3. The 

impregnation was carried out by drop-wise addition of Pt containing aqueous solution 

while constantly stirring the powder to obtain a uniform impregnation of Pt into γ-Al2O3 

particles. The resulting powder was dried overnight in an oven at 120 
o
C, followed by 

calcination at 500 
o
C for 5 hours with the temperature ramp rate of 0.5 

o
C/min to yield 

Pt/Al2O3 catalyst. 

The Pt/Al2O3 slurry was prepared by mixing the Pt/Al2O3 powder, water and 

boehmite (AlOOH; 20% wt) solution at a mass ratio of 8:15:2. The pH of the slurry was 

adjusted to about 4 using acetic acid or ammonium hydroxide, and then ball milled for 

approximately 20 hrs. Cordierite monolith cores of 400 cpsi provided by BASF (Iselin, 

NJ) were cut into 2 or 0.5 cm long and 0.8 cm diameter samples, and were washcoated 

with the catalyst by dipping the monolith into the slurry solution for 30 sec and blowing 

off the excess slurry for 10 sec. To obtain as uniform coating as possible, the washcoating 

method was carried out by dipping the monolith from alternating ends consecutively. The 

monolith was dried in an oven at 120 
o
C for three hours. The washcoating procedure was 

repeated until the desired mass loading of Pt/Al2O3 was achieved. Finally, the monolith 

was allowed to dry overnight at 120 
o
C and calcined at 500 

o
C for 5 hrs with a 

temperature ramp rate of 0.5 
o
C/min. The final mass loading of the catalyst (in g 

washcoat/in
3
 of monolith) was determined after the calcination. 

The Fe-ZSM-5 powder was provided by Sud Chemie (now Clariant Inc.). The Fe-

ZSM-5 slurry was prepared by mixing Fe-ZSM-5 powder, water and bohemite at the 
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mass ratio of 4:10:5. The pH of the slurry was adjusted to ~3.5 using acetic acid or 

ammonium hydroxide and ball milled for 20 hrs. A washcoating procedure similar to the 

one described above was used to washcoat the catalyst into the monolith. The catalyst 

was dried at 120 
o
C and calcined at 500 

o
C for 5 hrs with the temperature ramp rate of 0.5 

o
C/min.   

For the dual-layer catalyst, the zeolite catalyst was washcoated onto the monolith that 

had been previously washcoated with Pt/Al2O3. For the mixed catalyst, the requisite 

amount of Fe-ZSM-5 powder and Pt/Al2O3 powder were physically mixed with a 

boehmite solution and water.  The slurry pH was adjusted to about 3.5-4, and was then 

ball milled for 20 hrs to ensure a uniform mixing of the Pt- and Fe- containing catalysts.  

Similar washcoating, drying and calcination steps described above were followed to 

obtain the appropriate loading of catalyst into the monolith. The freshly prepared catalyst 

consisting of Pt/Al2O3 was reduced at 500 
o
C for 30 min with 2% H2 and balance Ar at 

total flow rate of 1000 sccm. Finally, the catalysts were degreened at 650 
o
C for 2 hr with 

5% O2 and balance Ar at the total flow rate of 1000 sccm. 

The dispersion (ratio of number of exposed Pt molecules to number of total Pt 

molecules) of Pt in Pt/Al2O3 catalyst powder was measured by H2 chemisorption in 

Micromeritics Accelerated Surface Area and Porosimetry System. The dispersion of 

Pt(10) catalyst was ~35%. Energy Dispersive Spectroscopy (EDS) was used to quantify 

the elemental Pt concentration on the top Fe-ZSM-5 layer for the dual layer catalyst to 

ensure no Pt leeching from bottom Pt/Al2O3 layer. 
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4.2.2 Bench-scale monolith reactor system and steady-state experiments 

A detailed schematic and description of the reactor system can be found elsewhere 

[81]. The monolith catalysts used in the experiment had 28 channels and were of two 

different lengths, 2 cm and 0.5 cm. FiberFrax
TM

 ceramic paper was used to wrap the 

monolith before mounting it to the heating furnace in order to seal the gap between the 

monolith and tube walls. The analytical system consisted of a FTIR (Thermo-Nicolet, 

Nexus 470) and a quadrupole mass spectrometer (MKS Spectra Products; Cirrus LM99).  

The FTIR was used to measure concentration of effluent reactant and product gases such 

as NO, NO2, N2O, NH3, and H2O, and QMS was used to measure the N2 concentration in 

order to check the overall N balance; the N-atom mass balance could be closed within 

10%. The N2 yield plots reported in this paper is obtained by mass balance. The data 

acquisition and control system comprised two PCs and an ADAM 5000 TCP (Advantech 

Ind.) module. 

To evaluate the steady state performance at different space velocities the flow rate of 

inlet gas was kept constant at 1000 sccm which resulted in a gas hourly space velocity 

(GHSV) of 66,000 h
-1

 for a 2 cm long monolith and 265,000 h
-1

 for a 0.5 cm long 

monolith. Before the activity measurements, the catalyst was pretreated in oxidizing 

environment with 5% O2 and balance Ar for 30 min at the temperature of 650 
o
C. Unless 

otherwise mentioned, the steady state NH3 oxidation activity was measured with 500 ppm 

NH3, 5% O2 in Ar. Ammonia oxidation was studied in the temperature range 150 to 

500
o
C. The concentrations of effluent gas were measured by FTIR at the constant 

temperature and pressure of 140
o
C and 880 mmHg. The reaction was carried out for a 

sufficiently long period at each temperature until the effluent gases reached steady 
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values. Typically the lower the reaction temperature the longer it took to reach steady 

state. In order to avoid the reactor contamination with Pt, new quartz tube reactors were 

used for different catalyst used in our study. 

In order to study the effect of Pt loading on the light-off behavior and product 

selectivity of the NH3 oxidation reaction, a series of Pt/Al2O3 catalyst samples were 

synthesized and washcoated onto the monolith. The overall washcoat (wc) loading (g 

wc/in
3
 monolith) was kept constant while varying the concentration of Pt in the washcoat, 

thus achieving the catalyst with constant washcoat thickness and varied Pt loading. The 

above-described approach was followed to maintain the same washcoat thickness. The 

nomenclature for these catalysts was Pt(X) where X refers to the Pt loading (g Pt/ft
3
 

monolith). 

To assess the effect of coupling a Pt/Al2O3 catalyst with a metal exchanged zeolite 

catalyst on the light-off behavior and product selectivity of NH3 oxidation reaction, a 

series of dual-layer and mixed catalysts were compared. The dual-layer catalyst 

comprised a bottom layer of Pt/Al2O3 and a top layer of Fe-ZSM-5. The washcoat loading 

of Pt/Al2O3 was approximately 1.3 g/in
3
 for each of the catalyst whereas the loading of 

Fe-ZSM-5 catalyst was approximately 1.5 g/in
3
. For the mixed catalyst, both the Pt/Al2O3 

and Fe-ZSM-5 catalyst were mixed together and applied as a single layer. The total 

washcoat loading of the catalyst was approximately 2.8 g/in
3
, and it was comprised of 

Pt/Al2O3 and Fe-ZSM-5 catalyst in the ratio of 1.3:1.5. This way the dual-layer and mixed 

catalyst had all the same loadings, etc, but different structural features. These catalysts 

were named FeZ(XX)Pt(YY) where XX denoted the washcoat loading of the Fe-ZSM-5 

layer and YY denoted the Pt loading in the Pt/Al2O3 layer.  
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Table 4-1 Catalyst used to study the effect of Pt loading and gas space velocity on NH3 

oxidation. 

Sample no. 

Pt loading (g/ft
3
 

monolith) 

Pt/Al2O3 loading 

(g/in
3 

monolith) 

Pt loading (g Pt per 

100 g washcoat) 

Pt(10) 10.5 1.3 0.46 

Pt(3) 3.0 1.2 0.14 

Pt(0.7) 0.7 1.4 0.03 

4.3 Results and discussion 

4.3.1 Effect of Pt loading on NH3 conversion and product selectivity 

The chemical and physical rate processes and their interactions during NH3 oxidation 

were studied over a series of Pt/Al2O3 catalysts with constant washcoat loading (g/in
3
) 

but different Pt loadings (wt.%). As can be seen from Table 4-1, there were small 

differences in the washcoat loadings on the monoliths used. Such a variation is expected 

to be inconsequential to the thickness of the washcoat layer. Moreover, the chemical and 

physical processes are primarily affected by Pt loading. Figures 4-1 and 4-2 show the 

NH3 conversion and product yield as a function of temperature for the space velocities of 

66k h
-1

 and 265k h
-1

, respectively, on the Pt-only catalysts. NH3 oxidation activity, 

expressed as conversion, and product selectivity (N atom basis) greatly depends on the 

operating conditions, particularly catalyst temperature, due to the occurrence of several 

parallel and consecutive reactions (R4-1 to R4-4). In order of increasing temperature, the 

N-containing products are N2, N2O, and NO. Furthermore, the formed NO may be 

oxidized further to NO2 with the extent of the reaction limited by reaction equilibrium. 
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Figure 4-1 Steady state NH3 oxidation reaction for Pt/Al2O3 catalysts. (a) NH3 

conversion, (b) N2 yield, (c) N2O yield and (d) NOx yield. Reaction 

conditions: 500 ppm NH3, 5% O2, balance Ar and GHSV 66k h
-1

. 
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The ammonia oxidation is a highly nonlinear function of temperature, particularly at 

higher Pt loadings and/or lower space velocities. Fig. 4-1(a) shows a sharp increase in the 

NH3 conversion with temperature, in agreement with previous works [58,69,71,72,90,94]. 

The increase is most abrupt for the highest Pt loading catalyst, Pt(10), with the 

conversion increasing from ca. 10% to 98% over a 15
o
C increase in temperature. In 

contrast, the NH3 conversion profile for the lowest Pt loading catalyst, Pt(0.7), is more 

gradual. Specifically, the light-off for Pt(10) has a narrow temperature window of 175-

190 
o
C the light-off for Pt(0.7) occurred over a wider temperature window of 200-255 

o
C. 

The light-off temperature decreases with increasing Pt loading due to higher rate of 

ammonia oxidation, also reported by other [95,96]. Beyond the light-off, the NH3 

conversion is essentially complete for the 66k h
-1

 space velocity for all three catalysts. A 

decrease in Pt loading in the Pt/Al2O3 leads to an increase in the light-off temperature. 

At the higher space velocity for each of the Pt loadings the NH3 light-off was more 

gradual and also shifted to high temperatures (Fig 4-2 (a)). The impact of the space 

velocity on the conversion can be explained by using the transverse Peclet number, which 

provides insight into the extent of external mass transport limitations. The transverse 

Peclet number is the ratio of the radial diffusion to axial convection (flow) times 

(Pet=τd/τc), and is defined as 
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where RΩ1 is effective transverse diffusion length (defined as the ratio of channel cross 

sectional area to the fluid-washcoat interfacial perimeter), <u> is average gas velocity in 
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the monolith channel, L is the channel length, and Df is the diffusivity of the NH3 in the 

gas phase. At 66k h
-1

 and 300 
o
C, Pet ~ 0.036. An increase in the space velocity to 265k 

h
-1

 gives Pet ~ 0.14. This four-fold increase in the ratio of the transverse diffusion time to 

flow time helps explain why the ammonia conversion approaches an asymptotic 

conversion that is incomplete at 265k h
-1

. More details on this analysis will be 

forthcoming in the modeling study of NH3 oxidation on bifunctional catalysts. 

The effect of temperature on the product distribution, shown in Figs. 4-1 (b)-(d) and 

4-2 (b)-(d), is consistent with previous studies of Pt-catalyzed ammonia oxidation 

[67,71,90,93]. From Figures 4-1(b) and 4-2(b) it can be seen that desired product N2 is a 

major product of NH3 oxidation in the temperature range 200 to 250 
o
C, exhibiting a 

maximum of 70% at ~230 
o
C for Pt(10) [71,76]. For a fixed temperature beyond the 

maximum, the N2 yield decreases monotonically with increasing Pt loading. Above 255 

o
C the N2 yield is higher for the catalyst with the lowest Pt loading. From Figure 4-2(b) it 

can be seen that the N2 yield profile for a GHSV of 265k h
-1

 is similar to that for 66k h
-1

, 

however, there is a decrease in maximum N2 yield for all three Pt catalysts, due to a 

decrease in the overall NH3 conversion. For the lowest Pt loading the maximum N2 yield 

decreases in magnitude while the temperature at which it occur moves to higher values. 

Similar trends were obtained for the N2O yield as a function of the temperature and Pt 

loading (Figs. 4-1(c) and 4-2(c)). At both space velocities, N2O was detected over a wide 

temperature range of 200-500 
o
C, exhibiting a maximum in the range 250-300 

o
C . The 

N2O yield is sensitive to the Pt loading, with Pt(10) giving a higher N2O yield than Pt(3) 

and Pt(0.7). Further, a comparison of the N2O yield trends for the catalyst with same Pt 

loading indicates an overall decrease in N2O yield with space velocity. 
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Figure 4-2 Steady state NH3 oxidation reaction for Pt/Al2O3 catalysts. (a) NH3 

conversion, (b) N2 yield, (c) N2O yield and (d) NOx yield. Reaction 

conditions: 500 ppm NH3, 5% O2, balance Ar and GHSV 265k h
-1

. 
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Figures 4-1(d) and 4-2(d) show the NO and NO2 yields. NO is the major product of 

NH3 oxidation at high temperature and increases almost linearly with temperature, a trend 

seen for both space velocities [67,71,90]. NO2 is a secondary NOx product that emerges 

at a higher temperature than NO. The NO yield shows a monotonically increasing trend 

with temperature for all of the catalysts whereas the NO2 yield exhibits a maximum at an 

intermediate temperature for the Pt(10) catalyst due to the fact that the oxidation of NO to 

NO2 is limited by thermodynamic equilibrium at higher temperature. The NO2 fraction of 

the effluent decreases and that of NO increases as the Pt loading is decreased. However, 

it is noted that the total NOx yield at 66k h
-1

 for all three catalysts was quantitatively 

similar despite the differences in the Pt loading. At a GHSV of 265k h
-1

, there is a slight 

decrease in NOx yield with a decrease in Pt loading of the catalyst (not shown).  

Compared to 66k h
-1

, the NO2 fraction is significantly lower at the higher space velocity 

for each of the three catalysts, which shows that the NO to NO2 oxidation is limited by 

reaction kinetics. 

The maximum in N2O yield at intermediate temperature (250-300 
o
C) is attributed to 

the balance between the rates of NH3 and O2 adsorption/desorption (R4-9, R4-10), NH3 

bond scission R(4-11), NO bond formation (R4-12), N2O formation (R4-13, R4-14), NO 

(R4-15) and N2O desorption (R4-16) [61,91]: 

R4-9: NH3 + *  NH3*, 

R4-10: O2 + 2*  2 O*, 

R4-11: NHx-* + 0.5x O-*    N* + 0.5x H2O*,        (x = 1-3) 

R4-12: N-* + O-*    NO-* + *, 
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R4-13: N-* + NO-*   N2O* + *, 

R4-14: 2 NO-*      N2O-* + O-*, 

R4-15: NO-*    NO + *, and 

R4-16: N2O-*    N2O + *. 

At low temperatures (<200 
o
C) the Pt surface is predominantly occupied by N- 

surface species [58,91]. The generation of surface NO via reactions R4-12 commences at 

about 200 
o
C. Once formed, surface NO may either dissociate (reverse of R4-12), react 

(R4-13, R4-14), or desorb (R4-15). If the rate of NO desorption (R4-15) exceeds that of 

the sum of rates of N2O formation (R4-13, R4-14), then the net rate of N2O formation 

will decrease. It is generally established that N2O formation during the exposure of NO to 

Pt decreases with increasing temperature [65,71]. The decrease in N2O yield with 

decreasing Pt loading has been reported previously [95,96]. Pt mostly exists as isolated 

atoms or small clusters for lower loading catalysts and as larger crystallites for higher 

loading catalysts. The larger Pt clusters are thought to be responsible for the higher N2O 

selectivity, and in turn the lower N2 selectivity; there is likely to be a larger fraction of 

clusters for Pt(10) than Pt(0.7). 

The monotonic increase in NO yield with temperature for T > 300 
o
C is due to the 

onset of NO desorption. Surface NO may also react with O adatoms to form NO2: 

R4-18: NO-* + O-*    NO2-* + * and 

R4-19: NO2-*    NO2 + *. 
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The NO2 yield maximum for Pt(10) at low space velocity indicates the onset of 

reaction equilibrium limitations (increasing rate of NO2 decomposition, reverse R4-18 

reaction) [67]. The absence of a maximum in NO2 for the lower loading catalysts Pt(3.0) 

and Pt(0.7) indicates that the formation of NO2 is kinetically-limited. At high space 

velocity the decrease in NOx (NO + NO2) with decreasing Pt loading is attributed to a 

decrease in the NH3 conversion. Finally, the decrease in NO2 yield at high space velocity 

suggests that NO is formed in the front section of monolith followed by further oxidation 

downstream. The decreased contact time at higher space velocity results in less NO being 

oxidized.  

4.3.2 Effect of Pt loading on dual-layer catalyst performance 

Figures 4-3 and 4-4 show the NH3 conversion and product distribution during NH3 

oxidation at GHSV of 66 and 265 k h
-1

, respectively, on dual-layer catalysts having a 

fixed loading of Fe-ZSM-5 in the top layer and a varying Pt loading of Pt/Al2O3 in the 

bottom layer (refer to Table 4-2). Some of the qualitative trends in the NH3 conversion 

versus temperature (Figs. 4-3 (a), 4-4 (a)) for the three dual-layer catalysts are similar to 

those obtained for the single layer Pt/Al2O3 catalyst (refer to Figs. 4-1 (a), 4-2 (a)). For 

example, the light-off temperature increases with decreasing Pt loading and the 

conversion decreases with increased space velocity. The addition of the Fe-ZSM-5 top-

layer attenuates the NH3 conversion (Figs. 4-3(a), 4-4(a)) as compared to the Pt-only 

catalyst (Figs. 4-1(a), 4-2(a)) [65,90]. The effect of a decreased Pt loading results in a 

higher temperature NH3 light-off, a trend which is more apparent for the dual-layer 

catalysts. Similarly, complete NH3 conversion is reached at relatively lower temperatures 

on the single component catalysts compared to the dual-layer catalysts. These trends 
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reflect the fact that the added zeolite layer serves as a barrier to the supply of NH3 to the 

underlying Pt layer. Metkar et al. [28] established that washcoat diffusion limitations 

commenced at ~300 
o
C for standard SCR on Fe-ZSM-5. The fact that NH3 oxidation on 

Pt/Al2O3 is very fast even at temperature as low as 200 
o
C makes it sensitive to 

diffusional transport of NH3 in the Fe-ZSM-5 top layer. Our findings are consistent with 

those of Colombo et al. [75] who in the modeling study of an ASC dual layer catalyst 

showed evidence for diffusion limitations caused by the top zeolite layer. At higher space 

velocity the rate limitation posed by the transport of reacting species through the top layer 

is more apparent. This is evident by the significantly lower NH3 conversion compared to 

the single layer Pt/Al2O3 catalyst [69,90]. The results highlight the practical finding that 

the design of the dual-layer catalyst design must consider the trade-off between achieving 

a high N2 selectivity and a high NH3 conversion. We return to this point later. 

Table 4-2 Catalyst used to study the effect of Pt loading on a performance of dual layer 

and mixed catalyst 

a
 Dual layer catalyst  

b
 Mixed catalyst 

c
 No Pt content in the washcoat 

Sample no.. 
Pt loading  

(g/ft
3
 monolith) 

Pt/Al2O3 

loading  

(g/in
3
 monolith) 

Pt loading (g Pt 

per 100 g 

washcoat) 

Fe-ZSM-5 

loading  

(g/in
3
 monolith) 

FeZ(1.5)Pt(10)
a
 10.5 1.3 0.46 1.5 

FeZ(1.5)Pt(3) 3.0 1.3 0.14 1.4 

FeZ(1.5)Pt(0.7) 0.7 1.2 0.03 1.5 

FeZ(1.5)Pt(10)
b
 10.5 1.3 0.46 1.5 

FeZ(1.5) 0 1.3
c
 0 1.5 
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The reduction in the high temperature (T>250 
o
C) NH3 conversion for the dual-layer 

catalysts, especially apparent at the high SV (Fig. 4(a)), is attributed to a reduction in the 

mass transport of the limiting NH3 reactant, due to the addition of Fe-ZSM-5 as a top 

layer, to the Pt/Al2O3 surface [90]. If we assume that the top layer is a porous inert layer, 

a modified transverse Peclet number (Pet,m) defined as a ratio of transverse effective 

diffusion time from bulk gas to the Pt/Al2O3 surface (sum of diffusion times from bulk 

gas to Fe-ZSM-5-gas interface and from Fe-ZSM-5-gas interface to Fe-ZSM-5-Pt/Al2O3 

interface) to axial convection time, provides an estimate of the overall mass transfer 

limitation on the ammonia conversion due to added layer of Fe-ZSM-5: 
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The second term represents the time constant for diffusion through the SCR washcoat 

layer were it to be inert. Using De ~ 0.0125Df [86] for diffusion through the zeolite layer 

and using measured values for δ = 33 x 10
-6

 m, the second term in the brackets gives the 

value δ
2
/0.0125 = 0.09 x 10

-6
. This term augments the external transport term (

2

1


R
= 10

-6
 

m
2
). Thus, the addition of the SCR layer increases the extent of the transport limitations. 

It is noted that the SCR is not truly inert. So this analysis is for qualitative purpose only. 
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Figure 4-3 Steady state NH3 oxidation reaction for dual layer Fe-ZSM-5 and Pt/Al2O3 

catalysts. (a) NH3 conversion, (b) N2 yield, (c) N2O yield and (d) NOx yield. 

Reaction conditions: 500 ppm NH3, 5% O2, balance Ar and GHSV 66k h
-1

. 
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The product selectivity data in Figure 4-3 shows the benefit of adding the SCR layer 

on top of the Pt layer. At higher temperatures N2 becomes the main product compared to 

NOx in the case of the Pt-only catalysts and such trend is not obvious at low 

temperatures. From Figure 4-3(b) it can be seen that below 250 
o
C all three dual-layer 

catalyst have N2 yields that are slightly lower than those obtained for the Pt/Al2O3 single 

layer catalyst. The somewhat lower N2 yield for the dual-layer catalysts is a result of the 

aforementioned decrease in NH3 conversion caused by the Fe-ZSM-5 top layer diffusion 

barrier. The N2 yield profile has a local minimum at about 250 
o
C, consistent with 

previous data for the dual-layer Cu-ZSM-5/Pt/Al2O3 [90]. This feature is a result of the 

combined activities of the two layers. Below 250 
o
C Fe-ZSM-5 is not a very active 

oxidation catalyst (Figs 4-5(a)). Therefore at lower temperatures the product N2 is mainly 

generated in the Pt/Al2O3 layer. Earlier we showed that a maximum in N2 yield is 

achieved by the single layer Pt catalyst at around 230 
o
C (Fig. 4-1(d)). A further increase 

in the temperature leads to a decrease in the N2 yield from the Pt layer while the Fe-ZSM-

5 activity increases. The net effect for these catalysts is the preservation of the local 

maximum (as in Fig. 4-1(b)) but the emergence of a local minimum, brought about by the 

increased activity of the Fe-ZSM-5 top layer at a somewhat higher temperature. In effect, 

most of the N2 formed below 250 
o
C comes from NH3 oxidation on the Pt/Al2O3 bottom 

layer, while the N2 formed above 300 
o
C mostly comes from oxidation on the Fe-ZSM-5 

top layer. An important, additional contribution is the reaction of NOx generated by the 

Pt/Al2O3 reacting with counter-diffusing NH3 in the Fe-ZSM-5 layer. 



 

76 

 

 



 

77 

 

 

Figure 4-4 Steady state NH3 oxidation reaction for dual layer Fe-ZSM-5 and Pt/Al2O3 

catalysts. (a) NH3 conversion, (b) N2 yield, (c) N2O yield and (d) NOx yield. 

Reaction conditions: 500 ppm NH3, 5% O2, balance Ar and GHSV 265k h
-1

. 
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To underscore these points, Figure 4-5 reports the activity of the single layer Fe-

ZSM-5 for NH3 oxidation (4-5(a)), and standard SCR (5(4-b)), involving an equimolar 

feed mixture of NH3 and NO (500 ppm each) in 5% O2 and balance Ar. These data show 

that the Fe-ZSM-5 is active for both ammonia oxidation and the standard SCR reaction 

above 250 
o
C [28]. Thus, the high selectivity towards N2 observed at temperatures above 

350 
o
C is due to the combination of NH3 oxidation by O2 in the Fe-ZSM-5 layer, which is 

highly selective to N2, as well as NH3 oxidation by back diffusing NOx from Pt/Al2O3 

layer, which is also highly selective to N2. 

The N2 yield profiles for all three dual-layer catalysts at the lower space velocity (Fig. 

4-3(b)) indicate that the intermediate Pt loading catalyst FeZ(1.5)Pt(3) exhibits the 

highest N2 yield over the entire temperature range of study (150 – 500 
o
C). In the low to 

moderate temperature but higher range than the light-off temperature of Pt/Al2O3 (225-

350 
o
C), the higher N2 yield obtained for FeZ(1.5)Pt(3) catalyst as compared to 

FeZ(1.5)Pt(10) is due to more selective NH3 oxidation, consistent with earlier results 

shown in Figure 4-1(b). The lower N2 yield obtained for FeZ(1.5)Pt(0.7) compared to 

other catalysts is attributed to an overall decrease in NH3 conversion, also in agreement 

with earlier experimental findings for the single layer Pt catalyst (Fig. 4-1(a)). At higher 

temperatures (>350 
o
C), all three catalyst are highly selective to N2, with FeZ(1.5)Pt(10) 

giving a slightly lower selectivity to N2 compared to other catalysts. In contrast, the N2 

yield profile for the same reaction at the higher space velocity of 265k h
-1

, Figure 4-4(b), 

shows different trends compared to lower space velocity. At high GHSV, the local 

maxima and minima for the N2 yield profile is not as apparent for FeZ(1.5)Pt(10), and is 

completely absent for the other two catalysts. Both FeZ(1.5)Pt(10) and FeZ(1.5)Pt(3) 
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catalysts show comparable N2 yields at temperature above 225 
o
C even though 

FeZ(1.5)Pt(10) has a 10-15% higher NH3 conversion than FeZ(1.5)Pt(3). Thus the lower 

NH3 conversion for FeZ(1.5)Pt(3) is compensated by its higher selectivity towards N2. 

