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Abstract 

Increasingly stringent vehicular emission regulation on NOx demands a better 

strategy to further mitigate tailpipe NOx exhaust. In terms of NOx reduction strategy, 

both current state-of-the-art technologies, selective catalytic reduction (SCR) and NOx 

storage and reduction (NSR), have shown optimal performance in warm conditions but 

are not fully functional at temperature below 200°C, commonly regarded cold-start 

condition. Thus, in order to mitigate NOx cold-start emission, the passive NOx adsorber 

(PNA) has been introduced. Among the potential PNAs, Pd/BEA stands out due to its 

promising NOx storage capacity and well-controlled thermal desorption performance. In 

this Masters thesis, NOx adsorption and desorption on Pd/BEA was studied using 

temperature-programmed desorption method. It was shown that CO improved NOx 

storage and induced NOx release to higher temperature on Pd/BEA where the chemical 

state of Pd is key. The desorption kinetics of NOx on Pd/BEA was also studied in an 

attempt to resolve the effect of heating rate on the controlled release of NOx.       
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Chapter 1 – Introduction and Background 

Since the enactment of the Air Pollution Control Act of 1955, significant research 

activity has been directed at mitigating air pollution from both stationary and mobile 

sources. It was not until the Clean Air Act of 1970 that control over vehicular emissions 

was lawfully enforced and promulgated, and further emission standards became 

effective with the 1990 Amendments. Among the regulated pollutants, nitrogen oxides 

(NOx) abatement has posed a significant challenge as its lawful emission level was 

dropped by more than 20 times with 2010 standards, compared to approximately 10 

times in the case of hydrocarbons (HCs) and particulate matter (PM), as shown in Table 

1. Despite stringent emission regulations, NOx reduction has been a success story in 

diesel engines thanks to selective catalytic reduction (SCR) and NOx storage and 

reduction (NSR) technologies. SCR involves selective decomposition of nitrogen 

oxides in an oxidizing environment by a reducing agent, most notably ammonia or 

hydrocarbons from fuel; whereas NSR stores NOx on the catalysts first and then non-

selectively reduces the trapped NOx typically under fuel-rich gas [1]. Both have shown 

major improvements in reduction efficiencies in recent years with broader active 

temperature windows and more cost-effective catalysts. However, their performance is 

constrained at low temperatures, and because of these limitations, most NOx will slip 

through the aftertreatment system when the catalyst temperatures are below 

approximately 200 °C. Such low temperatures are associated with cold-start emissions 

and can constitute a major portion of the total NOx emitted during a drive cycle.  
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Table 1 - Emission regulations for U.S. trucks [2] 

 1994 1998 2003 2007 2009 2010 

HC 1.3 1.3 0.5 0.5 0.14 0.14 

NOx 5 4 2 2 0.2 0.2 

PM 0.1 0.1 0.1 0.01 0.01 0.01 

1.1 Cold-start emission 

The cold-start period generally refers to the first few minutes of engine operation 

after a long uninterrupted soak, such as an overnight idle. Cold-start can also refer to an 

engine start when both the engine and the catalytic converter are within 10°C of the 

ambient temperature (EPA 1993). Such low temperatures typically render the 

aftertreatment system inactive or at low efficiency, with the majority of diesel exhaust 

slipping through unconverted, as shown in Figure 1. Among the exhaust constituents, 

oxides of nitrogen are of serious concern, especially for diesel engines, which typically 

emit more NOx than spark-ignited engines equipped with a three-way catalyst. Many 

strategies have been proposed to reduce cold-start emissions that range from controlled 

heating of either the engines or the aftertreatment system to improving the design of 

catalytic converter [3,4]. Part of recent research efforts has also been directed at 

improving pre-existing catalysts. In terms of NOx abatement, both of the 

aforementioned technologies have been considered for increasing activity at low 

temperatures, especially in SCR catalysts. 

1.2 Selective catalytic reduction 

SCR is a catalytic process that converts NOx to nitrogen and water using a reducing 

agent, commonly NH3 or HCs. First developed for NOx abatement in stationary sources 

in Japan in the 1970s, SCR has become the most effective and globally applied de-NOx  
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Figure 1 - Percentage of running and starting emissions attributable to starts (MOVES output).  

Travis County, Texas, July 2010 weekday, Light-Duty Vehicles only [5] 

technology [6]. Among the first catalysts considered for the SCR processes, supported 

vanadia has been the most extensively studied. A study by Lietti et al. shows that NOx 

conversion starts at around 150°C for V2O5/TiO2 (promoted with either WO3 or MoO3) 

and reaches maximal value from 300-450°C [7,8]. However, this active temperature 

window is still narrow compared to the temperature range in diesel exhaust and a large 

portion of NOx remains unreacted at temperatures lower than 200°C. Among the many 

transitional metal oxide candidates that have been then proposed to improve de-NOx 

activity at low temperature, MnOx-based catalysts stand out as the most promising 

solution as they can achieve more than 90% NOx conversion at temperatures as low as 

50°C. The performances of many variations of MnOx catalysts are summarized in Table 

2. However, activity at high temperatures, above 300°C, is not sufficient, and the 

testing conditions were water-free, which does not resemble realistic diesel exhaust 

conditions [8]. As an example of an attempt to develop a water-tolerant SCR catalyst, 

An et al. proposed Pt/fluorinated carbon with high NOx reduction activity between 170-
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275°C in the presence of 4% H2O [9]. However, this limited temperature window of 

activity does not meet the wide temperature range in diesel exhaust. Despite much 

research effort, significant drawbacks of metal oxides catalysts in terms of providing 

persistent activity in a wide temperature range still remain. 

Table 2 - Research results on three kinds of Mn-based catalysts in literatures (excerpt from ref. [8]). 

Catalysts Reaction conditions 

Highest NOx 

conversion/N2 

selectivity (T range) 

Non-supported MnOx 

MnOx 0.05%NH3, 0.05%NO, 5%O2, 50,000 h
−1

 
100%/>82% (100–

150°C) 

Manganese ore 0.045%NH3, 0.04%NO, 3%O2, 20,000 h
−1

 100% (150–250°C) 

Mn-based composite oxides 

MnOx-CuO 0.05%NH3, 0.05%NO, 5%O2, 30 000 h
−1

 100%(50–200°C) 

MnOx-FeOx 0.1%NH3, 0.1%NO, 2%O2, 15 000 h
−1

 100% (120–180°C) 

MnOx-FeOx-

TiO2 
0.05%NH3, 0.05%NO, 5%O2, 50,000 h

−1
 

100%/>90% (200–

300°C)  

MnOx-CeO2 0.1%NH3, 0.1%NO, 2%O2, 42,000 h
−1

 100% (120–150°C)  

MnOx-SnO2 0.05%NH3, 0.05%NO, 3%O2 100% (120–200°C) 

Mn supported catalysts 

MnOx/Al2O3 0.055%NH3, 0.055%NO, 2%O2, 58,000 h
−1

 
95%/>65%(150–

250°C) 

MnOx/TiO2 0.1%NH3, 0.1%NO, 3%O2, 40,000 h
−1

 100% (120–200°C) 

MnOx-CeO2-

Nb2O5/cordierite 
0.2%NH3, 0.1%NO, 10%O2, 52,000 h

−1
 80%/96% (200°C)  

MnOx/AC/C 0.055%NH3, 0.05%NO, 3%O2, 10,610 h
−1

 95% (250°C) 

Beside metal oxides, zeolite-based catalysts also emerged as another promising 

candidate for SCR processes. Noble metal-zeolites drew the majority of research 
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attention early. They have high NOx reduction performance mostly at elevated 

temperature, but display narrow temperature windows and are susceptible to H2O 

inhibition. Reactivity is severely hindered in the presence of water or on 

hydrothermally aged catalysts. Also, but of lesser research interest, are Ag-zeolite 

catalysts. Studies have shown that Ag-zeolites have improved temperature activity 

range and high resistance to water and even SO2, but their stability is limited due to the 

formation of AgO. Much more promising are the transition metal-zeolites, especially 

Fe-, and Cu-zeolites [10]. Fe-zeolites in general can maintain a relatively high NOx 

conversion from around 300-550°C in the presence of water, though reactivity was very 

limited (<20%) below 200°C [11–14]. The limited activity at low temperature is 

improved with the substitution of Cu exchanged into small-pore zeolites, especially Cu-

SSZ-13, which shows excellent NOx conversion at temperatures as low as 200°C. 