However, the same reasoning does not hold for FeZ(1.5)Pt(0.7) catalyst, which exhibits a 

20% decrease in the N2 yield compared to other two catalysts at temperatures above 225 

o
C. This is due to the sharp decrease in the overall NH3 conversion by 20-40% in this 

temperature range.  

Figures 4-3(c) and 4-4(c) show the N2O yield profile at GHSV of 66k and 265k h
-1

, 

respectively. A comparison between the single and dual-layer catalysts, Figures 4-1(c) 

and 4-3(c), reveal a decrease in N2O formation at temperatures above 250 
o
C when a top 

layer of Fe-ZSM-5 is present. Such a decrease can be explained by (i) decrease in the 

NH3 conversion on the dual-layer catalysts, most apparent at the higher space velocity, 

and (ii) above 250 
o
C NOx generated on Pt/Al2O3 is consumed by the selective SCR 

reaction in the Fe-ZSM-5 top layer thereby decreasing the overall NH3 flux to the 

Pt/Al2O3 catalyst, and (iii) the SCR reaction in Fe-ZSM-5 also decreases the 

concentration of NO considered an intermediate for N2O formation on the Pt/Al2O3 

catalyst. At temperatures above 350 
o
C, the N2O yield approaches zero for all three dual-

layer catalysts. This is in contrast to the three single layer Pt/Al2O3 catalysts which 

exhibit a low but non zero N2O yield; e.g. the N2O yield is about 10% at 400 
o
C for 

Pt(10) (Fig. 4-1 (c)). The reduced N2O yield may be due in part to the consumption of 

N2O via reduction by NH3, since Fe-ZSM-5 is active for N2O-SCR in this temperature 

range [43]. Another contributing factor is N2O decomposition which is enhanced in the 

presence of NOx [37,43,53].  
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Figure 4-5 Steady state NH3 and NO conversion for Fe-ZSM-5 catalysts for various feed 

condition. (a) Without NO and (b) With NO. Reaction conditions: 500 ppm 

NH3, 500 ppm NO, 5% O2, balance Ar and GHSV 66k h
-1

. 
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The formation of undesired NOx by the NH3 oxidation on Pt/Al2O3 at higher 

temperatures can be mitigated by the double layer catalyst. At 66k h
-1

, the onset of NOx 

yield (Fig. 4-3(c)) occurs at 250 
o
C which is consistent with the temperature at which 

NOx formation commences on the Pt/Al2O3 catalyst (Fig. 4-1(d)). However, in contrast to 

the Pt/Al2O3 catalysts, the NOx yield does not exhibit a monotonically increasing trend 

with temperature for the dual layer catalysts [65,69,76]. In fact, the NOx yield stays 

below 11% for the entire temperature range. Moreover, a local maximum is observed in 

the temperature range 320-350 
o
C. The maximum is evidence that NOx generated in the 

underlying Pt/Al2O3 layer reacts with NH3 in the Fe-ZSM-5 top layer as the temperature 

increases above 300 
o
C. As shown in Figure 4-5(b), the SCR activity of Fe-ZSM-5 

increases considerably in this temperature ranges. The more active is the Fe-ZSM-5 layer 

the less NH3 that is able to reach the Pt layer due to its reaction with counter-diffusing 

NOx in the zeolite layer. Thus, the observed NOx concentration is determined by the 

balance between the NOx generated by NH3 oxidation in the Pt/Al2O3 layer and the NOx 

consumed in the Fe-ZSM-5 layer. The decrease in NOx yield at high temperature explains 

the corresponding increase in N2 yield (Fig. 4-3(b)). The increase in the desired N2 yield 

at the expense of the NOx yield demonstrates the working principle of dual-layer catalyst:  

NOx that is formed through NH3 oxidation in the bottom Pt/Al2O3 layer diffuses to the 

Fe-ZSM-5 layer where it selectively reacts with counter diffusing NH3 [65,90].  

At the lower space velocity, the dual-layer catalyst with the highest Pt loading, 

FeZ(1.5)Pt(10), was the least effective catalyst in terms of the high temperature N2 yield. 

Figure 4-3(b) shows that the intermediate loading dual-layer catalyst, FeZ(1.5)Pt(3), is 

the most effective catalyst. The N2 yield for FeZ(1.5)Pt(3) is 3-5% higher than that of the 
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other two catalysts except at very low temperature. Moreover, NO2 was not observed for 

FeZ(1.5)Pt(3) and FeZ(1.5)Pt(0.7), whereas the NO2 concentration was small but nonzero 

for FeZ(1.5)Pt(10). This can be attributed to the higher NO oxidation activity of the 

catalyst with higher Pt loading, as was shown earlier (Fig. 4-1(d)). The very low yield of 

NO2 for the dual-layer catalyst shows that the NO2 produced on the bottom Pt/Al2O3 

catalyst is consumed quickly at top SCR layer through fast SCR reaction (R4-6). 

Unlike the results at the lower space velocity, the FeZ(1.5)Pt(10) and FeZ(1.5)Pt(3) 

have nearly equal effectiveness in converting NH3 to N2 in the high temperature regime 

(Figs. 4-4(b), 4-4(d)) at higher space velocity. The increased transverse diffusion 

limitation inhibits the NH3 supply which is detrimental to both conversion and N2 yield. 

This may also be attributed to the lower production of NO2 by NO oxidation which 

would tend to decrease the extent of selective catalytic reduction. 

4.3.3 Compare dual-layer and mixed catalyst comprising Fe-ZSM-5 and Pt/Al2O3 

A comparison of dual-layer and mixed catalysts is shown in Figure 4-6. The mixed 

catalyst comprised a physically-mixed Fe-ZSM-5 and Pt/Al2O3 washcoat applied onto the 

monolith as a single layer. Figures 4-6(a) and 4-6(b) report the NH3 conversion and 

product distribution for the dual-layer and mixed catalyst, respectively, at the higher 

space velocity of 265k h
-1

. Both the dual-layer and mixed catalyst exhibit NH3 oxidation 

light-off at ~230 
o
C, however, a few key differences are apparent at temperatures above 

250 
o
C. First, the mixed layer catalyst gives ~7% higher NH3 conversion than the dual-

layer catalyst.  
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Figure 4-6 Comparison of dual layer and mixed catalyst comprising of Fe-ZSM-5 and Pt 

for NH3 oxidation reaction. (a) Dual Layer Catalyst (b) Mixed Catalyst. 

Reaction conditions: 500 ppm NH3, 5% O2, balance Ar and GHSV 265k h
-1

. 
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For example, at 400 
o
C the NH3 conversion was 86% for the dual-layer and 93% for the 

mixed layer catalyst. The higher conversion for the mixed layer catalyst points to the 

reduced diffusion barrier for NH3 to reach the Pt crystallites [75]. Second, while the N2O 

yield is similar below 300 
o
C, with both catalysts exhibiting maximum values of 38% at 

275 
o
C, detectable levels of N2O were not found at temperatures above 380 

o
C for the 

dual-layer catalyst whereas a measurable N2O yield was obtained up to 450 
o
C for the 

mixed catalyst. Thus it would appear that the mixed layer catalyst, with its shorter 

diffusion length, is not as effective in reducing the N2O yield as was shown earlier for the 

dual-layer catalyst. That is, N2O formed during NH3 oxidation catalyzed by Pt in the 

mixed layer catalyst is able to diffuse more easily to the flowing gas compared to the 

dual-layer catalyst. Third, similar to N2O, not much difference is seen between the two 

catalysts for the NO and N2 yield profiles at temperatures below 350 
o
C. However, at 

higher temperature the mixed catalyst has a slightly higher NO yield and lower N2 yield 

than the dual-layer catalyst. For example, at 500 
o
C, the NO yield for the dual-layer and 

mixed catalysts are about 11% and 22%, and N2 yields about 77% and 73%, respectively. 

In addition, above 350 
o
C the NO yield profile for the dual-layer catalyst is a moderately 

decreasing function of temperature whereas for the mixed catalyst the NO yield exhibits a 

moderate increasing trend. 

The two catalysts were also compared at the lower space velocity of 66k h
-1

. Figures 

4-7 (a) and 4-7(b) give the NH3 conversion and product distribution for NH3 oxidation 

reaction on the dual-layer and mixed catalyst, respectively. From these data it is seen that 

there is little difference in the NH3 conversion. NH3 oxidation lights off at essentially the 

same temperature (210 
o
C) and complete conversion of NH3 is achieved at higher 
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temperatures (T >~230 
o
C). However, some differences are seen in terms of the product 

distributions. For the dual-layer catalyst N2O was detected in the temperature range of 

200-380 
o
C with a maximum yield of 50% at 270 

o
C. For the mixed catalyst N2O was 

detected up to 440 
o
C and the maximum yield was 40% at about 270 

o
C. The N2O yield 

for the mixed catalyst is slightly lower than that for dual-layer catalyst at temperatures 

below 350 
o
C. As discussed earlier, N2O is formed by reactions involving N and NO 

adspecies on the Pt/Al2O3 catalyst (R4-13 and R4-14). For the dual-layer catalyst, once 

the N2O is formed and desorbs from the Pt/Al2O3 layer, it can back diffuse through the 

Fe-ZSM-5 layer unaffected since Fe-ZSM-5 has a very low N2O reduction and 

decomposition activity at temperatures below 350 
o
C. In contrast, for the mixed catalyst, 

the presence of Fe-ZSM-5 catalyst in close proximity to Pt/Al2O3 catalyst facilitates the 

migration of NO adspecies from Pt/Al2O3 to the Fe-ZSM-5 catalyst, where NO can react 

selectively with adsorbed NH3 to give N2. Thus, a fraction of the NO adspecies that 

would otherwise react to form N2O is consumed, resulting in a decrease in N2O yield 

from the mixed catalyst compared to that of the dual-layer catalyst. The situation changes 

at temperatures above 350 
o
C. In this regime the much higher activity of the Fe-ZSM-5 

catalyst for N2O decomposition and N2O-SCR with NH3 leads to the consumption of 

back diffusing N2O on the dual-layer catalyst, resulting in lower N2O yield [43]. 

However, for the mixed catalyst the presence of some Pt/Al2O3 catalyst on the gas-solid 

interface facilitates the formation and desorption of N2O, without it having to interact 

with the Fe-ZSM-5 catalyst, and therefore resulting in higher N2O yield at higher 

temperature. 
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Figure 4-7 Comparison of dual layer and mixed catalyst comprising of Fe-ZSM-5 and Pt 

for NH3 oxidation reaction. (a) Dual layer catalyst (b) Mixed catalyst. 

Reaction conditions: 500 ppm NH3, 5% O2, balance Ar and GHSV 66k h
-1

. 
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A comparison of the NO yields at low space velocity on both the dual-layer and 

mixed catalysts reveals trends similar to those obtained at high space velocity. The only 

notable differences regard the somewhat higher NO yield on the mixed catalyst compared 

to the layered catalyst at high temperature. The NO yield for the dual-layer and mixed 

catalysts are 5% and 15%, respectively, at 450 
o
C. A slight breakthrough of NO2 is noted 

at lower space velocity for both the dual-layer and mixed catalysts, with the mixed 

catalyst giving higher NO2 yield than the dual-layer catalyst. That said, the NO2 yield is 

well below 5% for both the catalysts. The differences in the NOx and N2O yields of the 

two catalysts are reflected by differences in the N2 yields since NO and N2 are the two 

main products. At low space velocity, the N2 yield for the dual layer and mixed catalyst is 

45% and 55% at 275 
o
C whereas it is 95% and 80% at 450 

o
C. The mixed catalyst gives 

higher N2 yield at intermediate temperature due to its lower selectivity towards N2O 

which is the result of synergistic effect of having Pt crystallites and Fe-ZSM-5 catalyst in 

adjacent to each other. At higher temperatures, the dual layer catalyst gives higher N2 

yield due to its more efficient capability to reduce NOx. At higher space velocity, the N2 

yield profile for both dual layer and mixed catalyst is very similar. Overall, the dual-layer 

is the more effective catalyst at high temperature [75]. This again has to do with 

shortened diffusion length for the reacting species on the mixed catalyst. The shorter 

length is beneficial to NH3 conversion but detrimental to N2 selectivity. 

4.3.4 Compare the effect of Fe-ZSM-5 loading of the dual-layer catalyst 

In Chapter 3, we studied the effect of Cu-ZSM-5 loading of the dual-layer catalyst on 

the NH3 conversion and product selectivity. There we observed a trade-off between NH3 

conversion and N2 selectivity due to added Cu-ZSM-5 layer which acts as an additional 
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mass transfer barrier. However, increasing the loading of Cu-ZSM-5 catalyst also 

increased the catalytic sites available for reaction, therefore the observed trade-off is not 

only due to increase in diffusion length but also due to increase in reaction sites available. 

In order to de-convolute these two parameters we studied NH3 oxidation on two dual-

layer catalyst with same top SCR thickness (loading) but different amount of catalytic 

sites. For instance, FeZ(1.5)Pt(0.7) had the top SCR layer which comprised 1.5 g/in
3
 of 

Fe-ZSM-5, whereas FeZAl(1.5)Pt(0.7) had the top SCR layer which comprised 0.5 g/in
3
 

of Fe-ZSM-5 and 1 g/in
3
 of γ-Al2O3. 

Figures 4-8(a) and (b) shows the NH3 conversion and product yields obtained for 

these two catalysts for feed containing 500 ppm NH3 and 5% O2. Both catalysts showed 

similar light-off behavior for NH3 conversion suggesting the added SCR layer did not act 

as diffusion barrier at lower temperatures. However the complete NH3 conversion was 

obtained at lower temperatures for FeZ(1.5)Pt(0.7). FeZ(1.5)Pt(0.7) catalyst also showed 

lower NOx yield and higher N2 yield than FeZAl(1.5)Pt(0.7) catalyst at temperatures 

above 300 
o
C. For instance, at 425

o
C the NOx yield were 3% and 25%, and the N2 yields 

were 97% and 75%, respectively, for FeZ(1.5)Pt(0.7) and FeZAl(1.5)Pt(0.7) catalyst. 

These trends were attributed to the fact that FeZ(1.5)Pt(0.7) catalyst provides more 

catalytic sites than FeZAl(1.5)Pt(07) where NOx formed in the bottom Pt/Al2O3 layer can 

more effectively react with stored and counter-diffusing NH3 to produce N2. N2O yield 

for both catalyst were negligible at temperatures above 400 
o
C suggesting N2O formed in 

Pt/Al2O3 layer can be effectively reduced on the top SCR layer. 
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Figure 4-8 Comparison of dual layer Fe-ZSM-5 and Pt/Al2O3 for NH3 oxidation reaction. 

(a) FeZ(1.5)Pt(0.7) (b) FeZAl(1.5)Pt(0.7) Reaction conditions: 500 ppm 

NH3, 5% O2, balance Ar and GHSV 66k h
-1

. 
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4.4 Summary and conclusions 

A systematic experimental study of ammonia oxidation reaction on combined Fe-

ZSM-5 and Pt/Al2O3 monolith catalyst was carried out to determine if a high ammonia 

conversion along with high N2 selectivity could be sustained over a wider temperature 

range than with individual Fe-ZSM-5 and Pt/Al2O3 catalysts. This study experimentally 

verifies the proposed working principle of the dual-layer ASC comprising a bottom layer 

of Pt/Al2O3 and a top layer of Fe-ZSM-5. A series of bi-functional dual-layer catalysts 

and mixed-layer catalysts give a high N2 selectivity and low NOx selectivity over a wide 

temperature range. To our knowledge, this is the first study focused on determining 

whether the dual component ASC can achieve adequate levels of NH3 oxidation to N2 

with a small Pt loading (<< 10 g Pt/ft
3
). This study also demonstrates a comparative study 

between the NH3 oxidation on a dual-layer and mixed catalyst washcoated on a monolith. 

The following concluding points can be made: 

 A rather low Pt loading of 3 g/ft
3
 is effective enough in oxidizing ammonia at 

temperatures exceeding 200 
o
C. 

 The benefits of dual layer catalyst were obvious as increased production of 

desired product N2 at intermediate and high temperatures. The addition of a Fe-

zeolite SCR layer on top of Pt/Al2O3 oxidation layer shifts the product selectivity 

from N2O and NOx to N2. This shows that the N2O and NOx formed in the bottom 

layer of Pt crystallites are selectively reduced by the top SCR layer to N2. 
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 The zeolite top layer also inhibits ammonia oxidation in serving as an additional 

mass transfer resistance. While the zeolitic top layer is effective in converting 

NOx to N2, the detrimental effect of an added mass transport barrier emerges at 

high temperatures and space velocities. 

 A comparison between the dual layer and mixed catalysts at high space velocity 

shows higher NH3 oxidation capability of the mixed catalyst due to the shorter 

diffusion length. 

 Low space velocity experiments show the dual layer catalyst to be more effective 

than mixed catalyst at high temperature due to a higher selectivity towards N2 and 

lower selectivity towards NOx and N2O, whereas mixed catalyst proves more 

effective than dual layer catalyst at intermediate temperature due to its higher 

selectivity towards N2 and lower selectivity towards N2O 

Finally, this study emphasizes the point that dual-layer catalyst design is non-trivial 

and must consider the trade-off between ammonia conversion and N2 selectivity. 
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Chapter 5 Experimental and Modeling Study of Selective 

Ammonia Oxidation on Multi-Functional Washcoated 

Monolith Catalysts 

5.1 Introduction 

Diesel and lean burn engines are gaining popularity due to their higher fuel economy 

and lower greenhouse gas emissions compared to gasoline engines. However, diesel 

engines are required to meet current and future emission regulations of oxides of nitrogen 

(NOx) like Tier 2 and EURO VI [97]. One approach to comply with these stringent NOx 

emission regulations is through the now commercialized selective catalytic reduction 

(SCR) of NOx. In most applications the reductant is NH3 and is generated onboard 

through the following set of decomposition and hydrolysis reactions: 

R5-1:   NH2 – CO – NH2 (aq.)  NH2 – CO – NH2 (s) + x H2O (g), 

R5-2:  NH2 – CO – NH2 (s)  NH3 (g) + HNCO (g)  ΔH = 186 kJ, and 

R5-3:  HNCO (g) + H2O (g)  NH3 (g) + CO2 (g)  ΔH = -96 kJ. 

SCR technology uses metal (Cu- or Fe-) exchanged zeolites, both of which have the 

requisite NH3 affinity and reduction activity for NOx conversion to N2. The selective 

reduction of NOx to N2 in presence of NH3 takes place through one or more of the 

following reactions: 

R5-4:  4NH3 + 4NO + O2  4N2 + 6H2O  ΔH = -407 kJ/mol NH3, 
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R5-5:  2NH3 + NO + NO2  2N2 + 3H2O  ΔH = -378 kJ/mol NH3, 

R5-6:  4NH3 + 3NO2  3.5N2 + 6H2O  ΔH = -341 kJ/mol NH3, 

R5-7:  4NH3 + 3O2  2N2 + 6H2O   ΔH = -317 kJ/mol NH3, and 

R5-8:  2NH3 + 2O2   N2O + 3H2O   ΔH = -276 kJ/mol NH3. 

Readers are referred to [98] for the detailed description on the NH3-SCR system. The 

SCR system must meet emission reduction targets under the dynamic conditions of the 

vehicle and for this reason robust control schemes have been developed. 

Conditions that are encountered in practice for which the slippage of the reductant 

ammonia is unavoidable include incomplete NOx conversion, release of the stored 

ammonia during an exhaust temperature increase, overdosing of NH3, and, and SCR 

catalyst deactivation due to aging [56,70]. An ammonia slip catalyst (ASC) is positioned 

downstream of the SCR catalyst, either as a short section on the same monolith “brick” or 

as a separate brick [65]. The function of this ASC is to oxidize ammonia directly into 

benign N2: 

R5-9:  4NH3 + 3O2 2N2 + 6H2O   ΔH = -317 kJ/mol NH3. 

Precious group metals (PGM), particularly Pt and Rh are effective ammonia oxidation 

catalysts [57,63,65,71,96]. However, they have poor selectivity towards desired product 

N2 and high selectivity towards undesired products N2O, NO and NO2 

[24,57,58,61,89,96] through the following global reactions: 

R5-10: 2 NH3 + 2 O2   N2O + 3 H2O  ΔH = -276 kJ/mol NH3, 
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R5-11: 4 NH3 + 5 O2  4 NO + 6 H2O  ΔH = -226 kJ/mol NH3, and  

R5-12:  4 NH3 + 7 O2  4 NO2 + 6 H2O  ΔH = -142 kJ/mol NH3. 

 

The formation of NO and NO2 (NOx) in the ASC is counterproductive for an 

aftertreatment system that is designed to minimize the emissions of NOx. Further, N2O is 

a 270x more potent greenhouse gas (GHG) than CO2 [64] and its emission is subject to 

emerging GHG regulations. 

There is a need to develop highly active, selective and robust ammonia slip catalysts 

that can tolerate the demanding diesel exhaust environment while maintaining a high 

activity and selectivity over a wide range of temperature, space velocity, and gas 

composition. The current state-of-the-art ASC uses a bi-functional catalyst containing 

Pt/Al2O3 as the oxidative function and a Cu- or Fe- exchanged zeolite as the reductive 

function [65,67,69,99]. Recently, an ASC with a dual-layer architecture has been 

communicated [65]. This architecture comprises a Pt/Al2O3 bottom layer (10 g/ft
3
 

monolith Pt loading) and Cu- or Fe-exchanged zeolitic top layer. The working principle 

of the dual-layer design involves an intriguing counter-diffusion and reaction process. 

Ammonia that slips from the upstream SCR diffuses from the flowing gas to the multi-

layer catalyst where it first encounters the SCR layer. Some of the NH3 is stored in this 

layer while the remaining NH3 diffuses to the underlying Pt/Al2O3 layer, where it is 

oxidized to a mixture of N2, N2O, NO, and NO2. The NO and NO2 product diffuses into 

the adjacent SCR layer where selective catalytic reduction by the counter-diffusing NH3 

occurs. 
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Recent studies have examined the synergies of oxidation and reduction on multi-

component catalysts. Scheuer et al. [71–73,94,100] used a 2-D reactor model containing a 

reaction scheme with kinetics approximated by a spline interpolation of pre-computed 

rate data. Colombo et al. [67,74] developed the Layer + Surface Model (LSM) to 

simulate the dual-layer catalyst. The LSM considered that the PGM layer to be a 

nonporous catalytic wall while the SCR top layer to be a conventional diffusion and 

reaction medium. Kamasamudram et al. [69] used an accelerated aging technique to study 

the change in ASC performance with catalyst age. In our previous study, we reported data 

for the dual-layer ASC comprising bottom Pt/Al2O3 and top Cu-ZSM-5 layers [90]. We 

demonstrated the trade-off between the NH3 conversion and N2 selectivity due to the 

variation of the SCR layer loading. In a more recent study [99], we examined the effect of 

PGM loading and compared the mixed and dual-layer catalysts to understand the effect of 

catalyst architecture on the NH3 oxidation.  

In the current study a comprehensive study encompassing the synthesis of multi-

component monolith catalysts, experiments, and modeling is carried out to advance the 

understanding of ammonia slip catalysts. The ASC exploits the coupling between 

catalysis and transport, so particular attention is placed on the coupling between reaction 

and transport with catalysts prepared that enable the estimation of effective washcoat 

diffusivity. The reactor model of the multi-component Pt/Fe ASC catalyst is used to 

simulate new ammonia oxidation data on mixed-washcoat and dual-layer catalysts for gas 

feeds containing mixtures of NH3, NO and O2. We incorporate ammonia oxidation and 

SCR kinetic models from the recent literature into a 1+1 D monolith reactor model. 

Kinetic parameters are estimated from single catalytic component experiments while the 
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reacting species effective diffusivity are estimated from the simulation of multi-layer 

experiments in which inert top layers of -Al2O3 and Na-exchanged ZSM-5. The 

combined experimental and modeling study provides insight into the performance 

features of the  multi-functional ammonia slip catalyst.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

5.2 Experimental 

5.2.1 Catalyst Preparation and monolith washcoating 

A detailed description on the synthesis procedure can be found in Shrestha et al. [99]. 

A series of Pt/Al2O3 catalysts were synthesized to study their NH3 oxidation activity. 

Pt/Al2O3 with 0.46 wt.% Pt loading was synthesized by an incipient wetness 

impregnation method using H2PtCl6  6H2O (Sigma Aldrich, USA) as the Pt precursor 

and γ-Al2O3 (Strem Chemical, USA) as the support material, followed by drying and 

calcination steps. The washcoated monolith catalysts were made from the Pt/Al2O3 slurry 

which was accomplished by ball milling a mixture containing Pt/Al2O3 powder, 

boehmite, and water. Blank cordierite monoliths with cell density of 400 cpsi and 

dimensions of 1 inch diameter and 3 inch length were provided by BASF (Iselin, NJ). To 

obtain a uniform coating, the washcoating method was carried out by dipping the 

monolith from alternating ends consecutively. The steps were repeated to achieve the 

desired loading, followed by drying and calcination steps. 

The Na-ZSM-5 powder was synthesized by a series of ion exchanges of 

commercially-available ammonium form of ZSM-5. The NH4-ZSM-5 (Zeolyst, USA) 

with a Si/Al ratio of 280 was converted to protonated form by calcining the powder at 

500 
o
C for 5 hours. The H-ZSM-5 was then converted to Na-ZSM-5 by continuously 
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stirring H-ZSM-5 in a 0.1 M NaNO3 solution at ambient temperature overnight. The 

amount of NaNO3 in the solution was such that the concentration of Na
+
 ion was twice 

the concentration of Al
3+

 ions. This was followed by filtration, drying and calcination 

steps. The Fe-ZSM-5 powder with Fe loading of ~3.6 wt.% was provided by Clariant Inc. 

The Fe-ZSM-5 or Na-ZSM-5 slurries were prepared by mixing the zeolite catalyst, 

boehmite and water in the proportions of 32 wt.% zeolite, 8 wt.% boehmite and 60 wt.% 

water with a small amount of acetic acid to adjust the pH of the slurry to ~3.5. The 

mixture was ball-milled for approximately 20 hours to obtain a particle size of 1-5 µm 

[10]. 

Dual-layer catalysts were prepared by washcoating Na-ZSM-5, Fe-ZSM-5 or γ-Al2O3 

onto the monolith that had been previously washcoated with Pt/Al2O3. Mixed catalyst 

was prepared by physically mixing the requisite amount of Fe-ZSM-5 and Pt/Al2O3 

powders with boehmite solution and water. The freshly-prepared catalyst consisting of 

Pt/Al2O3 was reduced at 500 
o
C for 30 min with 2% H2 and balance Ar at total flow rate 

of 1000 sccm. Finally, the catalysts were degreened at 650 
o
C for 2 h with 5% O2 and 

balance Ar at the total flow rate of 1000 sccm. 

5.2.2 Catalyst Characterization 

The catalyst powder was characterized by using various techniques. X-ray diffraction 

(XRD) was accomplished using a Siemens D5000 which confirmed the γ-phase of 

alumina after Pt impregnation. A Coulter SA 3100 Series Analyzer measured the BET 

surface area of the Pt/Al2O3 powder to be ~190 m
2
/g. The dispersion of Pt on the 

Pt/Al2O3 catalyst was measured to be ~35% using H2 chemisorption in Micromeritics 
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Accelerated Surface Area and Porosimetry System. Inductively-coupled plasma analysis 

(Galbraith Laboratories Inc., USA) was used to quantify the amount of Fe in the Fe-

ZSM-5 powder. The Fe loading of this catalyst was found to be 3.6 wt.%. Scanning 

electron microscopy (FEI XL300FEG) was used to measure the thickness of the 

washcoat. For all the monolith catalysts, the washcoat was thicker in the corners than on 

the side walls. For instance, for the Pt/Al2O3 sample having a washcoat loading of 1.4 

g/in
3
, the washcoat thickness in the corners was 30-35 µm whereas it was < 5 µm on the 

side walls. This corresponded to the peripheral-averaged washcoat thickness of ~10-15 

µm. Figure 5-1(a)–(d) shows SEM images of various catalyst used in this study. 

 

Figure 5-1 SEM images of cross-section of the monolith catalysts. (a) Pt/Al2O3 

washcoated monolith Pt(10), (b) Pt(10) corner view, (c) Dual layer 

washcoated monolith Al(1.8)Pt(10), (d) Dual layer washcoated monolith 

FeZ(1.5)Pt(10)
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The experimental set-up used in this study is described in detail elsewhere [81]. Two 

different monolith lengths, 2 cm and 0.5 cm, were used; this resulted in space velocities 

of 66k h
-1

 and 265k h
-1

, respectively. Table 5-1 lists the four feeds considered in this 

study. Depending upon the operating condition of the diesel engine and the performance 

of the aftertreatment system, there is the possibility of slippage of mixture of NO and 

NH3 from upstream SCR catalyst at various NH3 to NO ratios. In order to access the 

effect of the co-feed of NH3 and NO on the performance of the dual-layer ASC, we 

studied feeds containing two different NH3 to NO ratio, 1:1 and 3:1 [56]. 

The effective diffusivity of ammonia was estimated using top layer of the inert 

materials γ-Al2O3 and Na-ZSM-5. The method is similar to that reported by Marek and 

coworkers [101]. For transport through the γ-Al2O3 support, a dual-layer catalyst 

comprising a bottom layer of Pt/Al2O3 and top layer of γ-Al2O3 of prescribed loading was 

synthesized through the aforementioned dip coating method. Ammonia oxidation was 

carried out to assess the impact of the thickness of the top inert layer on ammonia 

conversion at >300 
o
C. A similar method was employed to estimate the diffusivity 

through a zeolitic layer. Here the dual-layer catalyst comprised a top Na-exchanged 

ZSM-5 and the bottom layer was Pt/Al2O3. These catalysts were labeled as 

Al(XX)Pt(YY) and NaZ(XX)Pt(YY) where XX denotes the washcoat loading of the γ-

Al2O3 or Na-ZSM-5 top layer and YY denotes the Pt loading in the bottom Pt/Al2O3 

layer. Detailed specifications of the catalysts are provided in Tables 5-2 and 5-3. 

In order to evaluate the effect of catalyst architecture on ammonia oxidation, two 

different catalysts containing Fe-ZSM-5 and Pt/Al2O3 catalyst were synthesized with the 
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same overall composition. The first catalyst had a dual-layer structure with Pt/Al2O3 as 

the bottom layer and Fe-ZSM-5 as the top layer. The second catalyst comprised a mixed 

washcoat for which the two catalytic components were combined together and applied as 

a single layer. The catalysts were subjected to the test protocol given in Table 5-1 at a 

space velocity of 66k h
-1

 to understand the effect of catalyst architecture on the light-off 

behavior and product selectivity. Table 5-4 provides a summary description of the 

catalysts used for this study. 

Table 5-1 Composition of feed gas for various test protocols. 

Species Test 1 Test 2 Test 3 Test 4 

NH3 500 ppm 200 ppm 500/200 ppm 100 ppm 

NO 0 0 500/200 ppm 50 ppm 

O2 5% 5% 5% 5% 

H2O 2.5% 2.5% 2.5% 2.5% 

CO2 2% 2% 2% 2% 

Ar Bal. Bal. Bal. Bal. 

Table 5-2 Catalyst used to measure diffusivity through Al2O3 washcoat. 

Sample No. 
Pt loading 

(g/ft
3 

monolith) 

Bottom 

Pt/Al2O3 

loading (g/in
3 

monolith) 

Pt loading (g 

Pt per 100 g 

washcoat) 

Top γ-Al2O3 

loading (g/in
3 

monolith) 

Pt(10) 10.5 1.4 0.46 0 

Al(1.6) 0 0 0 1.6 

Al(0.8)Pt(10) 10.5 1.4 0.46 0.8 

Al(1.8)Pt(10) 10.5 1.4 0.46 1.8 
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Table 5-3 Catalyst used to measure diffusivity through Na-ZSM-5 

Sample no. 
Pt loading 

(g/ft
3 

monolith) 

Pt/Al2O3 

loading (g/in
3 

monolith) 

Pt loading (g 

Pt per 100 g 

washcoat) 

Na-ZSM-5 

loading (g/in
3 

monolith) 

NaZ(1.5) 0 0 0 1.5 

NaZ(0.8)Pt(10) 10.5 1.4 0.46 0.8 

NaZ(1.5)Pt(10) 10.5 1.4 0.46 1.5 

Table 5-4 Catalyst used to study the effect of catalyst architecture on NH3 oxidation 

Sample no. 

Pt loading 

(g/ft
3
 

monolith) 

Pt/Al2O3 

loading (g/in
3
 

monolith) 

Pt loading (g 

Pt per 100 g 

washcoat) 

Fe-ZSM-5 

loading (g/in
3
 

monolith) 

FeZ(1.5)Pt(10)a 10.5 1.3 0.46 1.5 

FeZ(1.5)Pt(10)b 10.5 1.3 0.46 1.5 
a
 represents dual layer   

b
 represents mixed catalysts 

5.3 Model development 

5.3.1 Reactor model 

A mathematical model of the ASC monolithic reactor was developed to simulate the 

steady-state experiments for NH3 oxidation over a range of conditions. The monolith 

model accounts for axial and transverse (radial) gradients using a 1+1 D formalism 

following Shakya et al. [102, 131]. The model, which accounts for convection in the fluid 

phase (axial), gas to solid external transport, and diffusion (radial) and catalyst surface 

reaction within the washcoat, is based on the following assumptions: (i) fully developed 

laminar flow, (ii) constant physical properties, and (iii) negligible axial dispersion. The 

fluid phase mass balances contain a differential convective term, an external mass 
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transfer term treats transverse mass transfer, while the washcoat mass balances comprise 

differential diffusion and reaction terms. 

 While ammonia oxidation is highly exothermic, the increase in temperature during 

experiment was less than 5 
o
C due to the low limiting reactant feed concentration used 

(150-500 ppm). This precluded the need for an energy balance.  

The fluid phase, solid phase and surface species balances are as follows: 

     

  
      

     

  
  

        

   
                                                                                     

   

      

  
      

       

   
  

 

   
                  

   

   

                                          

   
  

  
 

   
                  

   

   

                                                                                        

Here, xf,j is the cup-mixing mole fraction of species j in the fluid phase, xs,j is the 

mole fraction of species j at the fluid/washcoat interface, xwc,j is mole fraction of species j 

in the washcoat, and θk is the fractional coverage of surface species k. Similarly, ϑjr and 

Rr represent stoichiometric coefficient of species j for reaction r and the rate of reaction r, 

respectively. εwc, <u>, RΩ1, and kme,j(z) are the washcoat porosity, average superficial 

velocity, hydraulic radius (ratio of cross-sectional area of open channel to perimeter of 

the channel) and position-dependent external mass transfer coefficient, respectively. De,j 

corresponds to the effective diffusivity of species j in the washcoat. Cpt is the total active 

site density (mol/m
3

wc) of platinum in the washcoat and CTm is the total molar 

concentration. The initial and boundary conditions are as follows: 
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RΩ2 is the effective washcoat thickness. The values/expressions for the parameters used 

in this study are provided in Table 5-5. The value of the mass transfer coefficient (kme,j) 

of species j was calculated using the following relation: 

       
        

    
                                                                                                                          

where Df,j is diffusivity of the gas species j in the fluid phase and was calculated as a 

function of temperature using Lennard-Jones formulation. The relation between Df and 

temperature can be found in Shakya et al. [102]. She is a position independent external 

Sherwood number for a square channel. The axial variation of She along the monolith 

length can be estimated using the relation developed by Ramanathan et al. [103] which 

accounts for the developing velocity and concentration boundary layers: 

2

3/1

,

2

1 4.11
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Here Sc is the fluid Schmidt number. Application of Eq. (5-9) indicates that She reaches 

its asymptotic value within the first 0.2 mm length of the channel, suggesting the 

transport is fully developed within 5% of the channel. This justifies our use of position 

independent She. Finally, it is noted that the values of RΩ1 and <u> are dependent on 

washcoat thickness, RΩ2. 

Table 5-5 Parameters used in the simulation. 

Parameters Values 

a 1.1e-3 m 

RΩ1 0.268e-3 m 

RΩ2 15e-6 m 

<u>      
 

      
  

 

      
 
 

      

εwc 0.4 

L 2e-2 m 

CTm 
       

 
         

Cpt 11.6 mol exposed Pt/m
3
 wc 

She 3.608 

The method of finite differences was used to solve the 1+1 D model: Eqs. (5-1) and 

(5-2) were discretized into N axial points and m radial points and used in conjunction 

with Eqs. (5-3) – (5-8). The required N was calculated using the relation N~ 1/P, where P 

is the transverse Peclet number defined as P = (RΩ1
2
/Df)/(L/<u>) (ratio of characteristic 

times of transverse diffusion and axial convection). This gave 27 axial points which 
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together with 10 transverse points was sufficient to get a mesh-invariant solution. The 

resulting system of ordinary differential equations comprising an initial value problem 

was solved using solver Ode15s in the MATLAB environment. Equations were 

integrated for sufficiently long time to get the steady state solution for a particular set of 

conditions. Our experience showed that 2000 s was sufficient to get time-independent 

solution. 

5.3.2 Reaction mechanism and parameter estimation 

For the purpose of this study, we use a previously developed kinetic model by Metkar 

et al. [50] to model SCR in the Fe-ZSM-5 catalyst. The reaction scheme and reaction rate 

expression used for Fe-ZSM-5 catalyst is described in Table 5-6. The SCR reaction 

scheme assumes adsorption of ammonia on a single site S which represents Bronsted acid 

sites. The model accounts for ammonia inhibition of the standard SCR reaction through 

ammonia adsorption on the SCR sites, which is a Lewis acid site, following Colombo et 

al. [43]. For this study, the reaction involving formation and decomposition of 

ammonium nitrate was neglected because ammonium nitrate is formed at temperatures 

below 250 
o
C in the presence of excess NO2, and the experimental conditions under 

consideration does not satisfy this criteria for formation of ammonium nitrate. The 

readers are referred to [50] for more details on the modeling of the Fe-ZSM-5 catalyst. 

Ammonia oxidation on Pt is a well-studied reaction system due to its importance in 

industrial nitric acid production, although the conditions for that commodity-scale 

chemical process are generally much higher temperature and involve much higher 

ammonia concentrations than encountered in the automotive exhaust application. The 
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ammonia oxidation reaction model comprises a detailed surface kinetics formulation 

consisting of adsorption, desorption and surface reaction steps involving reacting species 

NH3, O2, and NO and the four products N2, N2O, NO and NO2. The model is based on 

recent works published in [58,61,65]. As shown in Table 5-7, the reaction model 

comprises 14 steps, P(5-1)-P(5-14), and two different types of Pt sites, namely the hollow 

site ‘a’ and top site ‘b’. This treatment follows from what is known about the adsorption 

and reaction features of the Pt catalyst and are needed to predict the ammonia conversion 

and product selectivities. The model assumes that site b only participates in NH3 

adsorption/ desorption whereas all other steps occur on site a. The model does not 

consider re-adsorption of N2 and N2O or dissociation of adsorbed NO. The general rate 

expression adopted for each reaction step is: 

                 
  

  
   

 

   

 

             
     

 

                                                  

The kinetic parameters were estimated based on a fit of selected steady state ammonia 

oxidation data. The estimated pre-exponential factors and activation energies for each 

step are provided in Table 5-7. Our approach was as follows. The above-described 

reactor model with the incorporated ammonia oxidation reaction model was coupled with 

a parameter estimation algorithm. Acknowledging that washcoat diffusion limitations 

may be present in the Pt/Al2O3 layer, typical literature value for a mesoporous alumina 

was assumed for the porosity and tortuosity. Then an experiment was conducted which in 

combination with the model was used to estimate the effective diffusivity in the γ-Al2O3 

layer. Results of that study are provided below (section 5.4.1). Using the estimated De, 
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we estimated the kinetic parameter by minimizing the sum of squares of residual to get a 

good fit to ammonia oxidation data.  

Table 5-6 Reaction scheme and rate expressions used for Fe-ZSM-5 catalyst. 

Reaction 

no. 
Reaction Rate Expression 

Z5-1 NH3 + S  NH3-S        
          

 

Z5-2 2NH3-S + 1.5O2  N2 + 3H2O + 2S       
    

 

Z5-3 NO + ½ O2  NO2       

 
            

 

Z5-4 4NH3-S + 4NO + O2  4N2 + 6H2O + 4S 
          

        

 

Z5-5 2NH3-S + NO + NO2  2N2 + 3H2O + 2S           
    

 

Z5-6 4NH3-S +3NO2  3.5N2 + 6H2O + 4S        
    

 

Z5-7 2N2O  2N2 + O2         

Z5-8 2NH3-S + 3N2O  4N2 + 3H2O + 2S            
 

 The MATLAB function “Fminsearch” was used for parameter optimization with the 

values of pre-exponential factor and activation energy provided in [65] used as an initial 

guess. We allowed all but 2 of the 24 kinetic parameters to vary in the scheme. The two 

that were fixed were the pre-exponential factor and activation energy for the NO2 

dissociation reaction (P5-12) which instead was calculated using reactions P(5-3), P(5-4), 

P(5-6), P(5-7), P(5-11)-P(5-14) to ensure thermodynamic consistency (entropic and 

enthalpic) for the NO oxidation reaction [65,104]. The estimated pre-exponential factors 

and activation energies differed from their initial values by at most 7% owing to different 

feed conditions and space velocities used in our study compared to [65]. The active Pt 
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catalyst loading was estimated from the experimental wt.% value, measured Pt dispersion 

and an assumed washcoat density. It is noted in [65] that the washcoat was reportedly 

sufficiently thin that diffusion limitations could be ignored. 

Table 5-7 Dual-site reaction scheme and rate parameters for Pt catalyst. 

Reaction 

no. 
Reaction step Parameter 

Parameter 

values 
Rate expression 

P1 NH3 + b  NH3-b 
A1 

E1 

2e1 

0 
      

       

P2 NH3-b  NH3 + b 
A2 

E2 

6.6e4 

114 
      

 

P3 O2 + 2 a  2 O-a 
A3 

E3 

2.7e2 

0 
     

  
      

P4 2 O-a  O2 + 2 a 
A4 

E4 

1.2e12 

133 
    

  

P5 
NH3-b + 1.5 O-a  N-a + 

1.5 H2O + 0.5 a + b 

A5 

E5 

2.8e16 

147 
      

   

P6 NO-a  NO + a 
A6 

E6 

6e17 

126 
      

P7 NO + a  NO-a 
A7 

E7 

2.9e2 

0 
            

P8 2 N-a  N2 + 2 a 
A8 

E8 

1.2e19 

185 
    

  

P9 N-a + O-a  NO-a + a 
A9 

E9 

2.8e13 

128 
       

P10 NO-a + N-a  N2O + 2 a 
A10 

E10 

9.8e19 

140 
         

P11 NO-a + O-a  NO2-a + a 
A11 

E11 

6.6e14 

110 
         

P12 NO2-a + a  NO-a + O-a 
A12 

E12 

9.2e9 

82 
       

   

P13 NO2-a  NO2 + a 
A13 

E13 

1.3e14 

107 
       

 

P14 NO2 + a  NO2-a 
A14 

E14 

4.9e4 

0 
       

       

Ea is reported in kJmol
-1

, Ar for (P1), (P3), (P7) and P(14) is in m
3
mol

-1
s

-1
K

-1
 and the rest 

are in s
-1

. kr = Cpt*Ar*Exp(-Er/RT) 



 

109 

5.4 Results and discussion 

5.4.1 Estimation of NH3 diffusivity through γ-Al2O3 washcoat 

The diffusivity of reacting species through the porous layers is clearly an important 

factor that impacts the apparent ASC activity and selectivity. Votsmeier et al. showed 

that diffusion limitation in the washcoat can significantly decrease the NH3 conversion 

[94]. In order to accurately account for the diffusive transport of NH3 in the γ-Al2O3 

washcoat, we carried out an experiment with a dual-layer catalyst comprising an active 

Pt/γ-Al2O3 bottom layer and inert γ-Al2O3 top layer; namely Al(XX)Pt(YY), where XX 

represents γ-Al2O3 loading on the top layer (units of g washcoat/in
3
 monolith) and YY 

represents Pt loading on the bottom layer (units of g Pt/ft
3
 monolith). We ensured that the 

top Al2O3 layer had a negligible activity in a separate set of experiments. We coated a 

monolith with Al2O3 washcoat using previously-described methods. The γ-Al2O3 

washcoated monolith, which had a washcoat loading ~1.3 g/in
3
, was subjected to two 

different protocols, Tests 1 and 3 in Table 5-1 with GHSV of 66k h
-1

. As shown in Figs. 

5-1.a and 5-1.b, the γ-Al2O3 washcoated monolith samples had negligible activity. For T< 

350 
o
C the NH3 conversion in a feed containing 5% O2 (5-2(a)) or 500 ppm NO and 5% 

O2 (5-2(b)) was essentially zero, while at 500 
o
C the conversion was only 3-4%. 
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Figure 5-2 NH3 oxidation on Al(1.3) for various feed condition at GHSV 66k h
-1

. (a) 500 

ppm NH3, 5% O2, 2.5% H2O, 2% CO2, balance Ar and (b) 500 ppm NH3, 

500 ppm NO, 5% O2, 2.5% H2O, 2% CO2, balance Ar. 
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Having established a negligible activity of γ-Al2O3 for NH3 oxidation, we proceeded 

to examine the effect of a varied loading of the γ-Al2O3 top layer on the NH3 conversion. 

Our approach was to establish a state in which the NH3 conversion was limited by the 

supply of ammonia to the Pt/γ-Al2O3 layer. A porous γ-Al2O3 top layer serves as a 

diffusional barrier under such conditions, enabling the estimation of an effective 

diffusivity for the limiting reactant ammonia. For the Test 1 feed condition, Figure 5-3 

shows the measured NH3 conversion at a GHSV of 265k h
-1

 for the single layer Pt/γ-

Al2O3 catalysts along with that for two other γ-Al2O3/ Pt/γ-Al2O3 dual-layer catalysts. 

It is clear from the results that the NH3 conversion for all three catalysts is nearly 

identical for temperatures below 230 
o
C, an expected result with the ammonia operating 

in a kinetic regime; i.e., the effect of γ-Al2O3 top layer is negligible. For temperature 

above ~320 
o
C, a shift to a transport-limited regime is apparent from the diverging single 

layer and dual-layer conversions. As expected, the single layer Pt/γ-Al2O3 catalyst gives 

the highest conversion, followed by Al(0.8)Pt(10) and Al(1.7)Pt(10). For example, at 450 

o
C the NH3 conversion drops from 96% for Pt(10) to 87% for Al(0.8)Pt(10) and to 77% 

for Al(1.7)Pt(10). The decrease in NH3 conversion when the catalyst operates at the 

external mass transfer regime is used to extract the diffusivity of ammonia in the porous 

γ-Al2O3 layer. 

The diffusivity estimation was carried out as follows. First the NH3 conversion versus 

temperature data for the Pt(10) catalyst operated at GHSV 265k h
-1

 was fitted using the 

reactor model. The effective diffusivity in the γ-Al2O3 washcoat was estimated using  
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DD
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 ,                                (5-11) 

where De,j is the effective diffusivity for species j, and εwc and τwc are the washcoat 

porosity and tortuosity, respectively. Assuming a value for εwc = 0.4 and an estimated 

value of τwc of 8 was used, which is well within the range of a typical mesoporous 

alumina [105]. Once a good fit for the NH3 oxidation on a Pt/Al2O3 catalyst was 

obtained, we simulated the data for the two dual-layer catalysts, Al(XX)Pt(10), XX = 0.8 

& 1.7. Here we considered only diffusion through the top layer, while accounting for 

diffusion and reaction in the bottom layer. We held all the model and kinetic parameter 

constant expect RΩ1 and <u> which are both dependent upon the washcoat thickness, RΩ2. 

We estimated RΩ2 from the SEM-measured peripheral-dependent washcoat thicknesses 

for Al(0.8)Pt(10) and Al(1.8)Pt(10), respectively, ~26 and ~37 µm. These values give 

hydraulic radii for the two dual-layer catalyst to be 262 and 257 µm, respectively. In 

order to get a reasonable fit between the experimentally-observed and model-predicted 

NH3 conversion in the external transport regime (T > ~400 
o
C), only the tortuosity factor 

was allowed to vary. This approach gave a value of tortuosity somewhat higher than the 

initial value. We used this new estimate for the underlying Pt/Al2O3 layer and then re-

estimated the kinetic parameters. Using this iterative process we converged on the final 

tortuosity of ~11. Figure 5-3 shows a comparison between the experimental and model-

predicted NH3 conversions. For τwc = 11 the ratio of the bulk and effective diffusivity, λ 

(= Df/De), is equal to 28. This gave effective diffusivity very close to that reported by 

Koci et al. for porous alumina [101]. 
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Figure 5-3 NH3 oxidation on Al(XX)Pt(10) catalyst Feed: 500 ppm NH3, 5% O2, 2.5% 

H2O, 2% CO2, balance Ar GHSV: 265k h
-1

 (Symbol : Experiment; Lines: 

Model). 

5.4.2 Estimation of NH3 diffusivity through Na-ZSM-5 washcoat 

Several recent publications have focused extensively on ammonia slip catalysts, 

including dual-layer ASC structures comprising a SCR layer (top) and Pt/Al2O3 layer 

(bottom). The working principle of the dual-layer catalyst requires a fraction of NH3 to 

penetrate the top SCR layer and react in the underlying Pt/γ-Al2O3 layer. Thus the 

effective diffusivity of NH3 through the SCR layer is an important catalyst design 

parameter. Scheuer et al. showed that a higher effective diffusivity through the SCR layer 

leads to higher NH3 conversion [65]. This underscores the importance of obtaining the 

good estimate of the effective diffusivity in the SCR layer. 
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We followed the same approach as described above to estimate the ammonia 

diffusivity in the Fe-exchanged zeolitic layer. The only tangible difference is the use of a 

ZSM-5 rather than γ-Al2O3 overlayer. In order to render the ZSM-5 top layer inert, we 

used a ZSM-5 material with a very high Si/Al ratio of 280 and ion-exchanged it with Na
+
 

ions to further suppress its acidity. The Na-ZSM-5 catalyst was washcoated onto a 

monolith catalyst to get the washcoat loading of 1.5 g/in
3
 and was tested for its activity 

under various feed conditions, Tests 1 and 3 (NO/NOx = 1 and 0.5), at a GHSV of 265k 

h
-1

 was used. Table 5-3 details the catalysts used for this part of the study. As seen in 

Figures 5-4(a), 5-4(b), and 5-4(c,) the Na-ZSM-5 had a very low activity for the three 

gases feed mixtures. Even for the condition corresponding to fast SCR (NO:NOx = 0.5), 

the Na-ZSM-5 catalyst gave a NH3 conversion of only 6% at 500 
o
C. This level of 

activity is deemed sufficiently low to justify the assumption of negligible reaction in the 

top layer. 
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Figure 5-4 NH3 oxidation on NaZ(1.5) at GHSV 265k h
-1

. (a) 500 ppm NH3, 5% O2, (b) 

500 ppm NH3, 500 ppm NO, 5% O2, and (c) 200 ppm NH3, 100 ppm NO, 

100 ppm NO2, 5% O2, 2.5% H2O, 2% CO2, balance Ar.  
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Having confirmed the inactivity of the Na-ZSM-5, we synthesized two dual-layer 

catalysts with same underlying Pt/Al2O3 loading while varying the loading of the Na-

ZSM-5 top layer; i.e., NaZ(1.5)Pt(10) and NaZ(0.8)Pt(10). Figure 5-5 reports the 

measured NH3 conversion obtained during NH3 oxidation at a GHSV of 286k h
-1

 for the 

Pt(10), NaZ(1.5)Pt(10), and NaZ(0.8)Pt(10) samples. As in the earlier experiments with 

the γ-Al2O3 top layer (Fig. 5-3), we confirmed nearly identical conversions for each 

catalyst in the kinetically-controlled regime corresponding to T< 230 
o
C. However, for 

temperatures exceeding 300 
o
C, a decrease in the NH3 conversion was obtained for the 

two dual-layer catalysts. This is attributed to the diffusion barrier created by the top Na-

ZSM-5 layer. At 450 
o
C the presence of 0.8 g/in

3
 and 1.5 g/in

3
 of Na-ZSM-5 over-layer

 

caused NH3 conversion to decrease by 14% and 24%, respectively. 