[6,14]. The zeolite-based catalysts clearly surpass metal oxides in terms of low-

temperature activity and wide temperature window. However, with the increasing 

challenge of meeting the current NOx emission levels, the NOx slipping through the 

tailpipe when the exhaust temperature is below 200°C still remains a great concern. 

1.3 NOx storage and reduction 

Another technology that has also received research attention is NOx storage and 

reduction, also known as the lean NOx trap (LNT). Contrary to SCR, NSR first stores 

NOx under lean conditions and then reduces the stored NOx with fuel rich gas. 

However, the active temperature window for NSR catalysts is narrower, typically 

falling into the 250-450°C range [1]. The LNT system is often combined with SCR 

catalysts to improve overall activity, by using any over-reduced NOx in the form of 
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NH3. Zheng et al. have studied a new dual-layer LNT-SCR design, which successfully 

achieved up to 80% NOx conversion at around 200°C at 70k h
-1

 GHSV under lean 

conditions. It is noted also in terms of operation, streams of hydrocarbons, C3H8 in this 

study, were pulsed at high-frequency, approximately 4 pulses every 25 seconds, during 

rich cycles. Figure 2 shows that the light-off temperature for NOx conversion is 

enhanced quite significantly by three factors: reducing lean/rich cycle time from 30/5s 

to 6/1s, increasing PGM loading, and adding an SCR layer [15]. Though inferior to 

SCR technology in terms of low temperature deNOx activity, this improvement in NSR 

catalysts is particularly useful for smaller diesel passenger cars where NSR is more 

prevalent. 

 

Figure 2 - Cycle-averaged NOx as a function of feed temperature by (a) LNT, dual-layer catalysts with 

different PGM loading under the same fast cycling and (b) LNT alone with varied PGM 

loading and varied cycle times. 
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1.4 Passive NOx adsorbers 

The concept of NSR has provided a well-established groundwork for NOx 

adsorption. In fact, one of the most recent strategies to mitigate cold-start emissions 

involves storing NOx at low temperature then releasing it for downstream reduction 

when the exhaust temperature surpasses 200 °C. Passive NOx adsorbers have been 

designed and developed to do just this [16]. For passive NOx adsorber systems, the gas 

phase is assumed to be always fuel lean and NOx is to be reduced on downstream 

catalytic components. Studies have shown promising passive NOx adsorbers ranging 

from mixtures of transition metal oxides to metal-containing zeolites [17–20]. Cole 

proposed an incorporation of a NOx adsorber catalyst immediately upstream of the 

three-way catalyst, whose combined NOx reduction performance is shown in Figure 3. 

According to Cole, the NOx sorbent catalyst can be composed of chromium oxide, 

nickel oxide, copper oxide, manganese oxide, iron oxide, zinc oxide, molybdenum 

oxide, cobalt oxide, or their mixtures, supported on alumina beads. The material 

screening criterion was as simple as establishing NOx adsorbing characteristics, with 

the desired NOx desorption temperature being at least 180°C. The author also showed 

the superior NOx uptake capacity of chromium oxide over other metal oxides, as shown 

in Figure 4 [17].  

Others have incorporated precious metals on alumina to store and release 

NOx under oxidizing conditions [21,22]. Ji et al. studied Pt/Al2O3 as well as 

Pt/La/Al2O3 as potential passive NOx adsorbers [22]. They found that the addition of La 

to Pt/Al2O3 improved NOx storage at low temperature by enhancing nitrate formation. 

However, this limited NOx desorption below 250 °C, in other words the nitrates may be 
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Figure 3 - Schematic diagrams illustrating the sequence of temperature and NOx concentration trends 

that occur in the sorbent and catalyst bed during a complete cycle as operated in an 

automotive application [17]. 

 

Figure 4 - Experimental results revealing adsorption isotherm capabilities of several sorbent materials 

[17]. 
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too stable to be released in a more ideal temperature range. Ceria-based catalysts also 

appear to be potential passive NOx adsorbers due to their low-temperature NOx activity 

and applications in NSR and SCR [23–25]. Ryou et al. found that hydrothermally aged 

Pd/CeO2 could retain NOx until after 200°C, as shown in Figure 5 [23]. In Figure 6, the 

study also showed that the addition of Pt amplified the higher temperature β peak , 

which represented the NO and NO2 decomposed from nitrate species. Furthermore, 

longer exposure of NOx (500s – 3h, shown in Figure 7) promotes the formation of the 

lower temperature NOx desorption peak, which starts below 150°C. Ceria also shows 

promising results in terms of boosting NOx storage capacity when doped into a 

zirconia-based catalyst [24]. NOx storage and release on ceria-based catalysts doped 

with Pd, Pt, and rare earth elements was also investigated, and Pd/CeO2 loaded with 

20 mol% Pr had significant NOx storage at 120°C and NOx release below 350°C [25]. 

Moreover, hydrothermal aging significantly affected NOx storage capacity in all tested 

samples while improving NOx desorption efficiency regarding NOx released below 

350°C. 

 

Figure 5 - NO, NO2, and NOx desorption curves of HTA Pd/CeO2catalyst. (NO adsorption temperature: 

80°C, ramping rate: 10°C/min). [23] 



 

10 

 

 

Figure 6 - NOx desorption curve of HTA CeO2 support and Pt, Pt-Pd, and Pd supported on CeO2 

catalysts. [23] 

 

Figure 7 - NOx desorption curves of HTA Pd/CeO2 with the NO adsorption time for 50, 100, 200, 500 s, 

1 and 3 h. [23] 

In terms of zeolite based adsorbers, Chen et al. compared Pd catalysts supported on 

CeO2 and MFI, CHA, and BEA zeolites [20]. All four catalysts showed considerable 

NOx storage and desorption efficiencies. Chen et al. also investigated the effect of 

sulfur NOx storage capacity on those catalysts and concluded that zeolite-supported 

catalysts sustained sulphation much better than CeO2-supported. However, Pd/BEA 

appeared better than the other catalysts in terms of NOx storage at 100 °C or lower and 

NOx release above 200°C.  
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Figure 8 - NO adsorption at 100°C on different 1 wt.% Pd samples in a gas mixture containing 200 ppm 

NO, 200 ppm CO, 50 ppm C10H22, 12 % O2,5 % CO2,5%H2O, and balanced with nitrogen 

[20] 

 

Figure 9 - NO and NO2 release profiles for different Pd–zeolite samples after adsorption experiments at 

100°C. Feed gas: 200 ppm NO, 200 ppm CO, 50 ppm C10H22, 12% O2, 5% CO2, 5% H2O, and 

balanced with nitrogen [20] 
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1.5 Research objectives and thesis outline 

State-of-the-art aftertreatment catalysts are approaching their optimal performance 

possible in terms of reactivity, selectivity, stability, and affordability. Thus, the low 

temperature condition where commercial catalytic converters have poor performance is 

crucial in addressing the increasingly stringent emission regulations. Cold-start 

emissions are well acknowledged and documented in recent decades. Research efforts 

have often focused on improving pre-existing catalysts. In terms of NOx abatement, 

selective catalytic reduction (by ammonia or hydrocarbons) and NOx storage and 

reduction are currently the most promising technologies. However, their activity at low 

temperature remains insufficient despite recent improvements. 

Parallel to the path toward achieving a better low temperature SCR and/or NSR catalyst 

is the evolution of passive NOx adsorbers (PNAs) which ideally trap NOx in diesel 

exhaust at low temperature and then release it for downstream reduction when the 

exhaust temperature surpasses 200°C. PNA has gone through extensive catalyst 

screening and selected candidates have shown very promising results in terms of NOx 

storage capacity at low temperature and their thermally controlled NOx desorption 

efficiency. Among the top candidates is Pd/BEA. Though the performance of Pd/BEA 

has been shown superior to that of other PNA catalysts, the fundamental understanding 

of its performance is lacking. Therefore, in this thesis, I studied the NOx adsorption 

behavior of Pd/BEA under relevant conditions and attempted to characterize at the 

surface level the possible adsorption events. The effect of CO on activity of Pd/BEA 

was also studied.  
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This thesis will be outlined as followed. In chapter 2, the overall experimental 

methodology will be discussed. Chapter 3 will discuss the effect of CO on Pd/BEA 

passive NOx adsorbers. Chapter 4 summarizes the effect of SO2 on Pd/BEA by 

evaluating NOx activity under SO2 flow. Chapter 5 will attempt to explore the kinetics 

of NOx desorption on Pd/BEA in O2, CO, and H2O flows. Chapter 6 will summarize all 

the important points in this thesis and provide insights into the future directions. 
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Chapter 2 – Experimental Methods 

Two reactor systems were used in this thesis. The bench scale reactor system with 

powder catalyst sample was used to conduct temperature-programmed desorption 

(TPD) experiments. An in-situ diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) reactor system was used for surface species identification 

under reaction conditions. The catalyst used in thesis was 1wt.% Pd/BEA (SAR = 25) 

in powder form. Further details about the two reactor systems, and catalyst preparation 

are presented in this chapter.  

2.1 Bench scale powder reactor system 

2.1.1 Gas supply system 

The gases used in this thesis are summarized in Table 3. The N2 carrier gas was 

supplied from an On-Site Nitrogen generator system (N-30-TGN model) while the 

other gases, except water vapor, were supplied from gas cylinders acquired from either 

Praxair or Matheson. The specific flow rates of those gases were controlled by MKS 

mass flow controllers (MFCs) (model 1179A) which were calibrated with a Bios 

Definer 220-H digital flow meter. Water vapor was formed by a Bronkhorst water 

vaporization system that had three components: an El-FLOW MFC for N2 carrier gas, a 

LIQUI-FLOW MFC for liquid water, and a controlled evaporator mixer (CEM).  

Stainless steel tubing was used throughout. The line segments immediately downstream 

of the MFCs manifold, including all fittings and valves, were heated to around 130-

140°C and wrapped in high temperature insulating tape (Darco Southern Tetraglas 3000 

Woven Tape) to avoid water condensation. 
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Table 3 - Gases used in this study 

Gas Description Purity 

N2 Carrier gas, purge gas for reactor and FTIR 99.999% 

O2 Pure 99.993% 

CO Balanced with N2 10% 

CO2 Pure 99.999% 

NO Balanced with N2; corrosive 0.5% 

NO2 Balanced with N2 and in O2; corrosive 0.5% 

SO2 Balanced with N2; corrosive 0.1% 

H2O Produced from DI water 100% 

2.1.2 Reactor system 

The reactor system consisted of a 20 in. long quartz tube with 6.35 mm outer 

diameter and 4 mm inner diameter, and a Lindbergh Mini-mite temperature controlled 

furnace. Approximately 88 mg of catalyst powder, sandwiched between 2 small quartz 

wool plugs to maintain bed position, was placed in the quartz tube such that the catalyst 

bed was within 3 cm from the inlet K-type thermocouple tip and about 3-4 cm from the 

outlet K-type thermocouple tip. The temperature measurement from the inlet 

thermocouple was taken as the temperature values in this study. A schematic of reactor 

tube is shown in Figure 10.  

 

Figure 10 - Schematic view of the reactor tube (not to scale).  

Flow 

direction 
Inlet 

TC 

7¾ in.  ≤ 3 cm ~2 cm 3-4 cm 

Outlet 

TC 

Catalyst bed 
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The gas supply manifold was divided into two pathways: one going to the reactor 

tube and the other bypassing the entire furnace set-up. Both pathways meet at a three-

way valve, with its outlet leading to a MKS Multigas MG-2030 FTIR spectrometer 

used to measure gas concentrations (in volumetric ppm). The gas cell inside the 

spectrometer was maintained at 191°C. The instrument was also in constant purge by a 

FTIR purge gas produced by Parker Balston. Both gas measurement data and 

temperature data were monitored real time via Ethernet connection and National 

Instrument Field point modules, respectively, and collected via MKS MG2000® 

software and Labview® software, respectively. 

2.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS) 

2.2.1 Background 

In-situ DRIFTS is a common surface characterization technique using IR based on 

vibrational and rotational transition frequencies of diatomic polarized bonds of 

adsorbed compounds. A sample surface is exposed to an incident IR beam with a range 

of wavelengths or frequencies. This incident beam penetrates into the sample surface at 

a certain depth. Beam reflections and absorptions occur in inter-particular space and 

then rejoin as a single reflectance beam, thus “diffuse reflectance,” weaker in intensity 

due to absorption. Photons at certain frequencies will induce mostly vibrational 

transitions, and sometimes rotational transitions, of diatomic polarized bonds, and 

eventually will be absorbed. The reflected IR beam, now with certain frequencies lost 

or absorbed, is detected by a detector and is measured in voltage, resulting in a plot 
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called an interferogram. A Fourier transformed interferogram gives a transmittance vs. 

wavenumber plot, which is then used for surface species identification.  

2.2.2 Spectrometer and data acquisition system 

The IR source and analyzer consisted of Thermo Scientific Nicolet IS50 FTIR 

spectrometer equipped with a Mercury Cadmium Telluride (MCT) detector with 

Cadmium Telluride (CdTe) window and a KBR beam splitter. This detector is reported 

highly suitable for kinetic study due to its high sensitivity and its ability to maintain the 

signals regardless of data-acquisition speed. With this setup, the apparatus is capable of 

identifying all molecular state transitions that occur in the mid-IR region [26]. A water 

bath at room temperature was placed underneath the reactor as an external cooling 

system for the reactor cell. 

IR spectral information was processed by OMNIC v9.0 software. The Series feature 

of the software was utilized to capture real-time kinetic spectral data where each 

recorded spectrum was the average of 5 scans of 4.0-cm
-1

 resolution. The data 

acquisition rate was as fast as 1.5s/spectrum. All spectra were shown in Kubelka-Munk 

units, expressed in Eqn. (1 in terms of Reflectance unit (  ) or Transmittance unit as  

                      
(    )

 

   
  Eqn. (1) 

because it was commonly accepted for diffuse reflectance experiments [27]. 

In this study, the equation for KM was expressed as followed:  

                      
|    |(    )

   
 Eqn. (2) 

to accommodate for the negatively growing IR features which may not be present in 

background spectra. 
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2.2.3 Gas supply system and reactor system 

The gas supply system resembles the one described in section 2.1.1 of this thesis, 

except for the carrier gas now being He instead of N2. The total flow rate was 

maintained at 50 sccm total. The gases used in DRIFTS experiments were O2, NO, CO, 

and He.  