 

Figure 5-5 NH3 oxidation on NaZ(XX)Pt(10) catalyst Feed: 500 ppm NH3, 5% O2, 2.5% 

H2O, 2% CO2, balance Ar and GHSV: 265k h
-1

 (Symbol : Experiment; Lines: 

Model). 
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Modeling work similar to that performed for the diffusivity estimation in the γ-Al2O3 

layer (provided Section 5.4.1) was carried out for this case with the objective of 

estimating the effective diffusivity in the ZSM-5 layer. The washcoat thickness of 

NaZ(0.8)Pt(10) and NaZ(1.5)Pt(10) were 28 and 38 µm, respectively, corresponding to 

the RΩ1 values of 261 and 256 µm. As seen in Figure 5-4, a good fit between the 

experimentally-observed and model-predicted NH3 conversions was obtained in the 

external mass transfer regime. A tortuosity value of ~13, corresponding to a λ value of 

33, was obtained. The lower effective diffusivity obtained for the zeolite layer compared 

to the γ-Al2O3 layer is not unexpected. The zeolite layer comprises a network of zeolite 

crystallites which themselves have nanopores with a pore diameter of about 0.56 nm. The 

λ value of 33 is somewhat smaller than the value reported by Metkar et al.[28] who 

estimated a value of ~70-80 was needed to explain the effect of a thicker washcoat on the 

SCR conversion. The discrepancy between the current estimate and previous value used 

by Metkar et al. [28] may be explained by the packing density of the nanocrystallites. It 

has been mentioned in [101] that macro-pores determines how fast the gas species 

penetrates through the washcoat. For the current case, the NH3 conversion is determined 

by how fast NH3 can penetrate through the inert Na-ZSM-5 washcoat and then be 

oxidized in the Pt/Al2O3 washcoat. This rate is determined in part by diffusion in the 

macropores of the Na-ZSM-5 material. However, when diffusion and reaction was 

modeled in the Metkar et al. study, both reaction and diffusion were occurring.  

Moreover, that the surface acidity was minimized with the Na exchange may alter 

somewhat the ammonia diffusivity; i.e., surface acidity should lower the diffusivity due 

to reversible sorption on the zeolite surface. Thus one would expect that the apparent 
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diffusivity is lower since diffusion and reaction occurs within the nanopores of the 

zeolitic framework. Diffusion within the nanopores is likely governed by configurational 

diffusion which typically has much lower diffusivity values than for diffusion in 

macropores. In spite of these factors, we used the estimated value of λ = 33 for the 

present study. 

5.4.3 Experiment and simulations of ammonia oxidation on Pt/γ-Al2O3  

In our previous work, we quantified the effect of Pt loading and space velocity on the 

activity and selectivity features of Pt/Al2O3 during the NH3 oxidation with feeds devoid 

of NO, CO2, and H2O [99]. Those data were compared to the same Pt-based catalysts 

modified with a SCR catalyst to determine the architectures giving the best N2 selectivity 

at high NH3 conversion and to understand the trends. Here we study NH3 conversion on 

Pt/γ-Al2O3 for different feed compositions representative of those encountered 

downstream of a SCR. To this end, four different feeds were considered which are 

summarized in Table 5-1. 

Figure 5-6 reports the ammonia oxidation on Pt/Al2O3. Specifically, Figs. 5-6(a) and 

5-6(b) correspond to Test 1 in which the feed contains 500 ppm NH3 at GHSVs of 66k h
-1

 

and 265k h
-1

, respectively. The data show that the Pt(10) catalyst is very active with the 

reaction lighting off at a temperature of 210 
o
C at 66k h

-1
, with essentially complete 

ammonia conversion obtained for T > 230 
o
C. A 4-fold increase in the space velocity to 

265k h
-1

 increases the light-off temperature by about 25 
o
C

 
and the high temperature 

ammonia conversion approaches an asymptotic conversion less than 100%. This latter 
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result indicates that the contact time is insufficient to enable the limiting reactant 

ammonia to reach the catalyst surface. We return to this point later. 

For both cases, the catalyst achieved a reasonable N2 yield but only over a narrow 

window of temperatures below 250 
o
C, a characteristic feature of Pt catalysts. Above 250 

o
C, undesired N2O, NO, and NO2 are produced. The N2O yield has a maximum near 275 

– 300 
o
C with the decline above 300 

o
C giving way to NO and NO2. The NO yield 

increases monotonically with temperature while the NO2 shows a shallow maximum at 

about 430 
o
C. A major difference between the two space velocities is that the NO2 yield is 

as high as 25% for the lower space velocity whereas the NO2 yield never exceeded 5% at 

the higher space velocity. The peak in NO2 yield is more apparent at the lower space 

velocity and is attributed to thermodynamic limitations. 
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Figure 5-6 NH3 oxidation on Pt(10) (a) 500 ppm NH3, GHSV 66k h
-1

 (b) 500 ppm NH3, 

GHSV 265k h
-1

 (c) 500 ppm NH3, 500 ppm NO, GHSV 66k h
-1

 (d) 200 ppm 

NH3, 200 ppm NO, GHSV 66k h
-1

 (e) 150 ppm NH3, 50 ppm NO, GHSV 

66k h
-1

 (Symbol: Experiment; Lines: Model). 



 

122 

Comparable experiments were carried out for NH3 oxidation on Pt/Al2O3 catalyst for 

feeds containing NO. Figs. 5-6(c) and 5-6(d) respectively show the NH3 conversion and 

product yields for feed with NH3:NO = 1:1, and 3:1. To guide the data interpretation, 

Figs. 5-6(c), 5-6(d) and 5-6(e) include a dashed horizontal line which indicates the NO 

yield accounting for the NO in the feed. The presence of NO in the feed increases the 

NH3 conversion at temperatures below 225 
o
C. For instance, the NH3 conversion 

increases from essentially zero at 200 
o
C to 50% when an equimolar feed of NO is used. 

The addition of NO enables the direct reaction between NO and NH3 with N2O being the 

main product at lower temperatures, as evidenced by the steady decrease in NO yield and 

increase in N2O yield from 150 to 225 
o
C (Figs. 5-6(c) and 5-6(d)). For temperatures 

exceeding the ammonia oxidation light-off temperature (T > 225 
o
C) the generation of 

NO is evident by the monotonic increase in the NO yield. Indeed, the Pt/Al2O3 catalyst 

serves as a NO reduction catalyst  for T<350 
o
C for the 1:1 feed ratio and at T<285 

o
C for 

the 3:1 feed ratio, evidenced by the NO yield below 50% and 25%, respectively, while 

the catalysts serves as a NO generation catalyst at higher temperatures. Further, NO can 

be oxidized into NO2 which is limited by thermodynamic equilibrium at higher 

temperature, as evident by maximum in the NO2 yield. 

Simulations were carried out to predict the experimentally-observed trends for NH3 

conversion and product yields at various feed conditions. Without any adjustment in the 

estimated parameters, the model does a good job predicting the NH3 conversion and 

product distribution for the various feed mixtures. For Test 1 (500 ppm NH3 + 5% O2) 

and GHSV = 66k h
-1

, such as the light-off and the NO2 yield quite as well as the N2 and 

N2O yield maxima locations. The model somewhat over-predicts the N2 yield at the 
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expense of an under-predicted N2O yield in the 200-250 
o
C temperature range. The model 

slightly under-predicts the high temperature NO yield while over-predicting the N2O 

yield. 

At the higher space velocity (265k h
-1

) shown in Fig. 5-6(b) it is clear that the model 

predictions capture all of the trends although the quantitative agreement is not as good as 

in Fig. 5-6(a). Specifically, the model over-predicts the NH3 conversion in the 250 – 300 

o
C temperature range, and in turn over-predicts the N2 and N2O yields. At the higher 

space velocity the reaction system is impacted by external mass transport limitations at 

high temperature. This is indicated by the incomplete ammonia conversion asymptote at 

high temperature. This is indeed captured well by the model which underscores the 

importance of having estimated the diffusivity independently (Fig. 5-3). On the other 

hand, the poorer predictability in the intermediate temperature range of 250-300 
o
C is 

similar to the over-prediction in the inert γ-Al2O3 top layer experiments. One cannot rule 

out the impact of washcoat diffusion even for the washcoat thickness of only 15 µm. 

Colombo et al. [74] showed that diffusion limitations could be neglected for washcoat 

thickness only below 10 µm in their study of ammonia oxidation. We attribute the over-

prediction to two factors. First, it is known that there is an uneven washcoat thickness 

around the periphery of the channel [28]. That is, more severe limitations are expected in 

the channel corners where the washcoat is thicker. Not accounting for this may lead to an 

over prediction of the conversion. Another possibility follows from our earlier point that 

the estimated diffusivity in the inert layer corresponds to diffusion in macropores while 

the diffusion limitation in the active layer is likely in smaller mesopores. This would 
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mean that the effective diffusivity is over-estimated which in turn leads to an over 

prediction of the conversion in this regime. 

For the feeds containing NO the model predicts well the ammonia conversion light-

off temperatures and relatively high N2O yields for Tests 2-4 (Figs.5-6(c)-(e)). Over-

prediction of the ammonia conversion at intermediate temperature results in some 

discrepancy in the N2O and N2 yields. For example, in the intermediate temperature range 

(250 
o
C < T < 350 

o
C), the model over-predicts the NO yield by 5-15% leading to up to 

10% variation in the model-predicted and experimentally-observed N2 N2O and NO2 

yields. In spite of the disparity in the model predictions and experimental measurements, 

we concluded that the Pt-only model simulations were sufficiently adequate to provide 

insight in the simulations of the dual component catalysts discussed next. 

5.4.4 Experiments and simulations of the dual-layer catalyst 

As mentioned earlier, the dual-layer structure has been suggested as a viable 

architecture for an ammonia slip catalyst. In our previous work [99], we demonstrated the 

effect of space velocity and temperature on the NH3 conversion and product selectivity 

during ammonia oxidation by O2 on the dual-layer and mixed washcoat composite 

catalysts. In the current experiment, the effect of practically relevant gas feed 

composition on the performance of the dual-layer catalyst is examined. 

Figures 5-7(a) and 5-7(b) show the NH3 conversion and product yields obtained 

during ammonia oxidation on FeZ(1.5)Pt(10) for  two different feed concentrations of 

ammonia, 500 ppm and 200 ppm, respectively. Ammonia oxidation is known to be a self-

inhibited reaction [65], and these data confirm this fact; i.e., the light-off temperature for 
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the 200 ppm feed occurs about 10-15 
o
C lower than the light-off temperature for the 500 

ppm feed. At 206 
o
C, the NH3 conversion decreases from 27% to 22% when the feed 

concentration of NH3 is increased from 200 to 500 ppm. Along with this trend is a 

slightly higher (lower) N2O (N2) yield in the 225 – 275 
o
C temperature range as the NH3 

concentration is increased. A comparison between the current NH3 oxidation data 

obtained in the presence of H2O and in the absence of H2O (our previous work [99]) 

shows negligible difference in the NH3 conversion. On the other hand, slightly higher NO 

and N2O yields are observed with H2O and CO2 in the feed. Metkar et al. [28] has shown 

that H2O suppresses the activity of  Fe-ZSM-5 for the oxidation of NH3 to N2. This 

means that the water shifts even more of the ammonia oxidation to the underlying 

Pt/Al2O3 layer, but this is not selective especially at higher temperatures (T > ~300 
o
C). 

This makes the catalyst slightly more susceptible for additional slippage of NOx and N2O. 
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Figure 5-7 NH3 oxidation on the dual layer FeZ(1.5)Pt(10) at GHSV 66k h
-1

. (a) 500 

ppm NH3, 5% O2, (b) 200 ppm NH3, 5% O2, (c) 200 ppm NH3, 200 ppm NO, 

5% O2, and (d) 150 ppm NH3, 50 ppm NO, 5% O2. (Symbol: Experiment; 

Lines: Model). 

For the feeds containing NO the data show an increased NH3 conversion at low 

temperature, T < 250 
o
C (Figs. 5-7(c), 5-7(d)). The same trend was observed for the 

Pt/Al2O3 catalyst (Figs. 5-6(c), 5-6(d)). Thus, since the Fe-ZSM-5 has a negligible 

activity for temperatures below 300 
o
C the increase in NH3 conversion in the presence of 

co-fed NO is attributed entirely to reaction between NH3 and NO on the Pt/Al2O3 

component. In essence, the dual-layer ASC beneficially serves as a supplemental 

additional NOx reduction catalyst over entire 200 – 500 
o
C temperature range. 

Unfortunately, it is not nearly as selective to N2 due to the generation of N2O in the Pt-

based layer. For an equimolar feed of NH3 and NO (Fig. 5-6(c)), the NO yield is as low 

as 12% at 200 
o
C, but increases to 27% at 500 

o
C. The NO yield increase above 200 

o
C is 

attributed to consumption of NH3 through direct oxidation of NH3 to N2 and N2O at the 
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Pt/Al2O3 layer. The local maximum in NO yield obtained at 275 
o
C is the result of a 

switch in the role of the Pt/Al2O3 layer from that of NOx reduction catalyst to NOx 

generation catalyst. By 300 
o
C while the Fe-ZSM-5 emerges as the NOx consumption 

layer which leads to a slight decrease in the NO yield with temperature in this range. One 

might expect the dual-layer catalyst to behave as a pure Fe-ZSM-5 only catalyst at high 

temperature, conditions for which the NH3-SCR reaction is much faster. That is, the 

equimolar NH3 + NO mixture could potentially lead to a high conversion in the zeolite 

layer. However, the data show that some of the NH3 is still able to penetrate through the 

Fe-ZSM-5 layer to the underlying Pt/Al2O3 layer where it is oxidized. This feature alters 

the equimolar feed ratio resulting in a surplus of NO; i.e., recall the standard SCR 

reaction (R5-4) has a 1:1 NH3:NO stoichiometry. Metkar et al. [88] observed a similar 

trend during their study of NOx conversion on the dual-layer Fe- (top layer) and Cu- 

(bottom layer) zeolitic catalyst; i.e., during a an equimolar feed of NH3 and NO (in O2) 

10% lower conversion was obtained with the dual-layer catalyst compared to the Fe-

ZSM-5 only catalyst. In the current study, the bottom layer is a highly active Pt catalyst 

which oxidizes NH3 to NOx in the high temperature range. This not only consumes the 

reductant but also converts it into undesirable reactant, NO. Overall this results in a sharp 

decline in the NOx conversion for the dual-layer ASC exposed to a co-feed of NH3 and 

NO. 

Model simulations were carried out for the dual-layer catalyst experiments reported in 

Fig. 5-7 without any adjustment in the parameter values estimated from single component 

experiments. For each of the feeds, a comparison of the data and model predictions in 

Figs. 5-7(a)-(d) shows agreement in the qualitative trends for the conversion and product 
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yields. The prediction of the NH3 light-off is quite accurate while the N2O yield, at least 

to the left of the maximum, is also well predicted. The model also predicts the relative 

maximum and minimum in the N2 yield which is especially apparent for the feeds devoid 

of NO (Figs. 5-7(a), 5-7(b)). The discrepancy in experimentally-observed and model-

predicted NO yield at temperatures between 200-300 
o
C is due to an over prediction of 

the NO yield in the Pt/Al2O3 layer. On the other hand, the model over-predicts the N2 

yield primarily at the expense of an under-predicted NO yield at temperatures above 300 

o
C. A possible reason for this may be the non-uniform coating of the Fe-ZSM-5 layer on 

top of the Pt/Al2O3 layer leading to Pt/Al2O3 that is directly exposed to the flowing gas.  

This would result in the generation of NO without contact in the zeolite layer where it 

would otherwise react with counter-diffusing NH3 to N2. The under prediction of NO 

yield led to over prediction of N2 yield as N2 is the main product formed at the higher 

temperatures. 

5.4.5 Experiments and simulations of the mixed washcoat catalyst 

In our previous study [99], we showed that a mixed catalyst can achieve a higher NH3 

conversion compared to the comparable dual-layer catalyst when operated at high space 

velocity. This is attributed to the reduced detrimental transport limitation caused by the 

top SCR layer. However, a somewhat lower N2 yield was obtained. In the present study, 

we further assess the comparative performance of the mixed washcoat catalyst exposed to 

more realistic (i.e., H2O, CO2) and varied feeds (i.e., containing NO) to determine the 

generality of the earlier results and to examine the capability of the model. 
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The data in Fig. 5-8 show trends in the NH3 conversion and product yield 

dependencies on temperature that are similar to those for the dual-layer catalyst. The 

same self-inhibiting effect of NH3 on its conversion is apparent when comparing the 500 

and 200 ppm NH3 feeds, for example. For temperatures in the 225 to 300 
o
C range a 

lower N2O yield is observed for the higher NH3 concentration feed (compare Fig. 5-8(a) 

to 5-8(b)), similar to the dual-layer catalyst (Figs. 5-7(a) and 5-7(b)). However, the mixed 

washcoat catalyst gives a slightly lower N2O yield than the dual-layer catalyst for the 

same feed composition and temperature range. This trend was observed in our previous 

study and was attributed to a proximity effect of the two catalytic functions. N2O is 

formed by the reaction between adsorbed N and NO species on Pt crystallites. For the 

dual-layer catalyst, once the N2O is formed and desorbs from the Pt crystallites, it 

diffuses through the Fe-ZSM-5 top layer unaffected due to the Fe-zeolite’s low N2O 

reduction/decomposition activity at temperatures below 300 
o
C. In contrast, for the mixed 

dual component catalyst, the presence of Fe-ZSM-5 catalyst in close proximity to Pt 

crystallites facilitates the migration of NO adspecies from Pt to the Fe-ZSM-5 active 

sites, where the NO can react selectively with adsorbed NH3 to give N2. Thus, a fraction 

of the NO adspecies that would otherwise react to form N2O is consumed. This leads to a 

lower N2O yield for the mixed catalyst compared to that of the dual-layer catalyst. 

Further, a comparison between the NH3 oxidation on the mixed catalyst for the present 

study (with H2O in the feed) to the previous study (no H2O in feed) reveals higher NOx 

yield at higher temperature for the former compared to the latter. The effect of H2O 

which we discussed in section 5.4.4 for the dual-layer catalyst would appear to hold for 

the mixed catalyst as well. 
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Figure 5-8 NH3 oxidation on the mixed FeZ(1.5)Pt(10) at GHSV 66k h
-1

. (a) 500 ppm 

NH3, 5% O2, (b) 200 ppm NH3, 5% O2 (c) 200 ppm NH3, 200 ppm NO, 5% 

O2, and (d) 150 ppm NH3, 50 ppm NO, 5% O2. (Symbol: Experiment; Lines: 

Model). 
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In order to understand the performance of mixed ASC in presence of both NH3 and 

NO in the feed, experiments were carried out with NH3 to NO feed ratios of 1:1 and 3:1. 

Figs. 5-8(c) and 5-8(d) show the measured NH3 conversion and product yields for 

experiments with 200 ppm NH3 + 200 ppm NO, and 150 ppm NH3 + 50 ppm NO, 

respectively. Again, a dashed line indicates the NO yield based on the fed NO were none 

to react. For the same feed conditions, the dual-layer and mixed catalysts exhibit similar 

behavior in terms of NH3 conversion. Further, for temperatures below 250 
o
C, the NO 

yield appears to be is independent of the catalyst structure. As mentioned earlier, the 

reaction occurs primarily on the Pt/Al2O3 component at low temperature due to the 

comparatively lower activity of the Fe-ZSM-5 component. For the dual-layer catalyst the 

Pt/Al2O3 is located in the bottom layer while for the mixed catalyst the Pt/Al2O3 is 

present throughout the single washcoat. That the NH3 conversion and NO yield are both 

independent of the catalyst architecture shows that the top SCR layer does not inhibit the 

conversion at low temperatures; i.e., the conversion is essentially kinetically limited. 

The NO yield data show that while the mixed washcoat catalyst is effective in 

converting the NH3 it is only marginally effective in converting the NO. For the 

equimolar feed (Fig. 5-8(c)) the NO yield displays the same trend with temperature as the 

dual-layer catalyst (Fig. 5-7(c)). The minimal yield is achieved at 225 
o
C just after NH3 

conversion light-off. The NO yield increases at higher temperature and levels off at about 

40% for T > 300 
o
C. The mixed catalyst is clearly inferior to the dual-layer catalyst, for 

which the NO yield approaches 20% in the same temperature range. These results 

indicate that the presence of Pt/Al2O3 catalyst at the gas-solid interface facilitates the 

oxidation of NH3 directly to NO resulting in a higher NO yield. For the feed with 150 
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ppm NH3 and 50 ppm NO (Fig. 5-8(d)) the mixed catalyst behaves more like a NOx 

producing catalyst at temperature above 400 
o
C as seen by NO yield exceeding 25%. 

Overall, the presence of NO in the feed results in a rather low N2 selectivity for the mixed 

catalyst. 

The simulations carried out for the mixed washcoated catalyst cannot be considered 

as reliable because an independent experiment was not carried out to estimate the 

diffusivity. As an approximation, we used a weighted tortuosity factor of 12 based on the 

washcoat loadings of the Pt/Al2O3 and Fe-ZSM-5 components. Further, the Cpt value, 

which is estimated based on per cubic meter of washcoat was decreased by a factor of 2.5 

from the original Cpt value of (11.6 mole Pt/m
3
 wc) because to the 2.5 fold increase in 

washcoat thickness; i.e., the Cpt value given in Table 5-5 is calculated for the washcoat 

comprising a 15 μm thick Pt/Al2O3 only whereas the 38 m thick washcoat for mixed 

catalyst is diluted by the zeolite. Similarly, the Fe-ZSM-5 activity which is also based on 

per cubic meter of washcoat was decreased by 40% due to increase in washcoat thickness 

(23 µm for Fe-ZSM-5 only whereas 38 µm for mixed catalyst) by a similar factor. With 

this modification to these model parameters, the model was able to qualitatively predict 

the experimentally-observed trends in the NH3 conversion and product yields. In all 

cases, the model over-predicts the N2 yield at high temperature at the expense of NO 

yield. Similarly, at low temperatures there is some discrepancy between model-predicted 

and experimentally-observed N2O and N2 yields. 
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5.5 Conclusions 

To our knowledge, this is the first combined experimental and modeling study 

focused on the in-depth comparison between the dual-layer and mixed monolithic 

catalyst for a range of feed conditions. The study provides insight about the workings of 

the multi-functional catalyst and helps to determine which architecture is best suited for 

the range of conditions expected downstream of the SCR. The main findings of the study 

are as follows: 

 NH3 oxidation studies on Pt/Al2O3 catalyst showed very high activity of Pt 

catalyst at temperatures as low as 200 
o
C with high N2 yield. The presence of NO 

in the feed increased the low temperature activity of Pt catalyst, however shifts 

the selectivity towards undesirable product N2O. NH3 oxidation on Pt/Al2O3 is 

poorly selective to N2 at higher temperatures. 

 A reliable method was applied to estimate the effective diffusivity of ammonia in 

the porous layers by measuring the effect of inert layer thickness on the 

conversion in the transport-limited regime. 

 A predictive first-principles monolith model was developed that contains the 

relevant multi-reaction kinetics on both catalytic functions. The model predicts all 

of the trends in the data and provides insight about the factors contributing to 

these trends. 

 Ammonia oxidation on the dual-layer catalyst showed the significant increase in 

N2 yield and decrease in NOx yield at T>300 
o
C compared to Pt/Al2O3 catalyst. 

This proved that the NOx formed on the bottom Pt/Al2O3 layer was effectively 
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converted to N2 on the top Fe-ZSM-5 layer. The presence of NO in the feed 

enhanced the low temperature activity for NH3 oxidation in expense of high N2O 

yield. The dual-layer ASC catalyst acted as an additional NOx reduction catalyst 

at all temperatures. 

 Ammonia oxidation studies on mixed catalyst showed NH3 conversion similar to 

that of the dual-layer catalyst but there are noted differences in the product 

distribution. A higher N2 yield is obtained for the dual-layer catalyst for most 

conditions. For feeds containing a mixture of NH3 and NO the mixed catalyst is 

not as effective in reducing the NOx due especially at higher temperature when it 

generates NOx a fraction of which diffuses directly to the flowing gas. The mixed 

catalyst gives a somewhat lower N2O yield at 150-300 
o
C which was lower than 

that for dual-layer catalyst. 

Finally, the model developed in this study provides a tool for evaluating different 

catalyst architectures spanning a wide range of operating conditions. That work is 

progressing and will be reported in a future publication. 
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Chapter 6 Selective Oxidation of Ammonia to Nitrogen on Bi-

Functional Cu-SSZ-13 and Pt/Al2O3 Monolith Catalyst 

6.1 Introduction 

Emerging greenhouse gas (GHG) regulations require decreased CO2 and N2O 

emissions from motor vehicles. These regulations complicate the stringent NOx and 

volatile organic hydrocarbon emissions regulations. Diesel engines are gaining popularity 

due to their superior brake thermal efficiency compared to stoichiometric spark-ignited 

engines. NOx emissions generally increase as the efficiency of a diesel engine increases 

[106]. To this end, robust NOx emission control technology is required to enable the use 

of the advanced lean-burn engine technologies. Heavy duty diesel engines equipped with 

state-of-the-art selective catalytic reduction (SCR) systems meet the stringent regulations 

but require the use of reductant NH3, typically achieved through on-board conversion of 

urea. 

The selective reduction of NOx by NH3 generally proceeds via the following reactions 

[25,40,44,49–51,107]: 

R6-1: 4NH3 + 4NO + O2  4N2 + 6H2O, 

R6-2: 2NH3 + NO + NO2  2N2 + 3H2O, and 

R6-3: 4NH3 + 3NO2  3.5N2 + 6H2O. 
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Reaction R6-1, R6-2 and R6-3 are called the standard, fast and slow SCR reactions, 

respectively. The side consumption of ammonia which is undesired as it consumes 

reductant occurs through R6-4 as follows: 

R6-4: 4NH3 + 3O2  2N2 + 6H2O. 