Figure 11 shows a schematic of the reactor cell where catalyst sample was prepared 

as a pellet with 5 mm diameter and 2-3 mm thick. Gas enters the sealed system from a 

1/16” nozzle and flows through the catalyst sample before leaving the reactor to vent. 

This reactor design shows a relatively large dead volume in which stagnant gas is 

present. This dead volume, initially filled with air, will have to be purged with carrier 

gas, which was He in this study, before reactant gases are introduced.  

 

Figure 11 - Schematic view of the reactor. A) Reactor cup. B) Powder sample 
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2.3 Catalyst preparation - Incipient wetness impregnation and 

hydrothermal aging 

The NH4-form of β zeolite (Zeolyst, Si:Al ratio = 25) was first dried at 80 °C for 2 h, 

then at 100 °C for 12 h, and was calcined at 500 °C for 2 h to convert it to H-form. The 

heating rate was kept at 1°C/min. During calcination, the crucible containing the 

powder was shaken gently to avoid powder wicking. Immediately after cool-down, the 

powder was mixed with a Pd(NO3)2 solution via incipient wetness impregnation, such 

that the final Pd content was 1wt.% Pd/BEA. Drying and calcination was again 

performed, following the same temperature profile as above. The sample was 

hydrothermally treated at 750 °C for 10 h in a 250 sccm total flow of 10% O2 and 10% 

H2O with a N2 balance. The heating rate (to 750°C) was kept at 5°C/min to avoid 

overshooting.  
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Chapter 3 – Effect of CO on Pd/BEA Passive NOx Adsorbers 

The content of this chapter is directly from a published paper [28]. However, in-text 

citations were adjusted for bibliography coherency.  

3.1 Introduction 

NOx emission reduction in diesel engine exhaust is challenging [29]. Selective 

catalytic reduction (SCR) and NOx storage and reduction (NSR) have been extensively 

studied as potential solutions and both technologies have been commercially proven 

and have high NOx reduction efficiencies [1,6,30,31]. However, their performance is 

constrained at low temperatures, and because of these limitations, most NOx will slip 

through the aftertreatment system when the catalyst temperatures are below 

approximately 200 °C. Such low temperatures are associated with cold-start emissions 

and can constitute a major portion of the total NOx emitted during a drive cycle. One 

strategy to mitigate cold-start emissions is to store NOx at low temperature then release 

it for downstream reduction when the exhaust temperature surpasses 200 °C. Passive 

NOx adsorbers have been designed and developed to do just this [16]. 

NOx adsorption has been well studied in the context of lean NOx traps (LNTs) [1,32–35]. 

However, the LNT design includes the stored NOx being reduced to N2 when exposed to 

a fuel (or reductant) rich gas. For passive NOx adsorber systems, the gas phase is 

assumed to be always fuel lean and NOx is to be reduced on downstream catalytic 

components. Studies have shown promising passive NOx adsorbers ranging from 

mixtures of transition metal oxides to metal-containing zeolites [17–20]. Others have 

incorporated precious metals on alumina to store and release NOx under oxidizing 

conditions [21,22]. Ji et al. studied Pt/Al2O3as well as Pt/La/Al2O3 as potential passive 
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NOx adsorbers [22]. They found that the addition of La to Pt/Al2O3 improved NOx storage 

at low temperature by enhancing nitrate formation. However, this limited NOx desorption 

below 250 °C, in other words the nitrates may be too stable to be released in a more ideal 

temperature range. NOx storage on ceria-based catalysts doped with Pd, Pt, and rare earth 

elements was studied, and Pd/CeO2 loaded with 20 mol% Pr had significant NOx storage 

at 120 °C and NOx release below 350 °C [25]. In terms of zeolite based adsorbers, Chen 

et al. compared Pd catalysts supported on CeO2 and MFI, CHA, and BEA zeolites [20]. 

All four catalysts showed considerable NOx storage and desorption efficiencies. 

However, Pd/BEA appeared better than the other catalysts in terms of NOx storage at 

100 °C or lower and NOx release above 200 °C. 

Though there has been extensive research targeting improved cold-start catalysts, 

emissions at low temperature are still an issue. The passive NOx adsorber (PNA) 

technology appears to be a relevant strategy to mitigate low temperature 

NOx emissions. In this study, we chose Pd/BEA as a model passive NOx adsorber 

material and evaluated the impact of CO on NOx adsorption and desorption. Diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to characterize 

Pd states in an attempt to understand the reaction chemistry. 

3.2 Experimental Methods 

3.2.1 Catalyst preparation 

The NH4-form of β zeolite (Zeolyst, Si:Al ratio = 25) was first dried at 80 °C for 2 h, 

then at 100 °C for 12 h, and was calcined at 500 °C for 2 h to convert it to H-form. 

Immediately after cool-down, the powder was mixed with a Pd(NO3)2 solution via 

incipient wetness impregnation, such that the final Pd content was 1wt.% Pd/BEA. 
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Drying and calcination was again performed, following the same temperature profile as 

above. The sample was hydrothermally treated at 750 °C for 10 h in a 250 sccm total 

flow of 10% O2 and 10% H2O with a N2 balance. 

3.2.2 Reaction conditions 

Approximately 88 mg of this Pd/BEA powder were placed in a micro-reactor which 

was placed inside a Thermo Fischer Lindberg Minimite furnace. In all experiments, the 

catalyst was preconditioned at 500 °C in 10% O2 before it was cooled down to the 

adsorption temperature, which was 80 °C in this study. The temperature was measured 

~1 cm upstream of the catalyst bed using a K-type thermocouple. Pretreated Pd/BEA 

was then exposed to various feed streams composed of 186 ppm NO, 5% H2O, 10% O2, 

with a balance of N2. The inclusion of CO, NO2 and CO2 was also investigated. The 

adsorption phase was 100 s at 80 °C and was followed by a ~63 °C/min heating ramp to 

500 °C. The effluent stream was monitored by an MKS Multigas 2030 FTIR. In this 

study, all NOx concentration measurements presented are the summation of NO and 

NO2 concentrations. 

3.2.3 Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS) 

Approximately 50 mg of Pd/BEA sample was pressed into a pellet before it was 

loaded into a Smart Collector DRIFTS cell, set in a Nicolet IS50 IR spectrometer with a 

MCT-highD detector. Spectra were collected at a resolution of 4 cm−1. Catalyst samples 

were pretreated in 10% O2/He at 500 °C for 1 h before they were cooled down to 80 °C 

in O2 for subsequent experiments. Adsorption experiments were carried out using a 

total flow of 50 sccm containing 200 ppm NO and/or 800 ppm CO in a balance of He. 
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3.3 Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS) 

3.3.1 Effect of gas components 

We here define the base case as that containing NO, O2, H2O in a balance of N2. 

The experiment consisted of an adsorption phase that began at t = 60 s in Figure 12. The 

adsorption phase lasted 100 s. The concentration data obtained from the base case is 

shown in Figure 12A, as are the results demonstrating the effect of CO concentration on 

NOx uptake activity. The amounts of adsorbed NOx are listed in Table 4. At t = 60 s, the 

Pd/BEA material adsorbed the entering NO until the available sites were saturated, 

generating a relatively standard adsorption profile. The HBEA zeolite was also 

evaluated and as shown, adsorbed little NO. Compared to the base feed case, the 

addition of CO generally enhanced NOx uptake over the Pd-containing samples, though 

the beneficial effect was not noticeable until more than 100 ppm CO was added. During 

this adsorption phase, a transient in CO2 concentration was detected (Figure 12B) and 

the amount formed increased with increasing inlet CO concentration. CO2 was not 

observed when evaluating the HBEA. 

Note, the CO2 evolved, and thus the CO oxidation, was transient, and was correlated 

to NOx uptake. Also, with CO in the feedstream the amount of NO that adsorbed was 

consistently more than the amount that desorbed, with an increasing difference with 

increasing CO amount. These results demonstrate that NO reduction occurred, even at 

80 °C, via a Pd-catalyzed reaction. Note, no N2O was observed. 

Although adsorption quantities are important, the range of temperatures where 

desorption occurs is just as critical. NOx should desorb at temperatures above the 
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Figure 12 - A Effect of CO on NOx uptake and B CO2 detected. The feedstream was switched to the 

reactor at t = 60 s. The inlet stream consisted of 186 ppm NO, 10% O2, 5% H2O, various CO 

amounts and a balance of N2 

Table 4 - NOx adsorption and desorption (µmolNOx/gcat) as a function of CO concentration and the 

presence of NO2 and CO2. Numbers in parentheses are the NOx:Pd ratios 

186 ppm NO, 10% O2, 5% H2O, 

and 

NOx Adsorbed NOx Desorbed 

0 ppm CO 14 (1.7) 14 (1.7) 

60 ppm CO 13 (1.6) 10 (1.2) 

100 ppm CO 15 (1.8) 11 (1.3) 

170 ppm CO 17 (2.0) 13 (1.5) 

225 ppm CO 20 (2.4) 15 (1.8) 

93 ppm NO, 93 ppm NO2, 5% H2O 17 (2.0) 13 (1.6) 

2.5% CO2, 5% H2O 14 (1.7) 13 (1.6) 

temperature required for NOx reduction over downstream NOx reduction catalysts. 

However, the onset of NOx desorption should not be at too high of a temperature, 

https://static-content.springer.com/image/art:10.1007/s10562-017-1976-x/MediaObjects/10562_2017_1976_Fig1_HTML.gif
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otherwise regeneration or removal of NOx from the PNA for later adsorption would be 

challenging. And depending on the engine, this might require strategies to achieve 

higher temperatures than normal and thus incur a fuel penalty. The NOx concentrations 

measured during the temperature programmed desorption (TPD) phase after the 

adsorption at 80 °C, in the absence of CO and with different CO amounts added, are 

shown in Figure 13. In the absence of CO, the NOx desorption peak locations, at 

approximately 100 °C (peak A) and 180 °C (peak B), should be considered too low. 

Downstream NOx reduction catalysts operate efficiently at temperatures above ~180–

200 °C. However, when CO was included in the feed, a new high temperature release 

feature appeared, and the majority of NOx desorption occurred in this higher 

temperature region. Peaks include a shoulder at around 160 °C (peak B), a peak at 

260 °C (peak C), and small broad peak at 430 °C (peak D). As the CO concentration 

increased, peaks C and D grew, whereas peak B shrank. Therefore, CO led to increased 

adsorbed NOx thermal stability. As will be shown below, this is due to CO’s ability to 

reduce Pd to a lower oxidation state, which leads to the more strongly adsorbed species. 

The influence of NO2 and CO2 were also evaluated with summary data listed in Table 

4 and the TPD results shown in Figure 14. CO2 did not have an impact. With 

NO2 added, a larger amount of the low temperature species, peak A, was measured, 

while peak B decreased in intensity. The influence of NO2, like CO, is related to its 

influence on the Pd oxidation state, here keeping it in a higher oxidation state as NO2 is 

a known strong oxidant. 

3.3.2 NO adsorption characterized by DRIFTS 

As shown above, CO changed the surface chemistry of Pd/BEA such that more NOx  
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Figure 13 - Effect of CO concentration on NOx-TPD after the adsorption described in Figure 12. The 

inlet stream consisted of 186 ppm NO, 10% O2, 5% H2O, various CO amounts and a 

balance of N2. The ramp rate was 60 °C/min 

 

Figure 14 - Effect of NO2 and CO2 on NOx desorption. The feedstream was switched to the reactor at 

t = 60 s. The inlet stream consisted of 186 ppm NO or 93 ppm NO and 93 ppm NO2, 10% 

O2, 5% H2O, 0 or 5% CO2 and a balance of N2 

adsorbed and the desorption characteristics changed. In an attempt to understand why, 

DRIFTS was used to characterize the interactions between Pd/BEA and NO and CO. 

First, CO adsorption on an O2-pretreated Pd/BEA sample at 80 °C was characterized in 

order to help identify what Pd states exist, and multiple IR features (Figure S1) were 

observed. The assignments, based on literature values, for each CO peak can be found 

https://static-content.springer.com/image/art:10.1007/s10562-017-1976-x/MediaObjects/10562_2017_1976_Fig2_HTML.gif
https://static-content.springer.com/image/art:10.1007/s10562-017-1976-x/MediaObjects/10562_2017_1976_Fig3_HTML.gif
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in Table 5. These data demonstrate that there were not only multiple Pd states, but also 

multiple types of binding sites for those similar chemical states. 

Table 5 - Peak assignments used in this study [36,37] 

IR features (cm
−1

) Assignment 

1779 (NO)2 dimer symmetric stretch on Pd 

1826 NO symmetric stretch of dinitrosyl species (NO–Pd–NO) 

1855 (NO)2 dimer asymmetric stretch on Pd 

2077 Linear CO on low coordination Pd
0
 

2098 Linear CO on terraces of Pd
0
 

2118 Linear CO on Pd
+
 

2137 Linear CO on ionic Pd 

2152 Linear CO on Pd
2+

 

2179 Linear CO on highly dispersed Pd
2+

 

In terms of NOx uptake, the sample was exposed to NO + O2, and IR spectra were 

collected until no changes were observed, after which CO was introduced. Figure 

15 shows NO adsorption spectra with NO and O2 exposure at 80 °C. Peaks at 1806, 

1815, 1826, 1847, 1874, and 1889 cm−1 were observed. The bands at 1826 and 

1874 cm−1 can be assigned to the N = O symmetric stretch of palladium-dinitrosyl 

species and asymmetric stretch of an (NO)2 dimer on Pd, respectively [36]. The rest of 

the IR features are assigned to N–O bond vibrations in a palladium-nitrosyl complex. 

This N–O bond is sensitive to the chemical state of Pd. Since Pd initially existed in 

multiple oxidation states, the multiple bands associated with NO exposure show that 

NO could bind to multiple Pd sites/states. Available, literature-based peak assignments 

are listed in Table 5. 
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Figure 15 - DRIFTS spectra obtained during Pd/BEA exposure to NO + O2, then NO + CO + O2, then 

NO + O2 (i.e. CO was turned off) 

After the IR signals no longer changed, i.e. NO adsorption saturation was achieved, 

CO was introduced and the peaks at 1822 and 1797 cm−1 increased 

substantially/appeared whereas the peaks at 1847, 1874, and 1889 cm−1 decreased 

slightly. The peak at 1822 cm−1 represents dinitrosyl species whereas 1797 cm−1 is close 

to the (NO)2 symmetric stretch, which has been reported at 1779 cm−1. The shift in peak 

location is likely due to the ionic or oxidized states of Pd in this study whereas the 

reported wavenumbers are associated with a Pd(111) surface [36]. This new feature 

indicates a new site for adsorption, which should therefore lead to a different binding 

energy—all of which coincides well with the data observed with the addition of CO in 

the reactor experiments. CO led to more NOx adsorbed, and to desorption at higher 

temperatures. These new, lower wavenumber features, likely associated with reduced 

Pd, are responsible for the increased capacity and more stable NO bound species. 

Lastly, as shown in Figure 15, when CO was turned off, the 1797 cm−1 feature 

https://static-content.springer.com/image/art:10.1007/s10562-017-1976-x/MediaObjects/10562_2017_1976_Fig4_HTML.gif
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disappeared and the 1822 cm−1 feature decreased in intensity. The IR band at 1811 cm−1, 

however, remained and was substantially larger than any features prior to CO addition. 