A sophisticated urea injection system utilizing onboard sensors is designed to feed 

NH3 as needed to reduce the NOx. Unreacted NH3 can be emitted from the SCR system 

under various engine operating conditions. To minimize the slippage of ammonia, the 

catalysts have NH3 sorption capacity which is especially useful during ammonia releases. 

Metal exchanged zeolites such as Fe-BEA and Cu-SSZ-13 are effective catalysts due to 

their high respective NH3 storage and SCR activity, hydrothermal stability and very high 

N2 selectivity. In general, Cu-exchanged zeolite catalysts have a superior low temperature 

activity while Fe-exchanged zeolites are more effective at high temperature due in part to 

their lower ammonia oxidation (by O2) activity. The threshold limit value for NH3 

emission is ~10 ppm. 

Due to the need to meet this stringent limit, a highly selective and active ammonia 

slip catalyst (ASC) must be placed downstream of the SCR. Conventionally, precious 

group metal such as Pt and Rh are very active NH3 oxidation catalyst 

[24,58,59,61,63,92,96,108], which has been extensively used in industry for over a 

decade for Ostwald process. NH3 oxidation over PGM catalyst is described by following 

reactions, along with reactions R6-4: 

R6-5: 8NH3 + 8O2  4N2O + 12H2O, 

R6-6: 4NH3 + 5O2  4NO + 6H2O, and 
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R6-7: 2NO + O2  2NO2. 

Since the aftertreatment system is designed to mitigate the emission of NOx, the 

selectivity of the ASC towards NOx would decrease the overall emission abatement 

efficiency of the aftertreatment system. N2O is 270X more potent than CO2 as green-

house gas and will be subjected to future emission regulation [64]. Therefore, PGM 

catalysts alone cannot be used as the ASC. The new generation of ASC’s comprises a 

composite of oxidation and reduction components. Recent works have focused on dual-

layer architecture with Pt/Al2O3 as an oxidation component and Fe-ZSM-5 as a reduction 

component, where oxidation component is coated on the monolith wall and reduction 

component is coated on top of the oxidation component [56,67,68,70,74,90,99,100,109]. 

NH3 first penetrates through the top reduction layer which gets partially oxidized to NOx 

on the bottom oxidation layer. NOx diffuses back to the top reduction layer, where it can 

be reduced with counter-diffusing or stored NH3 to N2. 

The ASC has been a popular recent research topic. Hunnekes et al. [70] studied the 

effect of feed composition on the ASC with PGM loading of 5 g/ft
3
. They found that the 

presence of NO in the feed increased the low temperature selectivity to N2O due to the 

reaction of NH3 with NO on the Pt function. They also reported that the presence of the 

ASC downstream of a SCR catalyst provided greater flexibility to urea dosing for higher 

NOx conversion while minimizing NH3 slip. Girard et al. [56] studied NH3 oxidation in 

CDPF, Catalyzed Diesel Particulate Filter, in conjunction with ASC, and reported that an 

increase in the Pt loading decreased the light-off temperature and increase in space 

velocity increased the light off temperature. Scheuer et al. [71–73,100] developed a 

micro-kinetic model for NH3 oxidation on Pt/Al2O3 and applied a spline interpolation 
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function from pre-computed solution for ease of computation. Diffusional effects were 

ignored by using a Pt/Al2O3 layer with thickness of 10 µm. By implementing this Pt 

kinetics along with Fe-zeolite SCR kinetic in a 2-D COMSOL
TM

 model, they studied the 

effects of parameters such as washcoat thickness, effective diffusivity and catalyst bed 

length on NH3 conversion and product selectivity. Colombo et al. [67,74–76] developed a 

“Layer+Surface Model” wherein the reaction on Pt/Al2O3 was effectively modeled as a 

surface reaction in the SCR inner wall. They also developed and validated a global 

kinetic model for the Pt/Al2O3 catalyst. They used this kinetic model along with the LSM 

to quantify dual-layer catalyst data obtained from their bench scale reactor study. 

Kamasamudram et al. [69] studied the behavior of an ASC comparatively with DOC and 

SCR catalyst in order to deconstruct the behavior of ASC to its underlying catalytic 

constituents. Their study also showed that hydrothermal aging had a substantial effect on 

the SCR component of the catalyst with negligible change on the PGM component. Balaji 

et al. [68] developed a 1D + 1D model with diffusion and mass transfer between two 

layers approximated by an empirically-determined mass transfer correlation. Their model 

was able to predict the transient catalyst performance on a real engine over different test 

cycles with very low computational downtime. 

In recent work at the University of Houston, the working principle of the ASC was 

demonstrated using various loadings of Cu-ZSM-5 as the top layer and Pt/Al2O3 as the 

bottom layer [90]. The effect of Pt loading was examined by systematically varying the 

Pt loading of the Pt/Al2O3 layer while keeping all other catalyst parameter constant [99]. 

In the same study, a comparison was made between the dual-layer and mixed catalysts. 

The ASC has two different functional component with different reaction kinetics and 
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transport properties. Therefore, to elucidate the coupling between reaction and transport, 

we developed a detailed convection-diffusion-reaction model namely, 1+1D, where the 

reaction kinetics for Pt/Al2O3 and Fe-ZSM-5, and the effective diffusivity through γ-

Al2O3 and Na-ZSM-5 were tuned in a separate set of experiments. The model was able to 

predict the effect of feed composition and temperature on both dual-layer and mixed 

catalyst [109]. 

With new, more robust and active small-pore Cu-exchanged chabazite (CHA; SSZ-13 

and SAPO-34) zeolites have been recently commercialized, in this work we study the 

effect of using Cu-SSZ-13 as SCR component of the ASC. The work advances the 

understanding of ASCs using a highly active reduction component. At the same time, we 

use lower Pt loading for the oxidation component. We systematically increase SCR 

loading of the catalyst and study the effect of feed composition, space velocity and 

temperature on the NH3 conversion and product selectivity. We use two different Cu-

SSZ-13 samples, one with very low Cu loading and other with intermediate Cu loading. 

We also study the effect of catalyst architecture (dual-layer vs. mixed). Based on the 

finding, we formulate a new hybrid dual+mixed structure catalyst with a view to improve 

catalyst’s activity and selectivity while not increasing the overall Pt loading.  

6.2 Experimental 

6.2.1 Catalyst preparation and monolith washcoating 

In order to obtain a Pt loading of 2.5 g/ft
3
 along with total washcoat loading of 1.3 

g/in
3
 (monolith volume basis), incipient wetness impregnation procedure was carried out. 

The requisite amount of active metal precursor, H2PtCl6.6H2O (Sigma-Aldrich, USA), 
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was dissolved in an aqueous solution whose volume was equal to the pore volume of the 

catalyst support material. The metal containing solution was added drop-wise to γ-Al2O3 

with constant stirring to ensure proper mixing. The wet γ-Al2O3 powder was then dried in 

an oven overnight at 120 
o
C and then calcined at 550 

o
C by ramping from room 

temperature to the target temperature in 20 hours, holding at target temperature for ~5 

hour and then gradually ramping the temperature back to room temperature in ~20 hours.  

The Cu-SSZ-13 used for this study was synthesized in Chalmers University of 

Technology. The detail description on preparation of Cu-SSZ-13 powder can be found in 

[49].  The catalyst powders were coated into the monolith walls by dip coating procedure. 

The solid content, particle size, pH and viscosity of the slurry are few important 

parameters to be taken into consideration to achieve uniform coating. More details on the 

effect of these various parameters on washcoat can be found in following 

literature[10,80]. In order to coat Pt/Al2O3 powder into a monolith, first Pt/Al2O3 slurry 

was prepared by mixing 32 wt% of the Pt/Al2O3 powder, 60 wt% of deionized water and 

8 wt% of boehmite solution (20 wt% AlOOH, Nyacol Nano Technology, Inc., USA). The 

boehmite used served as a binder which improved the catalyst adherence to the monolith 

wall. The pH of the slurry was adjusted to about 3.5- 4 using 0.1N acetic acid or NH4OH. 

The slurry was ball milled for 20 hours to get particle size of 1-5 µm. Blank cordierite 

monoliths with cell density of 400 cpsi and dimensions of 1 inch diameter and 3 inch 

length were provided by BASF (Iselin, NJ). These were cut into 2 or 0.5 cm long, ~0.8 

cm diameter samples, and were washcoated by dipping the monolith into the Pt/Al2O3 

slurry for 30 seconds, and blowing off the excess slurry for 10 seconds. To obtain a 

uniform coating, the washcoating method was carried out by dipping the monolith from 
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alternating ends consecutively. The monolith was dried in an oven at 120 
o
C for 3 hours. 

The weight of the monolith before and after washcoating was measured to get the 

Pt/Al2O3 loading of the monolith. About 2 - 3 repeats of this procedure was required to 

obtain the washcoat loading of about 1.4 g/in
3
 (~15 wt%). Finally, the monolith was 

calcined at 550 
o
C for 5 hour with ramp rate of ~0.5 

o
C/min. The slow ramp rate was 

chosen to minimize the cracks formation on the washcoat surface which can occur due to 

thermal stress caused by sudden temperature excursion. 

In order to coat Cu-SSZ-13 onto a monolith, slurry of the respective catalyst powder 

was prepared by mixing the powder, water and boehmite at the mass ratio of 4:8:5. The 

pH of the slurry was adjusted to about 3.5 using NH4OH or acetic acid. The mixture was 

ball-milled for approximately 20 hours to obtain a particle size of 1-5 µm. The 

washcoating, drying and calcining procedure similar to the one described above were 

used to apply the catalyst into the monolith. 

Dual-layer catalysts were prepared by dipping Pt/Al2O3 washcoated monolith into 

slurry containing Cu-SSZ-13, then drying in an oven at 120 
o
C for 3 hours. This 

procedure was repeated until a desired loading of second catalyst was obtained, and then 

calcined. Preparing a mixed catalyst was more involved because there was some loss in 

activity of Pt catalyst when the requisite amount of Cu-SSZ-13 and Pt/Al2O3 were ball 

milled together for 20 hours, with the slurry pH adjusted to 3.5, and then washcoated into 

the monolith. Even though we were not able to explain this loss in Pt activity with 

certainty, we hypothesize this phenomenon to be caused by leaching of Pt catalyst from 

Al2O3 support and its transport to the deeper cages of Cu-SSZ-13 catalyst where it was 

inaccessible to the reacting species. In other to circumvent this problem, the Pt/Al2O3 and 
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Cu-SSZ-13 catalysts were ball milled in separate containers for 19 hours. These slurries 

were then transferred into a bigger container and ball milled together for an hour to 

ensure uniform physical mixing. The blank monolith was then coated with this mixture of 

slurry, then dried and calcined as mentioned above. 

The hybrid dual+mixed catalyst was prepared by dipping mixed catalyst prepared 

above in a Cu-SSZ-13 slurry, then drying and calcining. We also synthesized Pt/Al2O3 

base catalyst with similar Pt loading but without any Cu-SSZ-13 top layer for reference. 

The freshly-prepared monolith catalysts consisting of Pt/Al2O3 were reduced at 500 
o
C 

for 30 min with 2% H2 and balance Ar at total flow rate of 1000 sccm. Finally, the 

catalysts were degreened at 650 
o
C for 2 hours with 5% O2 and balance Ar at the total 

flow rate of 1000 sccm. 

6.2.2 Catalyst characterization 

The catalyst powder was characterized by using various techniques. Inductively 

coupled plasma atomic emission spectroscopy analysis (Galbraith Laboratories Inc., 

USA) was used to quantify the amount of Cu, Si, Al or Pt in the Cu-SSZ-13 or Pt/Al2O3 

powder, respectively. The dispersion of Pt on a Pt/Al2O3 catalyst was measured by using 

H2 chemisorption in Micromeritics Accelerated Surface Area and Porosimetry System 

(ASAP2020). This unit was also used to measure the BET surface area, pore size 

distribution and pore volume of the Pt/Al2O3 powder. The crystallinity of Pt/Al2O3 and 

Cu-SSZ-13 catalysts used was verified using a Siemens D5000 which also confirmed that 

there was no change in crystallinity of γ-Al2O3 after Pt impregnation. Table 6-1 provides 

details on the catalyst properties used for this work. 
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Table 6-1 Characteristics of the catalyst powder used to synthesize monolith 

Cu-SSZ-13 (low loading) 

Si/Al 3.56 

Cu wt% 3.1 

Cu/Al 0.16 

Cu-SSZ-13 (high loading) 

Si/Al 3.53 

Cu wt% 5.71 

Cu/Al 0.34 

Pt/Al2O3 

Pt wt% 0.116 

Dispersion 40% 

Pore Volume 0.45 cm
3
/g 

BET surface area 185 m
2
/g 

6.2.3 Steady-state experiments 

A bench scale reactor set-up was used to carry out the experimental study. This 

experimental set-up consisted of (i) a gas supply system, (ii) a reactor system, (iii) an 

analytical system and (iv) a data acquisition system. The details on the experimental set-

up used in this study is described elsewhere [81]. Two different 400 cpsi monolith of 

lengths 2 cm and 0.5 cm with 28 channels, were used for the study; this resulted in space 

velocities of 66k h
-1

 and 265k h
-1

, respectively. To ensure a proper seal, the monolith 

catalyst was wrapped on a FiberFrax ceramic paper and inserted into the quartz tube. The 

quartz tube was placed inside a Mellen (model SC11) single zone heating furnace. The 

feed temperature was measured by placing a K-type thermocouple approximately 1 cm 
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upstream of monolith inlet and monolith temperature was measured by placing a 

thermocouple at the approximate mid-point (radial and axial) of the monolith. 

In order to understand the effect of feed composition on performance of ASC, we 

studied feed containing 500 ppm NH3 + 5% O2 and 500 ppm NH3 + 500 ppm NO + 5% 

O2 along with 2.5% H2O, 2% CO2 and balance Ar. A Thermo-Nicolet Nexus 470 FTIR 

was used to measure effluent gases including NO, NO2, N2O and NH3. These 

concentrations were measured by FTIR at the constant temperature and pressure of 140 

o
C and 880 mmHg. OMNIC software was used to collect data from FTIR. All gas lines 

were heated to temperature above 200 
o
C to avoid adsorption/condensation of water and 

ammonia. The N2 concentration was not measured but determined with an overall N 

balance. 

In this work, we calculate NH3 conversion and product selectivity using following 

expressions: 

                
              

      
    ,      (6-1) 

For feed containing NH3+NO+O2, 
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    ,      (6-3) 
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For feed containing NH3+O2, 
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The experiments spanned individual component monolith catalysts, dual-layer and 

mixed washcoated catalysts, and hybrid dual layer+mixed catalysts. Detailed 

specifications of all the monolith catalysts used for this work are provided in Table 6-2. 

The individual component experiments involved separate monoliths comprising Pt/Al2O3 

and Cu-SSZ-13 washcoats, the latter of which included two different Cu loadings. Dual-

layer catalysts comprised a Cu-SSZ-13 top layer and a Pt/Al2O3 base layer.  The impact 

of the top layer thickness on the performance was assessed as a function of temperature at 

two different space velocities while keeping the Pt/Al2O3 loading constant. These 

catalysts were labeled as CuZ(XX)Pt(YY), where XX denotes the washcoat loading of 

the Cu-SSZ-13 top layer and YY denotes the Pt loading in the base Pt/Al2O3 layer. The 

impact of layering was assessed by preparing a mixed Cu-SSZ-13 + Pt/Al2O3 having the 

same loadings as the dual-layer catalyst. This catalyst was studied at the same set of 

space velocities and feed compositions as the dual-layer catalyst. Finally, with the aim of 

improving the product selectivity of the mixed catalyst, we coated the mixed catalyst 

synthesized above with an additional Cu-SSZ-13 catalyst to obtain a hybrid of 

dual+mixed catalyst. We probed this catalyst under our reaction conditions to understand 

the light-off behavior and product selectivity. 
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Table 6-2 Detail description on the catalyst used. 

Sample 

Name 

Pt Loading 

(g/ft
3
 monolith) 

Pt/Al2O3 Loading 

(g/in
3

 

monolith) 

Cu-SSZ-13 

Loading 

(g/in
3
 monolith) 

Pt(3) 2.7 1.4 0 

Cu-SSZ-13 0 0 1.5 

CuZ(0.85)Pt(3) 2.8 1.4 0.85 

CuZ(1.5)Pt(3)
a
 2.6 1.3 1.5 

CuZ(1.5)Pt(3)_high
b
 2.6 1.3 1.5 

CuZ(3)Pt(3) 2.8 1.4 3 

Hybrid
c
 2.7 1.4 2.2 

a
 Cu wt% in Cu-SSZ-13 used ~3.11 

b
dual layer and mixed catalysts and Cu wt% in Cu-SSZ-13 used ~5.71 

c
0.7 g/in

3
 of Cu-SSZ-13 coated on top of mixed CuZ(1.5)Pt(3) 

6.3 Results and Discussion 

6.3.1. Steady-state Cu-SSZ-13 activity 

In order to quantify the activity and performance features of the synthesized Cu-SSZ-

13 catalysts, we conducted experiments with four different feed compositions with gas 

hourly space velocities of 66k h
-1

 and 265k h
-1

. Figure 6-1 shows the results obtained for 

the Cu-SSZ-13 catalyst with the lower Cu loading (Cu/Al = 0.16). Fig. 6-1(a) shows NH3 

and NOx conversions and effluent N2O concentration as a function of catalyst 

temperature for a standard SCR feed (500 ppm NH3, 500 ppm NO and 5% O2) at a 

GHSV 66k h
-1

 . The results indicate an active catalyst with NH3 and NOx conversions of 

50% at 200 
o
C. The conversions reached 90% at 250 

o
C and achieved identical maximas 

of 94% at 300 
o
C. A slight decrease in the conversions is evident with increasing 
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temperature with the ammonia conversion slightly exceeding that of NOx. These results 

are typical of Cu-SSZ-13 which is known for its high NOx reduction activity even at low 

temperatures [42,51,110,111]. The limiting high temperature conversion is not the result 

of an external mass transfer limitation, but a combination of external mass transport and 

washcoat diffusion limitation. The calculated value of transverse Peclet number, defined 

as a ratio of transverse diffusion time to convection time, for the given operation 

condition is 0.05 at 350 
o
C, which suggests that at purely external mass transfer regime 

the conversion of limiting reactant should be unity. To prove this point, both the NH3 and 

NOx conversions reached 100% at 250
o
C when the GHSV was halved. The trend that the 

NH3 conversion was slightly higher than NOx conversion at temperature above 350 
o
C is 

attributed to consumption of NH3 by direct oxidation by O2. The product selectivity was 

nearly 100% to N2. As Fig. 6-1(a) shows a very small quantity of N2O was formed. The 

effluent N2O concentration exhibited a maximum at 300 
o
C and a minimum at 450 

o
C 

[48,49,111]. This trend suggested two different N2O formation mechanisms. Olsson et al. 

attributed the low temperature N2O formation through ammonium nitrate formation and 

decomposition and the high temperature N2O formation to NH3 SCR reaction on Cu sites 

located in the larger cages of Cu-SSZ-13 [49].  

We also studied the activity of Cu-SSZ-13 for direct NH3 oxidation by O2. The low 

loading Cu-SSZ-13 sample was found to be a poor NH3 oxidation catalyst with the NH3 

conversion only achieving 20% at 530 
o
C, as seen in Figure 6-1(b). It is generally 

accepted that direct NH3 oxidation is catalyzed by extra framework CuxOy clusters or Cu 

dimers [48–51,112]. Since the Cu-SSZ-13 used in this work is under exchanged with Cu, 

i.e., Cu/Al ~0.16, the amount of CuxOy or Cu dimers is expected to be low. This explains 
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the low NH3 oxidation activity. The NH3 conversion trend with temperature clearly 

shows that NH3 oxidation has two different activation energy at low and high 

temperatures in agreement with Gao et al. [113]. Olsson et al. attributed the low 

temperature NH3 oxidation to isolated Cu in 6 member rings and the high temperature 

NH3 oxidation to Cu in larger cages [49].  

 

 

Figure 6-1 NH3 and NOx conversion, and N2O outlet concentration of Cu-SSZ-13, Cu 

wt% 3.1, at GHSV 66k h
-1

 (a) 500 ppm NH3, 500 ppm NO, 5% O2, (b) 500 

ppm NH3, 5% O2, and (c) 500 ppm NO, 5% O2. 
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The oxidation of NO to NO2 is considered to be beneficial for SCR reaction as NO2 

speeds up NOx reduction rate through the fast SCR pathway [112]. We studied NO 

oxidation activity of this catalyst by feeding 500 ppm NO and 5% O2. As seen in Figure 

6-1(c), this catalyst has negligible NO oxidation activity. This finding is in agreement 

with the finding of Verma et al. who reported negligible NO oxidation activity when 

Cu/Al is below 0.2 [114]. Below this ratio most of the Cu is located inside 6 member 

rings in the form of isolated Cu ions with a negligible fraction in the form of CuxOy. NO 

oxidation is postulated to require sites that can accommodate O2 adsorption and 

dissociation, which may only be feasible on CuxOy. Therefore, the absence of CuxOy 

cluster in the Cu-SSZ-13 is directly correlated to the negligible NO oxidation activity. It 

is noted that while NO oxidation activity is low, this does not rule it or related reaction 

out in the presence of NH3. 
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Figure 6-2 NH3 and NOx conversion, and N2O outlet concentration of Cu-SSZ-13, Cu 

wt% 3.1. (a) 500 ppm NH3, 375 ppm NO, 125 ppm NO2, 5% O2, GSHV 66k 
-

1
 (b) 500 ppm NH3, 375 ppm NO, 125 ppm NO2, 5% O2, GHSV 265k h

-1
 and 

(c) 500 ppm NH3, 500 ppm NO, 5% O2GHSV 265k h
-1

. 
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Figure 6-3 NH3 and NOx conversion, and N2O outlet concentration of Cu-SSZ-13, Cu 

wt% 5.71, at GHSV 66k h
-1

 (a) 500 ppm NH3, 500 ppm NO, 5% O2, (b) 500 

ppm NH3, 5% O2, and (c) 500 ppm NO, 5% O2.  

The effect of the feed NO2/NOx ratio was studied with results shown in the Figure 6-

2. A feed containing 500 ppm NH3, 375 ppm NO, 125 ppm NO2 and 5% O2 resulted in 
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the conversion results shown in Figure. 6-2(a). The NH3 and NOx conversions increased 

about 10% at low temperatures with a slight increase in the effluent N2O concentration. 

We also studied the activity of Cu-SSZ-13 at the higher GHSV of 265k h
-1

 under all the 

feed conditions mentioned above. As seen in Figure 6-2(b) and (c), besides decrease in 

overall conversion due to increase space velocity, the qualitative trends on NH3 and NOx 

conversion remained the same therefore are not discussed in this section. 

We examined the impact of a higher loading Cu-SSZ-13 catalyst that is more 

representative of commercial Cu-SSZ-13 catalysts. Figure 6-3 shows the results for the 

Cu-SSZ-13 catalyst with the higher Cu loading (Cu/Al = 0.34; 5.71 wt% Cu). Figure 6-

3(a) shows NH3 and NOx conversions, and N2O effluent concentration for the same 

standard SCR feed and GHSV as for the lower Cu loading sample (Fig. 6-1). The higher 

Cu loading resulted in a 10% higher NH3 and NOx conversion and similar N2O yield. 

Bates et al. [115] reported an increase in the turnover frequency (TOF) for standard SCR  

as the Cu/Al ratio was increased from 0 to 0.2. A further increase in Cu/Al resulted in a 

decreased TOF. Complete conversion of NH3 was achieved above 250 
o
C (confirming the 

absence of external mass transfer limitations) while the NOx conversion achieved a 

maximum value of 99% at ~300 
o
C., As before, the higher conversion of NH3 compared 

to NOx at temperatures above 300 
o
C are attributed to overconsumption of NH3 by the 

oxidation side reaction. Overall, the increase in Cu loading greatly increased its NH3 

oxidation capability. The ammonia oxidation results shown in Figure 6-3(b), reveals a 

local maximum (minimum) at 300 
o
C (400 

o
C) with two distinct activation energy for 

NH3 oxidation on its either side. This feature is attributed to competition between the rate 

of NH3 desorption and rate of NH3 oxidation on isolated Cu ions and CuxOy clusters [51]. 
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The NO oxidation results shown in Fig. 6-3(c) indicate a somewhat higher activity than 

achieved with the lower loading catalyst (Fig. 6-1(c)). It is well known that presence of 

H2O inhibits the NO oxidation activity of Cu-SSZ-13. The NO oxidation conversion 

obtained under wet condition is in agreement to results from the earlier study by Metkar 

et al. on commercial Cu-SSZ-13 catalyst provided by BASF [50]. In addition, as reported 

by Verma et al. [114], above Cu/Al ratio 0.2 the additional Cu can exist as CuxOy 

clusters. These clusters facilitate O2 adsorption and dissociation which is considered to be 

an important intermediate step for NO oxidation. 

6.3.2. NH3+O2: Effect of Cu-SSZ-13 loading on dual-layer ASC 

In our previous work, we studied the effect of Pt loading of the dual-layer ASC on the 

NH3 oxidation activity in the feed devoid of NO [99]. The reduction catalyst used in that 

study was Fe-ZSM-5. In another study, we reported the effect of a varying Cu-ZSM-5 

loading of the dual-layer catalyst on NH3 conversion and product selectivity [90]. 