This suggests that CO stabilized the NO bound to the Pd. At the same time, in the 

zeolitic T–O–T vibration wavenumber region, a negative peak was detected around 

933 cm
−1

 (Figure 16), which was not observed with exposure to just NO. This negative 

feature indicates less T–O–T perturbation by the exchanged Pd ions [20], possibly due 

to their reduction to lower oxidation states. NO + O2 exposure did not induce changes in 

this region, demonstrating that it did not alter Pd oxidation states compared to the 

background. CO as a reductant could lower the Pd oxidation state and induce this 

change. However, it was not clear if the reduction was complete to metallic Pd, or 

partial reduction to lower (but non-zero) oxidation states. In order to clarify this, H2 was 

used as a preconditioning gas instead of O2. Such a reductive pretreatment should 

further reduce Pd to even lower oxidation states than reduction by CO in the presence 

of O2. Figure S2 shows NO adsorption on H2-reduced Pd/BEA at 80 °C. Only one peak 

at 1749 cm−1 was observed, most likely representing the nitrosyl vibration on metallic 

Pd [38]. This IR feature was not present during any experiments with the oxidatively 

pretreated sample. Therefore, it was unlikely CO reduced Pd to its metallic form. 

The above experimental data show beneficial effects of CO on NOx uptake at low 

temperature and preferential release of NOx after 200 °C, where downstream 

NOx reduction catalysts achieve appreciable performance. CO apparently enhanced 

NOx adsorption and binding strength by reducing Pd to lower oxidation states. Once 

reduced, Pd gains electrons in its valence orbitals. We speculate that because the metal-

nitrosyl bond involves π-back-donation of these valent electrons to partially filled 
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Figure 16 - DRIFTS spectra obtained during Pd/BEA exposure to NO + O2, then NO + CO + O2, then 

NO + O2 (i.e., CO was turned off). Low wavenumber region 

orbitals of NO molecules, this electron gain further facilitates back-donation, thereby 

strengthening the Pd–N bonds. 

DRIFTS experiments revealed the importance of the oxidation state of Pd in 

NOx storage and release activity. As shown above, when NO2 or CO was included in 

the feed, changes in peak amplitude and position were evident. Compared to the TPD 

pattern under the basic feed case, peak A was larger in the presence of NO2, a stronger 

oxidant than O2, whereas peak B was smaller. In the case with CO2, neutral in regards 

to the chemical state of Pd, no change in peak amplitude was observed. It is therefore 

very likely that peak A, the NO desorbing from the less stable site, is associated with 

Pd species in a high oxidation state and peak B the next lower oxidation state. This 

assignment is further supported by the disappearance of peak A and the decrease of 

peak B in the presence of reductant CO. The addition of CO also led to the formation of 

peaks C and D, the higher temperature NOx desorbing peaks. These could therefore be 

associated with NOx species on Pd at even lower oxidation states. Also of note, the 

https://static-content.springer.com/image/art:10.1007/s10562-017-1976-x/MediaObjects/10562_2017_1976_Fig5_HTML.gif
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NOx to Pd ratio (Table 4) was always larger than 1, which either suggests adsorption on 

the zeolite or that Pd adsorbed more than one NO molecule. The DRIFTS results show 

that there was dinitrosyl and (NO)2 dimer on Pd formation, and the HBEA sample 

trapped little if any NO, supporting the >1 NO:Pd ratio being explained by dintrosyl or 

dimer formation. 

3.4 Conclusions 

In this study, the effect of CO on NOx storage and release on/from Pd/BEA was 

characterized. CO resulted in increased NOx uptake at low temperature, as well as 

inducing desorption at higher temperatures. DRIFTS results indicate that the chemical 

state of the Pd is the key factor. Pd at lower oxidation states can bond NOx more 

strongly via the strengthening of the covalent bond by π-backdonation from Pd as the 

metal gains more electrons. 
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Chapter 4 – Effect of SO2 on Pd/BEA Passive NOx Adsorbers 

4.1 Introduction 

Though the influence of sulfur/sulfation has been investigated in the context of SCR 

and LNT catalysts, that on passive NOx adsorbers in general has not been well-

established [39,40]. The stereotypical consensus regarding SO2 effects is that it will 

negatively impact a catalyst’s performance to various extents from mild to complete 

deactivation. In terms of passive NOx adsorbers, Chen et al. has shown decreased NOx 

uptake capacity on sulfated Pd-based catalysts supported on CeO2 and MFI, CHA, and 

BEA zeolites, among which Pd/CeO2 barely shows any NOx uptake after sulfation, as 

shown in Figure 17. Contrary to Pd/CeO2, Pd/zeolite catalysts were not severely 

affected by sulfation. Though according to the authors sulfur is known to interact 

strongly with PdO2, the prevalence of highly dispersed Pd over Pd oxides accounts for 

the strong sulfur tolerance of Pd/zeolites, and the mild reduction in NOx storage 

capacity is probably attributed to the small amount of PdO. It is noted that the catalysts 

were initially treated with 100 ppm SO2, 10% O2, 5% H2O, and 5% CO at 300°C until 

21 mol of SO2 per mole of Pd was achieved [20]. 

However, the NOx desorption activity on sulfated samples was not discussed in 

detail in the above study. Therefore, this thesis will provide a more complete picture 

into the effect of SO2 on Pd/BEA passive NOx adsorbers. 

4.2 Experimental Methods 

Temperature programmed desorption (TPD) experiments were performed in a 

bench-top flow reactor on hydrothermally aged 1% Pd/BEA. The catalyst was 
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Figure 17 - Effect of sulphation on the NO storage capacity at 100°C for different 1 wt.% Pd samples 

[20] 

pretreated in 10% O2 at 500°C before it was cooled down to 80°C for adsorption. 

Preconditioned Pd/BEA was exposed to the same feed stream as used in chapter 3 with 

0 or 225 ppm CO, and with the addition of 50 ppm SO2 in both adsorption and 

desorption phases. The TPD procedure remains the same with 100s adsorption and a 

heating rate of ~66°C/min to 500°C.  

4.3 Results and Discussions 

Similar to the experimental protocol in chapter 3, the adsorption started at t = 60 s 

in Figure 12. This set of TPD experiments shows little to no SO2 effect on both NOx 

uptake and release. In the presence of CO, the amount adsorbed was reduced by 19%, 

and the amount desorbed was reduced by 22%. Both desorption peaks at ~250°C and 

450°C show decreased amplitude in SO2 compared to those without SO2. This small 

SO2 effect agrees with what Chen et al. found. Moreover, the peak locations and shapes 

remain unchanged under the influence of SO2. 
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Figure 18 - Effect of SO2 on NOx desorption activity 

Table 6 - Adsorption and desorption amount of NOx under feed gases with vs. without SO2 

       
      No CO 

With SO2 No 

CO 
225ppm CO 

225ppm CO, 

with SO2 

Adsorption 13.9 13.9 15.3 18.5 

Desorption 13.0 11.9 13.8 17.7 

4.4 Conclusions 

The influence of SO2 was shown in this study by temperature programmed 

desorption experiments. Though it hinders NOx activity to a small extent, SO2 overall 

does not alter the uptake or release of NOx on Pd/BEA passive NOx adsorber. 
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Chapter 5  – Desorption Kinetics of NOx on Pd/BEA – Effect of 

Heating Rate 

5.1 Introduction 

One of the key features in passive NOx adsorbers is the desorption temperature. An 

effective passive NOx adsorber should start the NOx release no earlier than 

approximately 200°C. Thermal desorption is influenced by many factors, which can be 

associated with the catalyst, the gas feed, or the experimental conditions. Interestingly, 

it has been well established that the temperature at which desorption occurs can be 

altered systematically by varying the heating rate, a feature related to the experimental 

protocol. In fact, the heating rate can be related to the peak temperature location in a 

temperature programmed desorption (TPD) experiment by the following expression 

derived from the Polanyi-Wigner equation: 

                                  ( )|  
  

   
 

  
   ( 

  

   
)   Eqn. (3) 

in which   is the heating rate;   ( ), the first derivative of surface coverage at peak 

temperature   ;   , pre-exponential factor;  , universal gas constant;   , desorption 

peak temperature;   , desorption activation energy; and  , desorption order.  

The objective of this study is to investigate how heating rate affects the NOx thermal 

desorption activity. The Polanyi-Wigner equation will be used as a model in this study. 

5.2 Experimental Methods 

Temperature programmed desorption (TPD) experiments were performed in a 

bench-top flow reactor on hydrothermally aged 1% Pd/BEA. The catalyst was 

pretreated in 10% O2 at 500°C before it was cooled down to 80°C for adsorption. 
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Preconditioned Pd/BEA was exposed to the same feed stream as used in chapter 3 with 

225 ppm CO. The TPD procedure remains the same with 100 s adsorption but with 

various heating rates to 500°C.  

5.3 Results and Discussions 

5.3.1 Desorption kinetics from heating rate method – Polanyi-Wigner 

model 

The effect of heating rate is shown in Figure 19. The peak area appears smaller as 

the heating rate decreases and may suggest lower desorption amounts. However, it must 

be noted that slower heating rate requires more time to reach the target temperature. 

Thus, time-accumulative amounts of NOx desorbed are the same regardless of heating 

rate. As the heating rate decreases, the peak temperature location also shifts to lower 

values. This is however expected by the Polanyi-Wigner model, according to which the 

heating rate   and the peak temperature location    are positively correlated. This 

correlation can give rise to the evaluation of a desorption energy,   . Eqn. (3 can be 

rearranged to: 

                                (
 

  
 
)    [  ( )

   

  
]  

  

 
 
 

  
   Eqn. (4) 

A plot of   (
 

  
 ) vs. 

 

  
 yields   

  

 
 as the slope. 

For a more accurate analysis, the largest peak, which lies between 200 – 300°C, was 

selected. With    obtained from the peak deconvolution, as shown in Figure 20, and the 

heating rate   from temperature profiles,   (
 

  
 ) vs. 

 

  
 is plotted (Figure 21) to obtain a 
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Figure 19 - NOx-TPD profiles under various heating rate 

desorption barrier of 46.0 kJ/mol from the slope. This desorption activation energy, 

which is assumed independent of surface coverage, is only apparent and representative 

of the surface species that causes the desorption peak of interest.  

 

Figure 20 - Peak deconvolution of the TPD spectrum with   = 66°C/min 
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Figure 21 -   (
 

  
 ) vs. 

 

  
  plot 

The remaining kinetic terms yet to resolve in Eqn. (3 are the pre-exponential factor 

  ,   ( ), and desorption order  . The first two terms can be functions of surface 

coverage. However, Eqn. (3 is specific to the moment when the desorption rate reaches 

a maximum. As a result, surface coverage will be at a certain value, which will render 

both    and   ( ) constant. The pre-exponential factor    can be calculated directly 

from Redhead’s method using the following expression: 

                                 
   

   
   

      (
  

   
)  Eqn. (5) 

where    represents the initial coverage. This equation however assumes    

independent of surface coverage and requires    and   to calculate   . The initial 

coverage    can be calculated from the adsorption amount in the TPD spectra. 

However, since the available active sites are associated with Pd only and not on zeolite 

support, as shown via DRIFTS results in chapter 3,    is computed as followed: 
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                   (   )

                   (   )
  Eqn. (6) 

A ratio of NOx:Pd of 1:1 was assumed in Eqn. (6. The initial coverage was slightly 

different for each experiment. Therefore, the pre-exponential factor will be calculated 

for each TPD spectrum using the respective    instead of the averaged    and will be 

reported as the average value.  Finally, the desorption is second-order due to the 

approximately symmetrical peak [41]. All parameters are reported in Table 7. 

Table 7 - Desorption kinetic parameters 

Parameters Heating rate method 

   [kJ/mol] 45.95 

   0.16 ± 0.01 

  2 

  ( )     [s
-1

] 32230 ± 2227 

   [s
-1

] 3529 ± 353 

Among all calculated parameters, the pre-exponential factor does not appear 

reasonable because it usually ranges from 10
8
 – 10

13
 s

-1
. Since the heating rate and the 

peak temperature location are given directly from experimental data and cannot be 

changed, the remaining parameters that could be altered to make    more practical are 

   and   . Though computed directly from experimental data, the initial coverage still 

bears the assumption of NOx:Pd equal 1:1. This ratio could be 2:1 in the case of (NO)2 

dimers bound to Pd, but this would not change    significantly. In order for    to be in 

the reasonable range,    has to be between 10
-6

 – 10
-11

, which contradicts the 

remarkable NOx storage capacity of Pd/BEA. Therefore, the desorption activation 

energy becomes problematic, even though it seems reasonable.  
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5.3.2 Peak width analysis – Verification of    and    

To verify   , a peak width analysis method, developed by Chan et al., was 

employed [41]. According to this method,    can be computed given   , the desorption 

order n, and either the half-width W1/2 or the three-quarter width W3/4 of a desorption 

peak. For second-order desorption,    is given by following empirical formulas: 

        [   √       (
  

   ⁄
)

 

]

     [   √       (
  

   ⁄
)

 

]  

Eqn. (7) 

The pre-exponential factor    can be subsequently calculated by Eqn. (8, as 

followed [42]: 

                                
   

 

        
 (

  

   
  )

    (
  

   
)  Eqn. (8) 

The half-width and three-quarter-width of the peak of interest can be obtained from 

the peak deconvolution. It is noted that      the initial coverage for the respective 

desorption species (since there are 3 peaks). The newly computed    and    are more 

reasonable compared to the values provided by the heating rate method. The peak width 

analysis results in a set of    and    for one desorption curve. It is noted however that 

each TPD spectrum resulted in a different set of    and   , indicating their non-

independency of coverage, which is understandable under this complex system. Table 8 

summarized the new values for    and   . 
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Table 8 -    and    computed from peak width analysis 

Heating rate 5°C/min 10°C/min 22°C/min 38°C/min 66°C/min 

   [kJ/mol] 278.2 258.7 186.1 143.7 126.1 

   [s
-1

] 1.5 10
31

 1.3 10
28

 9.2 10
18

 3.0 10
13

 5.3 10
11

 

The changing in activation energy of desorption and frequency factor with varying 

heating rate is not explainable by Polanyi-Wigner model, which assumes    and    

coverage independent. However, for complex system like this, it is worth taking into 

account the two well-known and discussed effects of compensation and lateral 

interactions among adsorbates. They are respectively formulated as 

                                                   ( )     ( )    
   ( )

   
   and Eqn. (9)  

                               ( )          ( )            Eqn. (10) 

For pairwise interactions, we will have the second equation of Eqn. (10, where   

represents the interaction energy.   is negative if the interaction is attractive, and is 

positive if the interaction is repulsive [43]. 

Interestingly, a plot of     ( ) vs.   ( ) using the values in Table 8 resulted in a 

straight line in Figure 22. The same linear relationship was also established for peaks 1 

and 3. Since peak 3 were not clearly visible in experiments with   = 5 and 10°C/min, 

only data from the remaining 3 experiments were used for peak 1 and peak 3 analysis. 