Moreover, that study was performed under dry conditions. The presence of H2O in feed 

has little effect on activity of PGM component of the ASC but can affect the activity of 

SCR component. Moreover, a rather high Pt loading was used (10 g/ft
3
). To address these 

issues, we use a low Pt loading of ~2.7 g/ft
3
 and include 2.5% H2O and 2% CO2 to 

achieve a more realistic exhaust condition. Finally, ASCs are add-ons to the SCR catalyst 

of the aftertreatment system, so they are usually smaller in volume compared to the SCR 

catalyst. In order to understand the activity of ASC across broad range of flow conditions, 

we considered a range of space velocities, 66k h
-1

 and 265k h
-1

.  
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In order to elucidate the effect of Cu-SSZ-13 loading, three dual-layer ASC samples 

with the same Pt/Al2O3 loading but varying Cu-SSZ-13 loading were used (Table 1). The 

Cu-SSZ-13 used had the lower Cu loading of 3.1 wt%. Figure 6-4(a)-(d) respectively 

show NH3 conversion and product selectivities (NOx, N2, N2O) for this series of catalyst 

for GHSV = 66k h
-1

 and reactant concentrations of 500 ppm NH3 and 5% O2 The results 

for Pt(3) are shown for reference. Figure 6-4(a) includes the data for Cu-SSZ-13. Each of 

the catalysts containing Pt show a steep increase in NH3 conversion at temperature of 

~225 
o
C which conveys the activity of the precious metal. The NH3 conversion for Pt(3) 

sample reaches 100% at 285 
o
C while the other approach 100% at higher temperatures 

with increasing Cu-SSZ-13 loading. For example, CuZ(0.85)Pt(3), CuZ(1.5)Pt(3) and 

CuZ(3) Pt(3) achieved complete NH3 conversion at 310, 330 and 380 
o
C, respectively. 

This trend clearly suggests that Cu-SSZ-13 layer impedes the Pt-catalyzed ammonia 

oxidation and is acting as a barrier to the diffusion of the limiting reactant NH3. A thicker 

SCR layer (higher loading) increases the transport resistance since the diffusion time is 

proportional to the square of the thickness. The NH3 oxidation activity of Cu-SSZ-13 

catalyst is seen to be very low, underscoring its role as a barrier. 

While the ammonia conversion was only slightly impacted by the Cu-SSZ-13 

loading, the product distribution was significantly impacted. Figure 6-4(b) shows NOx 

selectivity as a function of temperature for each of the Pt-containing catalysts. The 

overall results are qualitatively consistent with previous findings for the Cu-ZSM-5 and 

Pt/Al2O3 dual layer catalyst. [90]. The NOx selectivity increases monotonically with 

temperature for each sample. NOx formation commences only after light-off with the 

commencement temperature increasing with Cu-SSZ-13 loading. For Pt/Al2O3, NOx 
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appears at ~250 
o
C, and reaches 90% at 525 

o
C. The addition of Cu-SSZ-13 with the 

lowest loading (0.85 g/in
3
) results in a decrease NOx selectivity to 40% at 525 

o
C. This 

trend verifies that some of the NOx formed in the underlying Pt/Al2O3 layer is reduced in 

the Cu-SSZ-13 top layer. NOx selectivity further decreases at all temperatures with 

increased Cu-SSZ-13 loading. Clearly, the thicker Cu-SSZ-13 layer provides a longer 

diffusion length and additional catalytic sites for additional NOx reduction. It is worth 

mentioning that except for the Pt(3) sample, the NO2 effluent concentration for each of 

the dual-layer catalysts are negligible. This suggests that NO2 formed in the Pt/Al2O3 

layer is rapidly consumed in the Cu-SSZ-13 layer via the fast SCR pathway. 

Figure 6-4(c) shows N2 selectivity for each of the catalysts, each of which exhibited 

close to 100% selectivity towards N2 at 225 
o
C. The N2 selectivity for Pt(3) decreases 

monotonically at higher temperatures, which is consistent with the well-established 

behavior of Pt catalysts [71,109]. However, dramatic improvement in N2 selectivity is 

observed for dual-layer catalysts at temperatures above 275 
o
C. The appearance of a local 

minimum in the N2 selectivity vs. temperature plot was also reported in our previous 

work [109]. This feature is caused by a switch in the reaction pathway as a result of the 

two coupled catalysts. At lower temperature, N2 formation is the favored product of 

Pt/Al2O3-catalyzed NH3 oxidation while at higher temperature N2 is the favored product 

through its reduction by counter-diffusing NH3 in the Cu-SSZ-13 top layer. The shallow 

N2 selectivity maximum at temperatures above 300 
o
C for the dual-layer catalysts is a 

result of the low activity of the Cu-SSZ-13 for direct oxidation of NH3 by O2. This shifts 

the ammonia oxidation to the underlying Pt/Al2O3 layer which is highly selective to NOx 

at higher temperatures, resulting in slightly decreased N2 selectivity. Overall, N2 
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selectivity of the dual-layer catalyst increased at temperatures above 250 
o
C as the Cu-

SSZ-13 loading was increased. 

It is evident from Figure 6-4(d) that each of the catalysts exhibit similar N2O 

selectivity below 250
o
C with a notable N2O selectivity maximum between 250 and 300 

o
C. At higher temperatures the dual-layer catalysts have lower N2O selectivity than the 

Pt-only sample. Previous studies have shown that NO is an important intermediate 

species for N2O formation on Pt catalysts with reaction between adsorbed NO and N 

being a primary reaction step [58,61]. A few studies have also reported N2O formation 

may occur through reaction between NO and NH3 [76]. In the current experiments the 

feed is devoid of NO; as a result, adsorbed NO likely forms from reaction between 

adsorbed O and NHx species and then reacts with adsorbed N. Alternatively, NO may 

desorb and react with NH3 elsewhere. In the presence of the highly active Cu-SSZ-13, 

NO may react with NH3 in high selectivity to N2., Thus, the dual-layer catalyst provides a 

more selective pathway which results in a reduction in the N2O selectivity. The data 

reveal that a higher loading of Cu-SSZ-13 benefits N2 selectivity. Finally, it is also likely 

that the NH3 that reacts with NO in the Cu-SSZ-13 layer serves to reduce the overall flux 

of NH3 to the underlying Pt/Al2O3 layer, which can contribute to the decreased N2O 

selectivity for the dual-layer catalysts. 

A higher space velocity was used to assess the catalyst performance since, as noted 

earlier, it is desirable to reduce the overall volume of the ASC. Figure 6-5(a)-(d) shows 

results for a GHSV of 265k h
-1

. For each of the three catalysts the light-off temperature is 

higher than that obtained for GHSV of 66k h
-1

. Other notable differences include the 

more gradual increase in the NH3 conversion with temperature and the much lower 
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conversion levels at high temperature. Specifically for Pt(3), the NH3 conversion trend 

suggest the onset of mass transfer limitations, both external to and within the catalytic 

layers; i.e., boundary layer and washcoat diffusion limitations. For the given condition, 

we calculated the transverse Peclet number to be 0.22 at 350 
o
C. This value of Peclet 

number close to 1 suggests that the conversion of limiting reactant will be close to 

complete (100%) in the limit of external mass transfer limitation. In order to calculate the 

limiting conversion for the case of mass transfer limitation, we used the expression given 

by Balakotaiah et al. [116] which is valid for the flat velocity profile and finite axial 

Peclet number, ratio of axial diffusion time to convection time (Pea= 72 at 350
o
C). At 350 

o
C, the limiting conversion was calculated to be 97%. The experimentally observed NH3 

conversion for Pt(3) at 350 
o
C is about 87%. These results further verifies above claims 

about the significance of that both external and washcoat diffusion limitation. With the Pt 

loading of the catalysts quite low, it is possible that the catalysts did not achieve complete 

external mass transfer regime but rather operated in a mixed regime. This phenomenon 

has also been suggested by Joshi et al., for Pt/Al2O3 catalyst, and Metkar et al., for Fe-

ZSM-5 catalyst, in their previous study [86,105,117].  

The detrimental effect of adding Cu-SSZ-13 layer on top of Pt/Al2O3 layer is very 

distinct at the higher space velocity. NH3 conversion decreases from 90% for Pt(3) to 

75% and 60% for CuZ(1.5)Pt(3) and CuZ(3)Pt(3), respectively. This trend clearly shows 

that the added Cu-SSZ-13 top layer serves as a mass transfer barrier to NH3 diffusing to 

the Pt/Al2O3 bottom layer. The NOx selectivity and N2 selectivity trends are qualitatively 

similar to those for the low space velocity experiments. NOx selectivity decreased and N2 

selectivity increased with increase in Cu-SSZ-13 loading. Similarly, the N2O selectivity 
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for the dual-layer catalysts is lower than that for the Pt(3) catalyst, with not much 

difference between N2O yield for CuZ(3)Pt(3) and CuZ(1.5)Pt(3).  
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Figure 6-4 NH3 conversion and product selectivity of various catalyst at feed condition 

of 500 ppm NH3, 5% O2, 2.5% H2O, 2% CO2 and GHSV 66k h
-1

. (a) NH3 

conversion, (b)NOx selectivity, (c) N2 selectivity and (d) N2O selectivity. 
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Figure 6-5 NH3 conversion and product selectivity of various catalyst at feed condition 

of 500 ppm NH3, 5% O2, 2.5% H2O, 2% CO2 and GHSV 265k h
-1

. (a) NH3 

conversion, (b)NOx selectivity, (c) N2 selectivity and (d) N2O selectivity. 
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Figure 6-6 Effluent N2 concentration of various dual-layer catalyst at feed condition of 

500 ppm NH3, 5% O2, 2.5% H2O, 2% CO2, bal. Ar. GHSV 265k h
-1

. 

An interesting result shown in Figure 6-6 is the dependence of the effluent N2 

concentration vs. temperature for each of the catalysts. The data show a higher N2 outlet 

concentration for CuZ(1.5)Pt(3) than CuZ(3)Pt(3) at temperatures between 300 and 450 

o
C. Apparently the combination of a higher NH3 conversion and higher N2 outlet 

concentration suggests that the CuZ(1.5)Pt(3) catalyst performed better in this 

temperature range. This shows that higher Cu-SSZ-13 does not always lead to higher N2 

yield under all conditions. This points to the fact that design of ASC can be a complicated 

issue. We return to this topic in a subsequent section. In summary, we can confidently 
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conclude that there is trade-off between NH3 conversion and N2 selectivity due to the 

addition of SCR layer on top of PGM layer.  

6.3.3. NH3+NO+O2: Effect of Cu-SSZ-13 loading on dual-layer ASC 

In practice, the ASC is exposed to a mixture of NH3 and NO so understanding its 

performance with such a feed mixture is necessary. To this end, a gas mixture containing 

reactants 500 ppm NH3, 500 ppm NO and 5% O2 was fed to the same series of catalysts 

at space velocities of 66k h
-1

 and 265k h
-1

. In our previous work [109], we reported the 

effect of co-feeding NH3 and NO to dual-layer catalyst comprising Fe-ZSM-5 and 

Pt/Al2O3. In that work, we observed some improvement in the low temperature NH3 and 

NOx conversions due to the presence of NO but this was accompanied by a significant 

increase in the N2O yield at temperatures below 250 
o
C. Due to the rather low standard 

SCR activity of Fe-ZSM-5 in this temperature range the N2O formation was attributed to 

the reaction of NH3 and NO in the Pt/Al2O3 layer. These were two of the motivators to 

study the more active Cu-SSZ-13 as an alternative ASC material. 

Figure 6-7 shows the conversion and product distribution results for the NH3 + NO + 

O2 feed. A significant increase in the NH3 conversion over that obtained in the absence of 

feed NO is evident at temperature below 300 
o
C. This is a direct result of the Cu-SSZ-13 

standard SCR activity at temperatures as low as 150 
o
C. Increasing the Cu-SSZ-13 layer 

thickness increases the NH3 conversion at low temperatures. These results are in contrast 

to those obtained for the NH3 + O2 feed (Figs. 6-4 and 6-5) in which Cu-SSZ-13 mainly 

served as an inert mass transfer barrier. The corresponding NOx conversion obtained for 

each of the catalysts is shown in Figure 6-7(b). With NO serving as a reactant and 
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product, the NOx conversion achieves a maximum and can even be negative. For 

example, for the Pt(3) catalyst NO is net converted at temperatures below ~320 
o
C (XNOx 

> 0) but is net produced at higher temperatures (XNOx < 0). These trends simply illustrate 

that Pt/Al2O3 is an active low temperature SCR catalyst. As shown earlier (Fig. 6-4), NOx 

formation by NH3 oxidation (by O2) commences at temperatures above ~250 
o
C; this 

accounts for the conversion maximum. The addition of 0.85 g/in
3
 of Cu-SSZ-13 on top of 

Pt/Al2O3 layer enhances the low temperature NOx conversion as well as moves the 

negative NOx conversion region to temperature above 450 
o
C. Further increases in the 

Cu-SSZ-13 loading increase the overall NOx conversion at all temperatures, with the 

dual-layer catalyst acting as a supplemental NOx reduction catalyst. A comparison of the 

Cu-SSZ-13(1.5) and CuZ(1.5)Pt(3) data show that that a fraction of the NH3 is able to 

penetrate through the Cu-SSZ-13 top layer to the underlying Pt/Al2O3 layer. For example, 

as evidenced by the slightly higher low temperature conversions of NH3 and NOx for the 

latter compared to the former. In addition, the N2O formation trend at lower temperature 

for the dual-layer samples which is negligible for single layer Cu-SSZ-13 serves as a 

second set of evidence of a fraction of NH3 and NOx reacting on the bottom Pt/Al2O3 

layer. NOx formation at higher temperature provides further evidence at higher 

temperature. The extent of penetration depends on the thickness of the Cu-SSZ-13 top 

layer and its intrinsic activity. A result of the NOx formation is the alteration in the 

equimolar feed ratio resulting in a surplus of NOx. We reported a similar trend in our 

earlier study of NH3 SCR on the dual-layer Fe-ZSM-5/Pt/Al2O3 catalyst [109]; i.e., during 

an equimolar feed of NH3 and NO (in O2) 40% lower conversion was obtained with the 

dual-layer catalyst compared to the Fe-ZSM-5 catalyst at 500 
o
C. In the current study, the 
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bottom layer is sufficiently active to oxidize NH3 to NOx in the high temperature range. 

This not only consumes the reductant but also converts it into undesirable reactant, NOx. 

Overall this results in a sharp decline in the NOx conversion for the dual-layer ASC 

exposed to the co-feed of NH3 and NO. An increase in Cu-SSZ-13 loading of dual-layer 

catalyst makes it difficult for NH3 to penetrate to the bottom Pt/Al2O3 layer, thus 

minimizing the undesired oxidation of NH3 to NOx, resulting in higher NOx conversion.  

Figure 6-7(c) and 6-7(d) show the N2 selectivity and N2O selectivity, respectively. A 

minimum in the N2 selectivity plot and maximum in the N2O selectivity plot for Pt(3) is 

seen at 210 
o
C. At temperature above 210 

o
C, the competitive side reaction between NH3 

and O2 leads to an increase in the N2 selectivity which results in a decrease in the 

selectivity to N2O, which is formed by the reaction between NH3 and NO on the precious 

metal catalyst. A further increase in the temperature above 250 
o
C leads to a decrease in 

the N2 selectivity of reaction between NH3 and O2 with a similar gradual decrease in N2O 

selectivity as mentioned earlier. Adding Cu-SSZ-13 on top of the Pt/Al2O3 results in an 

increase in the N2 selectivity and a decrease in N2O selectivity. The changes increase in 

magnitude with the Cu-SSZ-13 loading. In summary, the Cu-SSZ-13 serves as an active 

and selective medium that catalyzes the reduction of NOx to N2 in the presence of NH3. It 

also serves as a barrier to the nonselective oxidation of NH3 (by O2) on Pt/Al2O3 layer 

under standard SCR feed condition. Therefore, contrary to earlier findings, the Cu-SSZ-

13 layer benefits both the NH3 and NOx conversion as well as the N2 selectivity. The 

same cannot be said for Fe-exchanged zeolite catalyst [109]. 
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Figure 6-7 NH3 conversion and product selectivity at feed condition of 500 ppm NH3, 

500 ppm NO, 5% O2, 2.5% H2O, 2% CO2, GHSV 66k h
-1

. (a) NH3 

conversion, (b)NOx selectivity, (c) N2 selectivity and (d) N2O selectivity. 
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Figure 6-8 NH3 conversion and product selectivity at feed condition of 500 ppm NH3, 

500 ppm NO, 5% O2, 2.5% H2O, 2% CO2 and GHSV 265k h
-1

. (a) NH3 

conversion, (b)NOx selectivity, (c) N2 selectivity and (d) N2O selectivity. 
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We also studied the equimolar feed at 265k h
-1

 in order to understand the generality 

of the trends at shorter contact time. The data are shown in Figure 6-8. The single 

component Cu-SSZ-13 is shown to assess the contribution of the Pt/Al2O3 base layer. The 

NOx conversion plot for Pt(3)is qualitatively similar to the one obtained at 66k h
-1

. For 

example, there is a local NOx conversion maximum at intermediate temperature, although 

it is not as prominent as that obtained at the lower space velocity. Pt(3) serves as a NOx 

reduction catalyst at temperatures below 350 
o
C, and as NOx generation catalyst at higher 

temperatures. The addition of the Cu-SSZ-13 layer on top of the Pt/Al2O3 increases the 

low temperature NH3 and NOx conversions which is due to the intrinsic SCR activity of 

Cu-SSZ-13. Similar NH3 and NOx conversions are obtained for both CuZ(3)Pt(3) and 

CuZ(1.5)Pt(3) at temperatures below 300 
o
C while at higher temperatures CuZ(1.5)Pt(3) 

exhibited higher NH3 conversion than CuZ(3)Pt(3) and CuZ(1.5) but lower than Pt(3). 

Similarly, NOx conversion for CuZ(3)Pt(3) is higher than CuZ(1.5)Pt(3) but lower than 

CuZ(1.5). These trends in NH3 and NOx conversion suggest that NH3 is not only being 

consumed by the NH3 SCR reaction but also by NH3 oxidation by O2 on the bottom 

Pt/Al2O3 layer. This trend in NOx conversion was similar to that observed for low space 

velocity. Similarly, N2 selectivity is higher and N2O selectivity lower over the entire 

temperature range for catalyst with higher Cu-SSZ-13 loading.  

The NH3 conversion for Cu-SSZ(1.5) exceeds that for Pt(3) at for temperatures below 

275 
o
C but above that temperature the Pt(3) conversion significantly exceeds that 

obtained for Cu-SSZ(13). As discussed earlier, Cu-SSZ-13 is nearly completely selective 

to N2. Moreover, the NH3 and NOx conversions are nearly equal showing that the 

standard SCR reaction is dominant. Inspection of the conversion data for the 
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CuZ(1.5)Pt(3) dual-layer catalyst at high temperature reveals the contribution of active Pt 

catalyst. That is, in spite having the same loading as Cu-SSZ(1.5), the CuZ(1.5)Pt(3) has 

a high temperature NH3 conversion approaching that of Pt(3). Indeed, the sharply 

declining NOx conversion at high temperature, and departure from the corresponding 

NH3 conversion, indicates the onset of NH3 oxidation to NOx. That the CuZ(3)Pt(3) has a 

NOx conversion that is closer to that of Cu-SSZ(1.5) indicates a lower fraction of the NH3 

penetrates to the underlying Pt layer. The high N2 selectivity achieved with the dual-layer 

catalysts is further evidence of the standard SCR reaction occurring in the Cu-SSZ-13 top 

layer between NH3 and NO from the bulk gas, augmented by reaction between counter 

diffusing NH3 and NOx produced in the Pt layer. In summary, the results for the dual-

layer ASC catalysts underscore that the catalyst design requires careful consideration of 

the feed gas composition from upstream SCR catalyst. 

6.3.4. Dual-layer vs. mixed catalyst 

As mentioned above, the dual-layer architecture significantly improves the N2 

selectivity of NH3 oxidation but comes at the expense of decreasing the overall NH3 

conversion which is most notable at high space velocity. With the goal of achieving high 

NH3 conversion while maintaining a high N2 selectivity, we studied the effectiveness of a 

mixed washcoat dual-component catalyst as an alternative to the dual-layer architecture. 

In our earlier study for mixed catalyst comprising Fe-ZSM-5 and Pt/Al2O3, we showed 

that the N2O yield was slightly lower compared to the dual-layer catalyst, whereas the 

NOx yield at higher temperature was higher. However, the catalyst architecture had no 

effect on NH3 conversion at GHSV = 66k h
-1

, with both dual-layer and mixed catalyst 

showing similar NH3 conversion trend across the temperature. For this study, we used the 
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Cu-SSZ-13 with the higher Cu loading of 5.7 wt% to access the effect of catalyst 

washcoat architecture. 

Before presenting the results the comparison between dual-layer and mixed 

architectures, it is instructive to assess the activity differences between the dual-layer 

catalysts with the same Cu-SSZ-13 and Pt/Al2O3 loadings but different Cu wt%. As can 

be seen from Figures 6-4 and 6-9(a) (Figures 6-7 and 6-10(a)), for feeds without (with) 

NO the main benefit of Cu-SSZ-13 with the higher Cu loading is a lower selectivity to 

NOx (higher NOx conversion) and higher selectivity to N2 at high temperatures. This 

difference is due to its higher NOx reduction activity than that for the Cu-SSZ-13 with the 

lower Cu loading. A similar conclusion can be drawn when comparing the catalysts at 

higher space velocity without much difference in NH3 conversion or N2O selectivity. 

Figures 6-9 and 6-10 show the NH3 conversion and product selectivity data for the 

dual-layer (Figs. 6-9a, 6-10a) and mixed catalyst (Figs. 6-9b, 6-10b) at GHSV 66k h
-1

 for 

feeds consisting of only NH3 (Fig. 6-9) and equimolar amount of NH3 and NO (Fig 6-10). 

Both catalysts show similar NH3 conversion behavior, which suggests that the effect of 

diffusional resistance of the Cu-SSZ-13 top layer is indistinguishable at this space 

velocity. The main difference is seen at temperatures above 350 
o
C. In this regime the 

dual-layer catalyst shows a somewhat lower NOx selectivity and higher N2 selectivity 

than the mixed washcoat catalyst. In the case of the equimolar feed composition, the high 

temperature NOx conversion is higher for the dual-layer catalyst compared to the mixed 

catalyst. We reported similar findings in our earlier work [109].  
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Figure 6-9 Steady state NH3 conversion and product selectivity at feed condition of 500 

ppm NH3, 5% O2, 2.5% H2O, 2% CO2 and GHSV 66k h
-1

. (a) Dual layer 

catalyst and (b) Mixed catalyst. 
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Figure 6-10 Steady state NH3 conversion and product selectivity at feed condition of 500 

ppm NH3, 500 ppm NO, 5% O2, 2.5% H2O, 2% CO2 and GHSV 66k h
-1

. (a) 

Dual layer catalyst and (b) Mixed catalyst. 
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We attribute these trends to differences in active site proximity for the two catalyst 

architectures. For the dual-layer catalyst and NH3 + O2 feed, once NH3 is oxidized to NOx 

in the bottom Pt/Al2O3 layer, it must diffuse through the Cu-SSZ-13 top layer before 

escaping to the flow channel. Cu-SSZ-13 being a very active NOx reduction catalyst is 

effective in catalyzing the reduction of the NOx by counter-diffusing NH3. In contrast, the 

mixed washcoated catalyst will have a fraction of Pt crystallites near the gas-solid 

interface. As a result, NOx formed by NH3 oxidation can escape directly to the gas 

channel without interacting with Cu-SSZ-13 catalyst. For feeds containing both NH3 and 

NO, the dual-layer catalyst with its Cu-SSZ-13 top layer, NH3 effectively reacts with NO 

before it penetrates to the underlying Pt/Al2O3 layer. As mentioned earlier, the extent of 

penetration will depend on a number of factors including the top layer thickness and the 

temperature. At lower temperature a larger fraction of NH3 will diffuse to the Pt/Al2O3 

layer since the standard SCR reaction in the top layer is slower relative to the diffusional 

process. Nevertheless, the diffusional barrier presented by the Cu-SSZ-13 is a beneficial 

one. In the case of the mixed catalyst, the presence of Pt/Al2O3 uniformly distributed 

throughout the washcoat does not have the added benefit of the Cu-SSZ-13 diffusional 

resistance. Thus, NH3 can more easily access the Pt where it will oxidize to NOx. Thus, 

NOx conversion decreases abruptly above 250 
o
C for the mixed catalyst compared to 

dual-layer catalyst. 
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Figure 6-11 Steady state NH3 conversion and product selectivity at feed condition of 500 

ppm NH3, 5% O2, 2.5% H2O, 2% CO2 and GHSV 265k h
-1

. (a) Dual layer 

catalyst and (b) Mixed catalyst. 
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Figure 6-12 Steady state NH3 conversion and product selectivity at feed condition of 500 

ppm NH3, 500 ppm NO, 5% O2, 2.5% H2O, 2% CO2 and GHSV 265k h
-1

. 

(a) Dual layer catalyst and (b) Mixed catalyst. 
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Figures 6-11 and 6-12 show the results for the higher space velocity (265k h
-1

) for 

feeds containing NH3 + O2 and equimolar NH3 + NO (and O2), respectively. Both 

catalysts have similar NH3 conversion below 275 
o
C but at higher temperatures higher 

NH3 conversion are obtained for the mixed catalyst. For example, at 450 
o
C the dual-

layer catalysts have NH3 conversion of 75% and 85% whereas the mixed catalyst have 

95% and 92% for two feeds considered. This clear benefit of a mixed washcoat of Cu-

SSZ-13 and Pt/Al2O3 is a result of the avoidance of the detrimental impact of the mass 

transfer resistance afforded by the Cu-SSZ-13 top layer for the dual-layer catalyst. 

However, the higher NH3 conversion for the mixed catalyst comes at the expense of an 

increased NOx selectivity (for feed NH3 + O2) or decreased NOx conversions (for feed 

NH3 + NO + O2). When the feed contains both NH3 and NOx, the dual-layer catalyst 

behaves as a NOx reduction catalyst whereas the mixed catalyst behaves as a NOx 

generation catalyst above 425 
o
C, as seen by the negative NOx conversions. This behavior 

is again caused by the reason we discussed for low space velocity case. 

6.3.5. Hybrid dual+mixed 

Based on observations we made in above study, it became apparent that the dual-layer 

architecture favors lower NOx selectivity or, equivalently, higher NOx conversion, while 

the mixed architecture favors higher NH3 conversion. In order to exploit the benefits of 

both architectures, we propose a hybrid catalyst comprising a bottom layer of mixed Cu-

SSZ-13 + Pt/Al2O3 catalyst, and a top layer of Cu-SSZ-13. In essence, the mixed catalyst 

is dipped in a diluted Cu-SSZ-13 slurry to achieve a small loading. The idea is to 

decrease the mass transfer resistance while having some SCR activity to reduce the NOx 

that would otherwise escape from the mixed layer.  
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Figure 6-13 Steady state NH3 conversion and product selectivity for dual+mixed catalyst 

at GHSV 265k h
-1

. (a) 500 ppm NH3, 5% O2, 2.5% H2O, 2% CO2 and (b) 

500 ppm NH3, 500 ppm NO, 5% O2, 2.5% H2O, 2% CO2. 
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Figures 6-13(a) and (b) show NH3 conversion and product selectivity of the hybrid 

ASC for GHSV = 265k h
-1

 and the same two feeds considered above, NH3 + O2 and 

equimolar NH3 + NO (in O2). At 500 
o
C for the NO-free feed, NH3 conversion increases 

from 78% for the dual-layer catalyst to 85% for the hybrid catalyst while maintaining a 

NOx selectivity of 18% for both catalysts. In contrast, the NH3 conversion is 10% lower 

and NOx selectivity is 26% lower than those of the mixed catalyst, showing the trade-off 

of adding the small amount of Cu-SSZ-13. More interestingly, for the more realistic feed 

containing NH3 and NO, the hybrid catalyst behaves as a NOx reduction catalyst for the 

entire temperature range, in stark contrast to the mixed catalyst. Overall, NOx 

conversions at high temperature are 5-10% lower for the hybrid catalyst compared to the 

dual-layer catalyst. This again points out that the top layer acts as a barrier that deters 

NH3 from penetrating to the bottom layer where it can be get oxidized to NOx. The higher 

the thickness (loading) of top layer the greater is the diffusional resistance it imparts, 

resulting in higher NOx conversion. Similarly, the NH3 conversion for the hybrid catalyst 

at high temperatures is ~5% higher than that of the dual-layer catalyst but is ~3% lower 

than mixed catalyst. This again can be explained by the same reasoning. Based on these 

findings, we conclude that the hybrid catalyst effectively exploits the beneficial features 

of the dual-layer and mixed catalysts while minimizing their disadvantages. 

6.4 Conclusions 

This study elucidates the effect of Cu-SSZ-13 loading of the dual-layer catalyst under 

various space velocity and feed condition. The study also provides insight about the 

workings of the dual-layer, mixed and hybrid dual+mixed catalyst and helps to determine 
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advantages and disadvantages of various architecture of the catalyst for different space 

velocity and feed condition. The main findings of the study are as follows: 

 Cu-SSZ-13 was found to be a very good low temperature SCR catalyst. NH3 SCR 

activity, NH3 oxidation activity and NO oxidation activity of the Cu-SSZ-13 

increased as the Cu loading was increased from 3.1 to 5.7 wt%. 

 For feed containing only NH3, trade-off was seen between NH3 conversion and N2 

selectivity of the dual-layer catalyst. NH3 conversion decreased and N2 selectivity 

increased as the loading of Cu-SSZ-13 was increased. This was because the Cu-SSZ-

13 top layer acted as a mass transfer barrier for NH3 trying to reach the bottom 

Pt/Al2O3 layer, at the same time it acted as a good NOx reduction catalyst for the NOx 

escaping from the bottom Pt/Al2O3 layer. 

 For feed containing both NH3 and NO, increase in loading of the top Cu-SSZ-13 layer 

increased low temperature NH3 conversion as well as NOx conversions at all 

temperatures. This was because Cu-SSZ-13 is a very active SCR catalyst, therefore 

higher amount of catalyst corresponded to higher conversions. However, this 

observation of NH3 conversion wasn’t necessarily true for high space velocity where 

CuZ(1.5)Pt(3) showed slightly higher conversion at high temperatures.  

 Ammonia oxidation studies on mixed catalyst at 265k h
-1

 GHSV showed NH3 

conversion slightly higher than the dual-layer catalyst along with higher NOx 

selectivity. For feeds containing a NH3 and NO the mixed catalyst is not as effective 

in reducing the NOx especially at high temperatures because some NH3 oxidizes to 

NOx on Pt/Al2O3 present in gas-solid interface and escape directly to the flow channel 

without interacting with Cu-SSZ-13 layer. 
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 We also demonstrated that hybrid of dual and mixed catalyst allowed us to combine 

the beneficial effect of both the dual-layer catalyst and mixed catalyst. We were able 

to get higher NH3 conversion while keeping the NOx selectivity low. 
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Chapter 7 Estimation of effective diffusivity in Pt/Al2O3 

washcoated monolithic catalyst using CO oxidation as a probe 

reaction 

7.1 Introduction 

Since its introduction in the 1970’s for the abatement of gasoline-powered 

automobiles pollutants the monolithic catalytic converter has emerged as the reactor 

design of choice. The monolith substrate offers the benefit such as high interfacial surface 

area, low heat and mass transfer resistance per pressure drop, and ease of scale-up 

compared to the packed-bed reactor [11]. The monolith substrate comprises parallel 

channels in a honey-comb like structure with channel densities as high as 800 per in
2
. The 

channel cross-section comes in a variety of shapes with square being the most common. 

For most applications the material of choice is cordierite (2MgO.5SiO2.2Al2O3) which 

has a lower cost than alternative materials such as stainless steel and silicon carbide but 

provides a high melting point, reasonable mechanical strength, low thermal expansion 

coefficient, and suitable porosity and pore size for washcoat application and adherence 

[10,11].  

The catalytic component is typically deposited onto the inner walls of the monolith in 

the form of a thin washcoat of thickness 20-50 m. The washcoat usually comprises a 

matrix of porous particles packed together to form a network. Depending on the packing 

density and particle size, the washcoat will have an inter-particle void fraction 

(macropores) which defines the macro-porosity while the particles themselves are porous 
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in nature, which defines the washcoat meso-porosity (mesopores). The mesopores have 

diameter between 2-50 nm, and the macropores have diameter greater than 50 nm [118]. 

Catalysts when present are mostly dispersed within the mesopores of particles 

constituting the washcoat. The more recent application of selective catalytic reduction 

(SCR) catalysts comprise a network of nanoporous metal-exchanged zeolitic particles 

with pore size between 0.35 and 0.7 nm depending on the zeolite framework [98]. A 

mesoporous binder such as -Al2O3 may be used to enhance the adherence of the particles 

to the monolithic substrate. 

During operation as the reacting gas flows down each channel, the reactants diffuse 

from the bulk gas to the gas-washcoat interface, then diffuse through the macro- and 

mesopores of the washcoat, and adsorb and react on the active catalytic sites. The overall 

rate of reaction may be limited by any one of these chemical or physical processes. 

Which process is controlling depends on a number of factors including the activity of the 

catalyst, washcoat thickness and morphology, gas flowrate, and monolith channel 

density. Typically, as the temperature is increased from at sufficiently low level at which 

the controlling process is the reaction the less temperature sensitive washcoat diffusion 

and then transverse (radial) external transport emerge as the controlling process 

[105,117,119]. In some reaction systems there is a direct transition from kinetic to 

external transport control. For reactions on catalysts with high intrinsic activity, this shift 

can occur over a very narrow temperature window [86]. The consequence of transport 

control is the existence of washcoat and/or transverse concentration gradients. 

Pinpointing the transitions in controlling regimes requires knowledge of the transport 
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processes and estimates of the associated parameters. In particular, the effective 

diffusivity of the reacting species is paramount. 

Earlier studies of vehicular catalysis in monoliths emphasized on the external mass 

transport and its coupling with the reaction. In fact, historically washcoat diffusion was 

ignored based on the premise that diffusion is fast relative to reaction in the very thin 

washcoats (10-100 µm). However, the noble metal catalyzed oxidations in particular are 

notoriously fast and, as such, washcoat diffusion limitations may impact reactor 

performance even for very thin layers [109]. For extremely thin washcoats or for the 

aforementioned highly active washcoats with the direct kinetic to external transport 

regime shift, treating washcoat diffusion as a wall-catalyzed reaction may be a justified 

simplification [119]. However, in the more general case the shift in the regimes is more 

gradual.  The monolith, in fact, may operate in a regime controlled solely by washcoat 

diffusion or in a regime controlled by a combination of washcoat diffusion and external 

transport, which is known as the mixed regime [105]. In these cases neglecting washcoat 

diffusion limitation may introduce significant errors in model predictions [86,105]. 

Similarly, the newer generation automotive catalysts use various catalyst components 

arranged in layered architectures in order to promote different reactions in different layers 

[69]. Examples include coupled lean NOx trap and selective catalytic reduction (LNT + 

SCR) and ammonia slip catalysts (ASC) introduce inherent diffusion limitations by 

design for improved performance [102,109]. The design and optimization of such multi-

layered catalysts requires knowledge of the transport & reaction processes in the different 

layers. Finally, there is the added practical incentive to quantify the extent of transport 
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limitations given the high cost of the catalytic ingredients such as precious group metals 

(PGM). 

 Many different approaches have been developed to model diffusion and reaction in 

supported catalysts. The classical model of diffusion and reaction involved using the 

concept of catalyst effectiveness factor, the ratio of actual rate of reaction to the rate of 

reaction evaluated at the surface concentration(s) [120–127]. The effectiveness concept 

was often used with a simplified estimate of the effective diffusivity; i.e., De = ()Df 

where De is the effective diffusivity,  is the porosity,  the tortuosity, and Df the bulk 

diffusivity. Factors that complicate the diffusion include multi-component diffusion, 

nonisobaric effects, complex particle morphologies, etc. A common catalyst support 

morphology comprises a network of porous particles that give a bimodal pore size 

distribution. Diffusion in the particle mesopores with pore size on the order of the mean 

free path may be dominated by Knudsen type while diffusion in the macropores is 

dominated by bulk diffusion. To treat such cases, the classical random pore model (RPM) 

was developed by Wakao and Smith [128] based on their work with alumina pellets of 

different density (macro-porosity). The RPM considers that diffusion occurs in the bi-

porous catalyst having known micro- and macro-pore sizes, and micro- and macro-

porosities. These parameters along with expressions for Knudsen and bulk volume 

diffusivities are used to estimate the effective diffusivity through the catalyst[120,128].  

Various experimental methods that have been applied to measure effective diffusivity 

in a washcoat include the Wicke-Kallenbach cell, time-lag experiments, the Beeckman 

technique, sorption-rate experiments, and chromatography experiments. The reader is 

referred to the review by Kolaczkowski for more details [129]. Recently, Marek and 
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coworker have developed a new approach to measure effective diffusivity through the 

application of an inert porous layer on top of thin active layer. By conducting 

experiments of a fast reaction one can estimate the effective diffusivity from the 

conversion with and without the  top layer [101,109,130].  

In this study we apply the approach similar to one reported in our earlier work [109] 

but with simpler reaction kinetics, CO oxidation. Our approach is to coat a Pt/Al2O3 layer 

with an inert Al2O3 top layer and then to measure the CO conversion as a function of 

temperature at different top layer loadings (thicknesses). The use of a monolith reactor 

model containing an appropriate description of the washcoat diffusion enables the 

estimation of the effective diffusivity through Al2O3 top layer. 

7.2 Experimental 

7.2.1 Catalyst preparation and monolith washcoating 

Pt/Al2O3 powder was synthesized by the incipient wetness impregnation method to 

obtain a Pt loading of 0.46 wt% (washcoat basis) A known quantity of Pt precursor, 

hexahydrated chloroplatinic acid (H2PtCl6.6H2O, Sigma-Aldrich, USA), was dissolved in 

a volume of water equal to the pore volume of γ-Al2O3 (Strem Chemicals, USA). The 

solution was added dropwise to γ-Al2O3 powder by constantly stirring it in order to get 

uniform impregnation of Pt. The powder was dried in an oven at 120 
o
C for 3-5 hours, 

then calcined at 550 
o
C for 5 hours with the ramp rate of 0.5 

o
C/min. 

The powder catalyst were made into slurry by mixing 38 wt% Pt/Al2O3 powder, 8 

wt% boehmite (AlOOH, 20 wt%, Nyacol, USA) and 60 wt% water. The pH of the slurry 
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was adjusted to ~3.5 0.1N acetic acid. Then the slurry was ball milled for 20 hours using 

cylindrical alumina beads (E.R. Ceramics, USA) to get the particle size of 1-5 µm [80]. It 

has been suggested in the literature that particle sizes in this range provide good 

mechanical stability of washcoat in a monolith wall [10]. Blank monolith cores with cell 

density of 400 cpsi (channels per square inch), and dimensions 3 inch length and 1 inch 

diameter were provided by BASF (Iselin, NJ). These cores were cut into smaller pieces 

with 28 channels and 0.5 cm in length. The monoliths were washcoated with the catalyst 

by dipping it into the slurry for 30 s and blowing off the excess slurry for 10 s. This 

procedure was repeated by dipping the monolith from alternating ends consecutively in 

order to get uniform washcoat loading. The monolith was allowed to dry in an oven at 

120 
o
C for 3 h. The washcoating procedure was repeated until the desired mass loading of 

Pt/Al2O3 was achieved. Finally, the monolith was allowed to dry overnight at 120 
o
C, and 

then calcined at 550 
o
C for 5 hour with a temperature ramp rate of 0.5 

o
C/min. The final 

mass loading of the catalyst (in g washcoat/in
3
 of monolith) was determined after the 

calcination by dividing the difference of blank monolith and washcoated monolith by its 

volume.  

For the synthesis of dual-layer catalyst, γ-Al2O3 slurry was prepared in manner 

similar to one described above. Then the monolith, which was previously washcoated 

with Pt/Al2O3 catalyst, was dipped into the γ-Al2O3 slurry, and the excess was slurry 

blown off to get a layer of γ-Al2O3 on top of Pt/Al2O3 layer. The catalyst was dried in an 

oven at 120 
o
C for 3 hours. This procedure was repeated until the desired loading of γ-

Al2O3 was achieved after which the catalyst was dried overnight at 120 
o
C, then calcined 

at 550 
o
C for 5 hours at ramp rate of 0.5 

o
C/min. The freshly-prepared monolith catalysts 
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consisting of Pt/Al2O3 were reduced at 550 
o
C for 30 min with 2% H2 and balance Ar at 

total flow rate of 1000 sccm. Finally, the catalysts were degreened at 650 
o
C for 2 hours 

with 5% O2 and balance Ar at the total flow rate of 1000 sccm. 

7.2.2 Catalyst characterization 

The morphology and composition of the catalyst powder was characterized by using 

various techniques. The crystallinity of γ-Al2O3 powder, before and after Pt 

impregnation, was determined by X-ray diffraction using Siemens D5000. H2 

chemisorption was conducted using Micromeritics ASAP 2020 to measure dispersion of 

Pt on Pt/Al2O3 catalyst, which was measured to be ~35%. The same system was used to 

measure pore volume, pore-size distribution and BET surface area of Pt/Al2O3 powder 

through N2 adsorption. Mercury porosimetry (Core Laboratories, USA) was used to 

measure grain density, porosity and pore-size distribution of Pt/Al2O3 powder and a blank 

cordierite monolith. Inductively-coupled plasma analysis (Galbraith Laboratories Inc., 

USA) was used to quantify the amount of Pt in Pt/Al2O3 powder. Leica 3000DMI 

inverted microscope was used to check the particle size of the catalyst particles after ball 

milling. A scanning electron microscope (FEI XL300FEG) was used to measure the 

thickness of the washcoat. For all the monolith catalysts, the washcoat was thicker in the 

corners than on the side walls. For instance, for the Pt/Al2O3 sample having a washcoat 

loading of 1.4 g/in
3
, the washcoat thickness in the corners was 30-35 µm whereas it was 

<5 µm on the side walls. This corresponded to the peripheral-averaged washcoat 

thickness of ~10-15 µm. Figure 7-1(a)-(d) shows the SEM images of the cross-section of 

the monoliths used in this study. 
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Figure 7-1 SEM images of catalyst used in this work (a) Pt(10), (b) Pt(10), (c) 

Al(1.7)Pt(10) and (d) Al(1.7)Pt(10) 

 7.2.3 Steady-state experiments 

The schematic of the bench-scale reactor used for our study can be found elsewhere 

[81]. MKS mass flow controllers were used to control the flow rate of reactants from 

UHP (ultrahigh purity grade) gas cylinders to the reactor. The reactor comprised of fused 

quartz tube (Technical Glass Product, USA) placed inside a Mellen single zone heating 

furnace loaded with a temperature controller. The monolith catalyst was wrapped in a 

FiberFrax
TM 

ceramic paper and inserted into the quartz tube. This was done to ensure a 

proper seal between monolith wall and quartz tube which helped prevent bypass of the 
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reactant gas. The catalyst temperature was measure by placing a K-type thermocouple at 

the middle (axial and radial) of the monolith. The feed temperature was measured by 

placing another K-type thermocouple 1 cm upstream of the monolith inlet. FTIR 

(Thermo-Nicolet, Nexus 470) was used to measure the concentration of CO and CO2 

from the reactor outlet. A bypass was also installed in the setup which allowed the direct 

measurement of feed reactant concentration. The concentration of gases were measured 

by FTIR at temperature and pressure of 140 
o
C and 880 mmHg. OMNIC software was 

used to collect data from FTIR. All gas lines were heated to temperature above 200 
o
C to 

avoid adsorption/condensation of reactant and product. 

To evaluate the steady state performance, the flow rate of inlet gas was kept constant 

at 1000 sccm which resulted in a space velocity (GHSV) of 265,000 h
−1

 for a 0.5 cm long 

monolith. Before each experiment, the catalyst was pretreated in 5% O2 and balance Ar 

for 30 min at 650 
o
C.  The first set of steady state CO oxidation experiments were 

conducted on Pt/Al2O3 catalyst by varying the CO concentration between 1000 ppm and 

300 ppm, while the O2 concentration was fixed at a level between 5% and 1%. The 

balance gas was Ar. This experimental data was used to study the kinetics of CO 

oxidation on the Pt/Al2O3 and to tune the kinetic model. The second set of steady state 

CO oxidation experiments were conducted on the dual-layer catalyst comprising bottom 

layer of Pt/Al2O3 and top layer of γ-Al2O3 with a prescribed loading. For this experiment, 

500 ppm CO, 5% O2 with balance Ar was used. This experimental data along with the 

tuned kinetic model was used to estimate the effective diffusivity of CO through the γ-

Al2O3 washcoat. This method is similar to the method reported in our earlier work [109]. 

The nomenclature for the Pt/Al2O3 catalysts used was Pt(X) where X refers to the Pt 
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loading (in g Pt/ft
3
 monolith), and that for the dual-layer catalyst was Al(Y)Pt(X) where 

X refers to the Pt loading (in g Pt/ft
3
 monolith) and Y refers to the washcoat loading (g 

washcoat/in
3
 monolith) of γ-Al2O3 top layer. The details on the catalyst used for this 

study is provided in Table 7-1. 

Table 7-1 Catalyst used for this study. 

Sample 

Name 

Pt Loading 

(g/ft
3
 monolith) 

Pt/Al2O3 Loading 

(g/in
3
 monolith) 

Al2O3 Loading 

(g/in
3
 monolith) 

Pt(10) 10.5 1.4 0 

Al(0.8)Pt(10) 10.5 1.4 0.8 

Al(1.7)Pt(10) 10.5 1.4 1.8 

7.3 Model development 

7.3.1 Reactor model 

A mathematical model describing convection-diffusion-reaction in a monolith reactor 

was developed to study the effect of washcoat diffusion limitation on the overall 

performance of the monolith reactor. It was assumed that the temperature, flow rate, and 

species concentrations were identical in all of the channels (only few channels used). To 

this end a single channel with uniform washcoat thickness was used to model the 

monolith. The 1+1 D model used for this work considers species balance in axial (z) 

direction in gas phase assuming no radial concentration gradient and species balance in 

radial (r) direction in solid (washcoat) phase [50,101,102,109,131]. This model is known 

to accurately depict the 2D nature of physical and chemical phenomenon while 
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shortening the computational time. The model accounts for transport of the species in the 

axial (flow) direction through convection. The transport of species from the bulk gas to 

the wall is assumed to occur by diffusion. Diffusion and reaction is accounted for in the 

solid phase (washcoat) in radial direction assuming slab geometry with no peripheral 

variation in the washcoat thickness. The model is based on the following assumptions: (i) 

laminar flow (Re ~ 20 – 30, 150-550 
o
C) in the channel, (ii) constant physical properties 

with temperature and composition, and (iii) no axial diffusion in gas and solid phase (L 

>> RΩ1, high axial Peclet number, 300 for 66k h
-1

 at 325
o
C). Even though CO oxidation 

is highly exothermic, the increase in temperature during experiment was less than 5 
o
C 

due to the low limiting reactant feed concentration used (300-1000 ppm). This was 

further verified by calculating the adiabatic temperature rise of the system for 300-1000 

ppm CO, which was estimated to be ~4 – 12 
o
C. This precluded the need for an energy 

balance. 

The gas phase and solid phase species balances are as follows: 

     

  
      

     

  
  

        

   
                                                                                

   

      

  
      

       

   
  

 

   
                

   

   

                                                    

Here, xf,j is the cup-mixing mole fraction of species j in the gas phase, xs,j is the mole 

fraction of species j at the gas/washcoat interface and xwc,j is mole fraction of species j in 

the washcoat/solid phase. Similarly, ϑjr and Rr represent stoichiometric coefficient of 

species j for reaction r and the rate of reaction r, respectively. εwc, <u>, RΩ1, and kme,j(z) 
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are the washcoat porosity, average superficial velocity, hydraulic radius ( ratio of cross-

sectional area (AΩ1) of open channel to perimeter (PΩ1) of the channel) and position-

dependent external mass transfer coefficient, respectively. De,j corresponds to the 

effective diffusivity of species j in the washcoat. Cpt is the total active site density 

(mol/m
3

wc) of platinum in the washcoat and CTm is the total molar concentration. The 

initial and boundary conditions are as follows: 

 

          
 

            
 

      
 

                                                                                                                     

             
                                                                                                                      

                          

      

  
 

           
                                                 

      

  
                                                                                                                            

RΩ2 is the effective washcoat thickness. The values/expressions for the parameters used 

in this study are provided in Table 7-2. The value of the mass transfer coefficient (kme,j) 

of species j was calculated using the following relation: 

       
        

    
                                                                                                                                      

where, Df,j is diffusivity of the gas species j in the fluid phase. Using the expression given 

by Fuller et al. [132], the following relations were used for gas phase diffusion coefficient 

was calculated as a function of temperature:  
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She is a position dependent external Sherwood number for a square channel. The axial 

variation of She along the monolith length for the developing velocity and concentration 

boundary layer can be estimated using the relation developed by Ramanathan et al.[103]. 

Finally, it is noted that the values of RΩ1 and <u> are dependent on washcoat thickness, 

RΩ2. 

Table 7-2 Values of parameters used for the modeling. 

Parameters Values 

a 1.1e-3 m 

RΩ1 0.268e-3 m 

RΩ2 15e-6 m 

<u>      
 

      
  

 

      
 
 

     

εwc 0.6 

L 5e-3 m 

CTm 
       

 
        

Cpt 11.6 mol exposed Pt/m
3
 wc 

She 3.608 
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The method of finite differences was used to solve the 1+1 D model: equations (7-1) 

and (7-2) were discretized into N axial points and m radial points and used in conjunction 

with equations (7-3) – (7-10). We used 25 axial points and 8 transverse points for 

discretization which was sufficient to get a mesh-invariant solution. The resulting system 

of ordinary differential equations comprising an initial value problem was solved using 

solver Ode15s in the MATLAB environment. These equations were integrated for 

sufficiently long time to get the steady state solution for a particular set of conditions. 

Our experience showed that 2000 s was sufficient to get time-independent solution. 

7.3.2 Kinetic model and parameter estimation 

Here, we describe CO oxidation over Pt/Al2O3 that we used for our study. The 

following global reaction describes CO oxidation: 

R7-1: CO + 0.5O2 → CO2     ∆Hº = -283.0 kJ /mol 

For the purpose of this study, we used a global kinetic model developed by Voltz et al. 

for Pt/Al2O3 [133]. They proposed the mechanism based on their experimental finding 

comprising wide range of CO, C3H6, NO and O2 concentration under synthetic engine 

exhaust conditions. The rate expression is based on Langmuir- Hinshelwood type 

mechanism with adsorbed CO and adsorbed O2 as a rate-controlling step. The following 

expression describes CO oxidation: 
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The rate of oxidation of CO has a washcoat volumetric basis (moles per cubic meter of 

washcoat per second). This rate expression suggests that for low mole fraction of CO, the 

rate is first order with respect to CO if KinCTMxwc,co << 1, whereas for high mole 

fraction of CO it will be -1 order if KinCTMxwc,co >> 1. Therefore, equation (7-11) exhibits 

rate maximum at certain intermediate mole fraction of CO. These limiting reaction orders 

are known to hold for Pt-catalyzed CO oxidation [133–135]. 

A limitation of global rate expression is that it may not be true for other operating 

condition than the one under which it was derived. For example, catalytic reactions may 

have a shift in the rate limiting steps as conditions are varied. Salomons et al. and Hauff 

et al. observed CO oxidation to be negative order in CO for CO mole fraction between 

400 and 2500 ppm [134,136]. We also observed similar results for CO mole fraction 

between 300 and 1000 ppm. The rate expression given by equation (7-11) reduces to 

following form in CO inhibition regime, i.e., KinCTMxwc,co >> 1 

       
        

   
       

                                                                                                                  

The rate expression given by equation (7-14) is similar to one that is obtain for solid 

catalyzed heterogeneous reaction, A+B → C, with molecular adsorption of B as a rate 

determining step along with the assumption that adsorbed CO is the Most Abundant 

Reaction Intermediate (MARI). Moreover, the rate expression for this type of reaction is 

given by equation 15 [135] 
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Here, k1f, k1b and k2f are the rate constants for adsorption of CO, desorption of CO and 

adsorption of O2. At CO inhibition regime, K1xwc,CO>>1, therefore the denominator 

1+K1xwc,CO ~ K1xwc,CO. Assuming that adsorption steps are non-activated process, the 

above rate expression suggests that CO desorption energy (CO binding energy to 

catalyst) will be the apparent activation energy of the reaction. The binding energy of CO 

in Pt(111) surface is about 120 kJ/mol. Given that rate expression given by equation (7-

14) has similar form to that given by equation (7-15), we will use equation (7-14) beyond 

this point. 
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Figure 7-2 Arrhenius plot of logarithm of TOF as a function of inverse of temperature. 