Consequently, this relationship allows for the prediction of the frequency factors and 

activation energies of desorption for experiments with heating rates that fall within the 

limits of this study. Extrapolation though not recommended but could be used to obtain 

reference values for heating rates outside the scope of this study. 
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Though the data points appear to correlate very well, it needs to be mentioned that 

some pre-exponential factors of the thermal desorption with heating rates close to the 

limits become too large to be practical, e.g. the    for peak 2 of experiments with   = 5 

and 10°C/min in Table 8. This reveals the known disadvantage of the peak width 

analysis, that it cannot fully unravel the intrinsic    and    of a system where those 

values are coverage dependent. As a result, true understanding of Pd/BEA for its PNA 

application still remains unknown. 

 

Figure 22 - Compensation effect plot of     ( ) vs.   ( ) 

5.3.3 Simulation of temperature-programmed desorption spectra – 

Polanyi-Wigner/Peak width analysis model 

The discrepancy in desorption barriers and pre-exponential factors in this analysis 

has led to another necessary step of verification. Thus, we attempt to reconstruct the 

TPD spectra using the desorption kinetic parameters obtained in the previous sections 

using Polanyi-Wigner model. The expression for desorption rate for the respective 

desorption species is: 
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    ( 
  

  
)   Eqn. (11) 

In Eqn. (11, the surface coverage is a function of temperature, which is unknown. 

Therefore, this equation was further manipulated with the initial condition of        

 (    )      , where    is the first temperature point of the TPD spectrum. Surface 

coverage can then be expressed as followed, with temperature as its only independent 

variable: 

                     [
   

   
      ( 

  

  
)  

   

   
   

    ( 
  

   
)  

 

    
]

  

   Eqn. (12) 

Lastly, the values of all      with       ̅̅ ̅̅ ̅ were calculated based on the proportion 

of each deconvoluted peak in terms of peak area and   . Figure 23 shows the final 

simulation of the experiment with   = 38°C/min. This simulation produces a TPD 

spectrum very close to the experimental data with kinetic parameters obtained from the 

linear relationship by the compensation effect. 

 

Figure 23 - Full simulation of the TPD profile of the experiment with β = 38°C/min  
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Figure 24 compares the simulation of peak 2 using kinetic parameters obtained from 

peak-width analysis vs. Polanyi-Wigner heating rate analysis. It can be seen that the 

peak-width analysis displays a better fit to experimental data than the latter method. 

 

Figure 24 - Peak 2 simulation by heating rate method vs. peak width method of the experiment with β = 

38°C/min 

5.4 Conclusions 

This study attempts to resolve desorption kinetics in the temperature programmed 

desorption of NOx on Pd/BEA under the influence of CO and H2O. Though the 

combination of heating rate method and Redhead’s method can evaluate all important 

desorption kinetic parameters, its validity is questionable by the underlying 

assumptions. However, the constraints caused by such assumptions can be overcome by 

employing the peak width analysis which results in a more reasonable values for the 

desorption activation energy    and the pre-exponential factor   .  
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The newly obtained desorption kinetic parameters led us to the successful 

simulations of the experimental TPD spectra. Though it could predict the shape of 

thermal desorption profiles, the Polanyi-Wigner model did only reveal the desorption 

kinetics of NOx activity on Pd/BEA under the influence of O2, CO, and H2O but not the 

actual events at surface level. Though more rigorous approach may be required in terms 

of elementary reaction steps, these results have brought us closer to fully understanding 

the remarkable NO storage capacity of Pd/BEA zeolite and the development of an ideal 

passive NOx adsorber.  
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Chapter 6 – Conclusions and Future Plan 

This thesis contributes to the understanding of passive NOx adsorbers, which is 

helpful for the development of an ideal PNA catalyst in the future. The activity of 

Pd/BEA PNA was investigated by analysis of TPD and DRIFTS experiments as well as 

kinetic study from the TPD spectra.  

6.1 Conclusions 

6.1.1 Effect of CO on Pd/BEA Passive NOx Adsorbers 

NOx-TPD data show that the addition of CO resulted in increased NOx uptake at 

low temperature and induced desorption at higher temperatures. Moreover, DRIFTS 

experiments showed that Pd at lower oxidation states can bond NOx more strongly via 

the strengthening of the covalent bond by π-back-donation from Pd as the metal gains 

more electrons. 

6.1.2 Effect of SO2 on Pd/BEA Passive NOx Adsorbers 

Through TPD data, SO2 was shown to hinder NOx activity to a small extent, but 

overall it did not significantly alter the uptake or release of NOx on Pd/BEA passive 

NOx adsorber. 

6.1.3 Desorption Kinetics of NOx on Pd/BEA – Effect of Heating Rate 

Desorption kinetics of NOx on Pd/BEA under the influence of CO and H2O was 

studied. Kinetic parameters were obtained and cross-verified via heating rate method, 

Redhead’s method, and peak width analysis. The last method eventually produced the  

most plausible kinetics in terms of fitting experimental data. Parameters calculated 

from peak width analysis were used to simulate the experimental TPD spectra. The 
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simulation could predict the peak temperature locations correctly but could not fit the 

data in terms of peak amplitudes. Interestingly, the frequency factors and activation 

energies of desorption show compensation effect, which established a linear 

relationship between      and   . This relationship allows for prediction of desorption 

kinetic parameters of TPD with heating rates within the scope of this study. However, 

surface events were left untouched and thus require a more rigorous approach that 

formally considers the coverage-dependency of the parameters to achieve full 

understanding of the NOx low-temperature performance of Pd/BEA zeolite. 

6.2 Recommendations for future work 

The following recommendations can be carried out to gain more insights into the 

understanding of Pd/BEA PNA: 

i. DRIFTS data reported in this study were obtained in the absence of water. 

Experiments with water have been done but IR spectral analysis still remains 

very complicated. Complete understanding of all IR features formed upon water 

adsorption on Pd/BEA will contribute to the surface changes induced by water. 

This is critical as for explaining the beneficial effect of water on NOx storage 

capacity according to unreported results.  

ii. This study disregards the effect of hydrocarbons which are always present in the 

engine exhaust. Experiments were also done with various concentrations of 

C3H6 in the feed flow, but data were not reported in this thesis. Well-known for 

its reducing potential, C3H6 also showed similar effects as did CO, but at lesser 

intensity in terms of NOx storage and release enhancements. However, the 

analysis was further complicated due to the oxidation of C3H6 at higher 
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temperature. DRIFTS experiments will play an important role in understanding 

the influence of C3H6 in particular and HCs in general to NOx activity on 

Pd/BEA PNA. Experiments such as simple adsorption of C3H6, co-adsorption of 

C3H6 and NO, co-adsorption of C3H6, NO, and CO, with or without water, on 

hydrothermally aged Pd/BEA will be a good starting point. 

iii. Though SO2 did not show significant effect on NOx performance, its influence 

needs further investigation to guarantee that SO2 will have bearable damage to 

Pd/BEA PNA. DRIFTS can be used to study how SO2 interacts with Pd/BEA to 

elaborate the slight decrease in NOx uptake and release on this catalyst. Again, 

the presence of water is also critical in this situation. 

iv. The viability and stability of Pd/BEA was not addressed in this study. For this 

purpose, cycling experiments can be conducted where Pd/BEA is exposed to 

feed gases the closely resemble diesel exhaust and where the inlet temperature 

will cycle in between 80°C and 350°C (typical exhaust temperature) with 

controlled heating and cooling rates. The storage capacity and desorption 

efficiency over each cycle will be used to measure the sustainability of Pd/BEA 

performance. 

v. The scope of this thesis is limited to Pd/BEA. Other zeolite support materials, 

such as MFI and CHA, also need to be investigated in the same manner to 

achieve a more comprehensive understanding of metal-zeolite catalysts. 

Addition of other metals can also be considered.  
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