(a) Experimentally observed and (b) Simulated. 

Table 7-3 Values of kinetic parameters obtained from parameter estimation. 

Parameters Values 

A1 3.3e5 m
6
/mol

2
/s 

E1 19.3 kJ/mol 

Ain 2.87e-2 m
3
/mol 

Ein -39.6 kJ/mol 

7.4 Results and Discussion 

7.4.1 CO oxidation on Pt/Al2O3 

In our previous work, we used NH3 oxidation as our model reaction to estimate 

effective diffusivity, De, in γ-Al2O3 washcoat. However, the measured value of De was 
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slightly higher at intermediate temperatures due to which the model predicted higher 

conversion at these temperatures. NH3 oxidation is a very complex reaction system with 

different consecutive and parallel reaction occurring at the same time. For this reason, we 

used simpler reacting system, CO oxidation, to elucidate the effective diffusivity of 

reactant species through γ-Al2O3.  

First step towards this goal is to create a valid reactor and kinetic model capable of 

capturing the experimental CO oxidation results in Pt/Al2O3. For that we conducted 

experiments at gas hourly space velocity of 265k h
-1 

with five different feed 

concentrations, 300, 500 and 1000 ppm CO with 5% O2, and 500 ppm CO with 1 or 3 or 

5% O2. Figure 7-3 shows CO conversion as a function of temperature for three different 

feed CO concentration. It is evident from the figure that CO oxidation is a self-inhibiting 

reaction at concentrations and temperatures under consideration, which shows that rate of 

reaction is inversely proportional to the concentration of CO. The light-off temperature 

shifted from 180 to 225 
o
C when CO concentration was increased from 300 to 1000 ppm 

which suggests that CO strongly adsorbs to the catalyst surface making it inaccessible for 

O2 adsorption/dissociation. This suggests that CO desorption is a probable rate 

determining step at low temperatures. As the reaction temperature increases, some CO 

desorbs from the catalyst surface making it accessible for O2 adsorption/dissociation. 

This facilitates the reaction between adsorbed CO and adsorbed O2 to form CO2 which 

can easily desorb from the surface, freeing up more catalytic site for more O2 

adsorption/dissociation. This leads to a sharp increase in CO conversion beyond this 

temperature. The model seems to predict overall CO conversion across the temperature 

for all three feed concentration of CO. 
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Figure 7-3 Steady-state CO conversion as a function of temperature for feed CO 

concentration of 300, 500 and 1000 ppm, and 5% O2 with balance Ar. 

GHSV = 265k h
-1

. (Symbol: Experiment, Line: Model) 

♣  

Figure 7-4 Steady-state CO conversion as a function of temperature for feed O2 

concentration of 1, 3 and 5%, and 500 ppm CO with balance Ar. GHSV = 

265k h
-1

. (Symbol: Experiment, Line: Model) 
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Figure 7-4 shows CO conversion for feed with 500 ppm CO and 5, 3 and 1% O2. The 

light-off temperature shifted towards the lower temperature as the O2 fraction in the feed 

is increased. For example, CO conversion increased from 2% to 15% and 35% when O2 

concentration was increase from 1% to 3% and 5%, respectively, at 220 
o
C. This verified 

that the rate of CO oxidation has positive order dependence on O2 concentration. The 

model adequately captures this dependence of CO oxidation on O2. 

7.4.2 Mass transfer limitations 

As mentioned earlier in the chapter, mass transfer limitation plays a vital role in 

determining the monolith performance at higher temperatures. For a given pressure drop, 

external mass transfer limitation determines the highest conversion that can be obtained 

for the given set of operating condition. Many studies have been conducted to calculate 

apparent Sherwood number (She), the concept which is often used to model external mass 

transfer limitations, and the reported values ranges from 0.05-4. Balakotaiah et al. 

provided an expression to calculate She, depending on washcoat geometry, transverse 

Peclet number and Schmidt number [116]. The monolith used in our study closely 

resembles square channel with a rounded corner, for which theoretical upper limit for She 

at purely external mass transport limitation is 3.2 (constant wall concentration) [137]. 

Joshi et al. provided the following expression which can be used to calculate the apparent 

mass transfer coefficient (km,app) based on the exit concentration of the limiting reactant 

[105]: 
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Shapp can be calculated by substituting kapp in equation (7-7).  

 

Figure 7-5 Experimentally observed apparent Sherwood number as a function of inverse 

temperature. 

Figure 7-5 shows the plot between experimentally observable Sherwood number as a 

function of reciprocal of temperature. We observed Shapp as high as 2.56, which is 20% 

lower than the asymptotic She for purely external mass transport limited regime. This 

suggests that even at high temperatures the monolith never attains purely external mass 

transport limitation, thus it operates in the mixed regime where both external mass 

transfer and washcoat diffusion limitation determines the conversion of the limiting 
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reactant. We also verified this finding through our model. Joshi et al. proposed following 

criteria to characterize different regimes of operation based on concentration ratios [119]: 

Cfm/Cs <= 1.1 and Cs/Cwc <=1.1  for kinetic regime,     (7-17) 

Cfm/Cs <= 1.1 and Cs/Cwc >=10  for washcoat diffusion limitation regime, and (7-18) 

Cfm/Cs >= 10 and Cs/Cwc >=10  for external mass transfer controlled regime.  (7-19) 

To illustrate the criteria presented above, we plotted the above ratios as a function of 

temperature at the distance of 2.5 mm and 4.5 mm from the inlet of the monolith. As seen 

in Figure 7-6, both concentration ratios are close to 1 before light-off at 210 
o
C, which 

signifies purely kinetic controlled regime. At higher temperatures, the concentration 

gradient increase sharply signifying the on-set of mass transfer limitations. However, the 

concentration ratios observed for our study do not satisfy any of the criteria given above 

for the case of washcoat diffusion controlled regime or the external mass transfer 

controlled regime. Thus the monolith seems to operate at mixed regime. This was as 

anticipated because as mentioned earlier when the Pt loading is very low, the monolith 

may not attain purely external mass transport limitation even at high temperatures, typical 

to those of automotive exhaust. This points towards the importance of having correct 

value of effective diffusivity in washcoat not only to get accurate description of monolith 

performance at the intermediate temperatures but also at high temperatures especially 

when mixed regime dominates at high temperatures.  
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Figure 7-6 Various ratios between gas phase, gas-surface interface and average washcoat 

concentration as a function of temperature. (a) At mid-point of monolith and 

(b) at 4.5 mm from the monolith inlet. 
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7.4.3 Estimation of diffusivity through γ-Al2O3 

We conducted similar study in our earlier work, Chapter 5, for ammonia oxidation 

catalyst [109]. In Chapter 5, we used NH3 conversions obtained at temperatures above 

325 
o
C from three different catalyst to predict the effective diffusivity, De, of NH3. 

Specifically, De was calculated by multiplying the bulk gas diffusivity, estimated from 

Lennard-Jones potential, by ratio of porosity and tortuosity factor. The experimental data 

were used to tune the tortuosity factor to get reasonable fit at high temperatures. The 

estimated value of De predicted higher than experimentally observed NH3 conversion at 

temperatures between 230 325 
o
C. These differences can be attributed to few possible 

reasons. First, the washcoat distribution in the monolith was uneven with thicker 

washcoat at the corners and negligible washcoats on the sides. This can lead to higher 

diffusion length in the gas phase and washcoat phase compared to the one calculated by 

peripherally averaged length. Second, the complexity of NH3 oxidation reaction, due to 

many side/consecutive reactions occurring at the same time, can lead to some error in 

kinetic rate constants while estimating the parameters. Third, small amount of NH3 can 

react (<5% at 66k h
-1

) in γ-Al2O3 in presence of NO at higher temperature. Since, NO is 

one of the product of NH3 oxidation at these temperatures, we expect small contribution 

from γ-Al2O3 on NH3 consumption. This contribution can be higher in presence of NO2, 

which is also other product of NH3 oxidation at high temperatures. Fourth, the particle 

sizes used for washcoating were 1-2 µm in diameter (Figure 7-7(a)), which is similar to 

the average pore size, 1.9 µm (Figure 7-7(b)), of cordierite monolith used (calculated 

from Hg porosimetry), therefore, some catalyst particles may be buried inside the 

monolith substrate’s pore which may be inaccessible during reaction due to its longer 
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diffusion length. We believed these entire factors contributed to slightly higher estimation 

of De, in our earlier work (Chapter 5). 

 

Figure 7-7 (a) Image of particles of the Pt/Al2O3 slurry taken from Leica microscope. (b) 

Pore size distribution of blank cordierite monolith measure by Hg 

porosimetry. 

In order to accurately account for the diffusive transport of CO in the γ-Al2O3 

washcoat, we carried out an experiment with a dual-layer catalyst comprising an active 

Pt/γ-Al2O3 bottom layer and inert γ -Al2O3 top layer; namely Al(X)Pt(Y), where X 

represents γ-Al2O3 loading on the top layer ( units of g washcoat/in
3
 monolith) and Y 

represents Pt loading on the bottom layer (units of g Pt/ft
3
 monolith). We studied the 

effect of a varied loading of the γ-Al2O3 top layer on the CO conversion. Our approach 

was to establish a state in which the CO conversion was limited by the supply of CO to 

the Pt/γ -Al2O3 layer. A porous γ-Al2O3 top layer serves as a diffusional barrier under 

such conditions, enabling the estimation of an effective diffusivity for the limiting 

reactant CO.  
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Figure 7-8 Steady-state CO conversion as a function of temperature for Pt(3) and 

Al(X)Pt(Y) catalyst under feed condition of 500 ppm CO, 5% O2 with 

balance Ar. GHSV = 265k h
-1

 (Symbol: Experiment, Line: Model) 

Figure 7-8 shows the measured CO conversion at a GHSV of 265k h
-1

 for the single 

layer Pt/γ-Al2O3 catalysts along with that for two other γ-Al2O3/ Pt/γ-Al2O3 dual-layer 

catalysts. It is evident from the figure that the CO conversion for all three catalysts is 

nearly identical for temperatures below 230 
o
C. This was expected as CO oxidation 

operates under kinetic regime at these temperatures. The parameter that determines the 

conversion at kinetic regime, Damkohler number (ratio of convection time to reaction 

time), is same for all three catalyst. Therefore, the effect of γ-Al2O3 top layer on the CO 

conversion is negligible. For temperature above ~280 
o
C, a shift to a mass transfer-

limited regime is apparent from the diverging single layer and dual-layer conversions. As 

expected, the single layer Pt/γ-Al2O3 catalyst gives the highest conversion, followed by 
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Al(0.8)Pt(10) and Al(1.7)Pt(10). For example, at 450 
o
C the CO conversion drops from 

93% for Pt(10) to 84% for Al(0.8)Pt(10) and to 68% for Al(1.7)Pt(10). The overall 

decrease in CO conversion at all temperatures when varied loading of γ-Al2O3 is coated 

on top of active Pt/γ-Al2O3 layer is used to estimate the diffusivity of CO in the porous γ -

Al2O3 layer. 

In order to estimate the diffusivity, we approached as follows. First, the kinetic 

parameters for equations (7-12) and (7-13) was fitted using CO conversion as a function 

of temperature for Pt(10). We only used CO conversion data below 50%. This was done 

to de-convolute the effect of De on conversion while estimating kinetic parameter which 

is usually the case at higher conversions. The fit for CO conversions at higher values 

were checked by using the value of De calculated based on the expression proposed in our 

earlier work for NH3 [109]. Then, we simulated the data for the two dual layer catalysts. 

We only considered diffusion through the top layer, while accounting for the diffusion 

and reaction at the bottom layer. All the model and kinetic parameters were held constant 

except for RΩ1 and <u>, which are function of washcoat thickness, RΩ2. The peripherally 

averaged washcoat thickness of Al(0.8)Pt(10) and Al(1.7)Pt(10) catalyst were calculated 

to be ~26 and ~37 µm, respectively, based on SEM data [109], which resulted in the 

hydraulic radii ((a-2*RΩ2)/4) to be 262 and 257 µm, respectively. De of the form given by 

following expression was used: 
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Here De,o is the fitted effective diffusivity of CO at 428 
o
C and is equal to 3.39e-6 m

2
/s. 

The initial value for b of 0.93 was chosen based on literature [101]. A good fit between 

experimental data and model predicted data was obtained for b = 0.76. The value of b = 

0.76 is agreeable in theory which is between 0.5, for the case of Knudsen diffusion, and 

1.75, for the case of bulk diffusion.  

In Figure 7-9, we show the effective diffusivity calculated in this study as a function 

of temperature along with that reported by Dudak et al. for compact and standard Al2O3 

layer [101]. They proposed the following empirical form to calculate effective diffusivity: 

                                                                                                                                            

 

Figure 7-9 Values of De reported in this work vs. literature 
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Equation (7-21) was used to calculate De for standard and compact Al2O3, and the values 

of a’s and b’s are 9.73e-10 and 1.44, and 71.5e-10 and 0.93, respectively. Please note that 

our experiments were conducted at 880 mmHg, therefore, pressure correction was 

applied to De to convert it to same reference pressure. The values of De estimated in this 

work is 20-30% higher than that for De of compact γ-Al2O3, whereas it 2-4 times smaller 

than that of standard γ-Al2O3. This suggests that our washcoat physical properties closely 

resemble that of compact γ-Al2O3. Our estimated value of De defers from that of the 

standard γ-Al2O3 because the γ-Al2O3 particles obtained after ball milling, which was 

used to washcoat the monolith, were about 1-2 µm, due to which the mean pore diameter 

of the macropores or macro porosity will be smaller compared to that obtained by Dudak 

et al. for their standard sample which was created by using γ-Al2O3 particles of 19.6 µm 

diameter. The recommended particle sizes to washcoat automotive monolith are in the 

range of 1-5 µm [10]. Given that some automotive washcoats can be ~10-40 µm thick, 

using 19.6 µm particles means half or 2 particles attached together, which may not be 

enough to guarantee mechanical stability under strenuous condition at which automotive 

catalyst operates. 

 

Figure 7-10 Pore size distribution of γ-Al2O3 particles measure by Hg porosimetry. 
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Since washcoat can have various physical properties, it seems more meaningful to 

correlate the observed effective diffusivity to the washcoat properties of the monolith 

instead of having empirical correlation like equation (7-20). Wakao and Smith proposed 

the following Random Pore Model (RPM) expression that relates catalyst properties such 

as porosity and pore radius to the effective diffusivity of species through the catalyst 

pellet: 

              
            

  
       

       
                                                           

 

    
  

 

  
 

 

      
                                                                                                                 

 

     
  

 

  
 

 

       
                                                                                                        

                
                

 
  

   

   
                                                                           

Here, εmac, εmeso, rp and Mw are macro-porosity, meso-porosity, pore radius and 

molecular weight of the species (kg/mol), respectively. As seen in Figure 7-10, the rp,meso 

and εmeso of the γ-Al2O3 sample used for this study were measured to be 5 nm and 0.59 

through mercury porosimetry, which was also confirmed separately with N2 adsorption in 

Micromeritics. However, the attempts to measure macro porous properties were 

unsuccessful. In order to have a meaningful correlation between washcoat properties and 

observed De, we fitted equation (7-22) to De obtained from equation (7-20) by only 

manipulating macro-pore radius and macro-porosity. A good agreement between two De 
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was obtained at εmac and rp,mac of 0.18 and 400 nm, respectively, with some differences at 

higher temperatures. To elucidate the sensitivity of the washcoat’s macro-pores radius 

and macro-porosity on CO conversion, εmac and rp,mac values were increased/decreased by 

30%. Figure 7-11(a)-(e) shows the sensitivity of each parameter on CO conversion. The 

conversions were highly sensitive to macro-porosity and less sensitive to macro-pore 

radius. Thus, tuning the macro-porosity of the washcoat seems like a more efficient way 

to maximize diffusivity through the washcoat. 
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Figure 7-11 Sensitivity analysis of macro-porosity and macro-pore radius on De 

calculated using Wakao-Smith expression. 

7.5 Conclusions 

The main contribution of this work is elucidation of effective diffusivity of limiting 

reactant through γ-Al2O3 layer. Along this road, we also developed a global kinetic model 

for CO oxidation which is capable of predicting CO conversion during wide range of CO 

and O2 concentration.  

We were able to estimate kinetic parameter for a wide popular, Voltz type, CO 

oxidation model using experimental data collected under steady-state condition. The 

estimated parameter depicts correct dependence of reaction rate on CO and O2 

concentrations. The activation energy obtained for CO oxidation is in agreement with 

literature reported values. Based on our modeling study, we showed that the monolith 

never attains purely external mass transport limitation regime even at high temperatures, 

so the correct values of effective diffusivity is needed to get good agreement between 

model and experiment. The effective diffusivity of CO through γ-Al2O3 is calculated by 

fitting experimentally observed decrease in CO conversion due to addition of γ-Al2O3 
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layer on top of Pt/Al2O3 layer. A simple power equation of the form, aT^b, is used to 

estimated De. The estimated value of b is calculated to be 0.76, which is in agreement 

with theoretical range, 0.5 – 1.75. Fitting the observed effective diffusivity to Wakao and 

Smith diffusivity expression showed macro-porosity and macro-pore radius to be 0.18 

and 400 nm. Sensitivity analysis of these parameters showed higher sensitivity towards 

macro-porosity. 
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Chapter 8 Conclusions 

A systematic study of ammonia oxidation reaction on combined metal-exchanged 

zeolite and Pt/Al2O3 monolith catalyst was carried out to determine if a high ammonia 

conversion along with high N2 selectivity could be sustained over a wider temperature 

range and feed composition than with individual metal-exchanged zeolite and Pt/Al2O3 

catalysts. To our knowledge, this is the first combined experimental and modeling study 

focused on the in-depth comparison between the dual-layer and mixed monolithic 

catalyst for a range of feed conditions. The study provides insight about the workings of 

the multi-functional catalyst and helps to determine which architecture is best suited for 

the range of conditions expected downstream of the SCR. This study experimentally 

verifies the proposed working principle of the dual-layer ASC comprising a bottom layer 

of Pt/Al2O3 and a top layer of SCR catalyst. The main findings of the study are as 

follows: 

 A rather low Pt loading of 3 g/ft
3
 is effective enough in oxidizing ammonia at 

temperatures as low as 200 
o
C with high N2 yield. The presence of NO in the feed 

increased the low temperature activity of Pt catalyst, however shifts the selectivity 

towards undesirable product N2O. NH3 oxidation on Pt/Al2O3 is poorly selective 

to N2 at higher temperatures. 

 The benefit of dual layer catalyst is obvious as increased production of desired 

product N2 at intermediate and high temperatures. Ammonia oxidation on the 

dual-layer catalyst, Fe-ZSM-5+Pt/Al2O3, showed the significant increase in N2 

yield and decrease in NOx yield at T>300 
o
C compared to Pt/Al2O3 catalyst. This 
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proved that the NOx formed on the bottom Pt/Al2O3 layer is effectively converted 

to N2 on the top Fe-ZSM-5 layer. The presence of NO in the feed enhances the 

low temperature activity for NH3 oxidation in expense of high N2O yield. The 

dual-layer ASC catalyst acts as an additional NOx reduction catalyst at all 

temperatures. 

 The zeolite top layer also inhibits ammonia oxidation in serving as an additional 

mass transfer resistance. While the zeolitic top layer is effective in converting 

NOx to N2, the detrimental effect of an added mass transport barrier emerges at 

high temperatures and space velocities. 

 Ammonia oxidation studies on mixed catalyst, Fe-ZSM-5+Pt/Al2O3, showed NH3 

conversion similar to that of the dual-layer catalyst but there are noted differences 

in the product distribution. A higher N2 yield is obtained for the dual-layer 

catalyst for most conditions. For feeds containing a mixture of NH3 and NO the 

mixed catalyst is not as effective in reducing the NOx due especially at higher 

temperature when it generates NOx a fraction of which diffuses directly to the 

flowing gas. The mixed catalyst gives a somewhat lower N2O yield at 150-300 
o
C 

which is lower than that for dual-layer catalyst. 

 A comparison between the dual layer and mixed catalysts at high space velocity 

shows higher NH3 oxidation capability of the mixed catalyst due to the shorter 

diffusion length. 

 A reliable method which involved, overlaying various loading of inert Al2O3 or 

Na-ZSM-5 on top of Pt/Al2O3 catalyst, is applied to estimate the effective 
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diffusivity of ammonia in the porous layers by measuring the effect of inert layer 

thickness on the conversion in the transport-limited regime. 

 A predictive first-principles monolith model is developed that contains the 

relevant multi-reaction kinetics on both catalytic functions. The model predicts all 

of the trends in the data and provides insight about the factors contributing to 

these trends. 

 The effect of Cu-SSZ-13 loading of the dual-layer catalyst under various space 

velocity and feed condition is elucidated. The study provided insight about the 

workings of the dual-layer, mixed and hybrid dual+mixed catalyst and helped 

determine advantages and disadvantages of various architecture of the catalyst for 

different space velocity and feed condition. 

 Cu-SSZ-13 was found to be a very good low temperature SCR catalyst. NH3 SCR 

activity, NH3 oxidation activity and NO oxidation activity of the Cu-SSZ-13 

increased as the Cu loading was increased from 3.1 to 5.7 wt%. 

 For feed containing only NH3, trade-off was seen between NH3 conversion and N2 

selectivity of the dual-layer catalyst. NH3 conversion decreased and N2 selectivity 

increased as the loading of Cu-SSZ-13 was increased. This was because the Cu-

SSZ-13 top layer acted as a mass transfer barrier for NH3 trying to reach the 

bottom Pt/Al2O3 layer, at the same time it acted as a good NOx reduction catalyst 

for the NOx escaping from the bottom Pt/Al2O3 layer. 

 For feed containing both NH3 and NO, increase in loading of the top Cu-SSZ-13 

layer increased low temperature NH3 conversion as well as NOx conversions at all 

temperatures. This was because Cu-SSZ-13 is a very active SCR catalyst, 
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therefore higher amount of catalyst corresponded to higher conversions. However, 

this observation of NH3 conversion wasn’t necessarily true for high space velocity 

where CuZ(1.5)Pt(3) showed slightly higher conversion at high temperatures.  

 Ammonia oxidation studies on mixed catalyst at 265k h
-1

 GHSV showed NH3 

conversion slightly higher than the dual-layer catalyst along with higher NOx 

selectivity. For feeds containing a NH3 and NO the mixed catalyst is not as 

effective in reducing the NOx especially at high temperatures because some NH3 

oxidizes to NOx on Pt/Al2O3 present in gas-solid interface and escape directly to 

the flow channel without interacting with Cu-SSZ-13 layer. 

 We also demonstrated that hybrid of dual and mixed catalyst allowed us to 

combine the beneficial effect of both the dual-layer catalyst and mixed catalyst. 

We were able to get higher NH3 conversion while keeping the NOx selectivity 

low. 

 Finally, global kinetic model for CO oxidation on Pt/Al2O3 was developed based 

on our experimental data, which was used to probe the effective diffusivity of CO 

through γ-Al2O3. A simple power equation of the form, Do(T/Tr)
b
, is used to 

estimated De. The estimated value of b is calculated to be 0.76, which is in 

agreement with theoretical range, 0.5 – 1.75. Fitting the observed effective 

diffusivity to Wakao and Smith’s random pore model showed macro-porosity and 

macro-pore radius of 0.18 and 400 nm gave good fit between experimental and 

model predicted CO conversion. Sensitivity analysis of these parameters showed 

higher sensitivity towards macro-porosity. 
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Recommendations for future work 

 The properties of the monolith washcoat studied were uniform along the length of 

the monolith. It is suggested that the washcoat properties such as precious metal loadings 

be varied along the length of the monolith. Specifically, while keeping the total Pt 

loading constant, use a lower Pt loading at the inlet section and higher Pt loading at the 

outlet section of the monolith. As we showed in chapter 4, higher (lower) N2O yield (N2 

yield) was observed for monolith with higher Pt loading, therefore by manipulating the Pt 

loading as suggested above we can shift the light-off towards the inlet section of monolith 

where Pt loading is low, resulting in low (high) N2O yield (N2 yield). 

 While decreasing Pt loading of the Pt/Al2O3 washcoat, it is suggested that the 

thickness of washcoat be decreased correspondingly as severe diffusion limitation may 

occur through the washcoat if only Pt loading is decreased. 

 The simulation studies were based on the detailed micro-kinetic model which led 

to severe computational time penalty. For faster computation, it is recommended that a 

global kinetic model be developed which can also predict the effect of Pt loading on NH3 

oxidation and product selectivity. 

 Washcoating was done by ball milling all catalyst slurry for same amount of time 

to get similar particle size distribution. From our study, we learned that the diffusion 

barrier created by top SCR layer can cause significant decrease in NH3 conversion. It is 

also known that washcoat’s macro-pore radius can be increased by increasing the particle 

size used. Although increasing the particle size increases the thickness of the washcoat, 
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the larger macro pores allows faster diffusion of NH3 through it, out weighing the 

increased diffusion length (increased thickness). It is also possible to tailor macro-

porosity of washcoat by mixing polystyrene beads of desired size to the catalyst slurry. 

These modifier burns off after calcination of the catalyst leaving a small voids behind, 

increasing the macro-porosity of the catalyst, which directly correlates to increased 

effective diffusivity through the catalyst. 

 The diesel aftertreatment system is constantly subjected to high temperature and 

wet exhaust throughout its lifetime. So it is important to understand how the performance 

of ASC changes with the duration of aging. So it is suggested to perform some 

hydrothermal aging study. 

 All experiments had been conducted to understand the steady state performance 

of ASC. However, the aftertreatment system intrinsically operates under transient 

condition, therefore it is suggested that the catalyst be evaluated also under transient 

system such as FTP and WHTC test cycles. 

 The majority of work reported here was done in absence of SOx (SO2+SO3). Since 

diesel engine exhaust always contains some SOx due to the nature of the diesel used, it is 

suggested that the experiments are performed in presence of SOx to see how it affects the 

components and performance of ASC. 
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