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Abstract 

Passive NOx Adsorption was studied over a 1% Pd-SSZ-13 catalyst in a Temporal Analysis of Products 
(TAP) reactor set-up in the temperature range of 100°C - 450°C in the presence and absence of O2 and 
CO in the feed. The reaction rate significantly increases on a pre-oxidized catalyst and with O2 in the feed. 
Transient experiments using labelled 15N18O, revealed the participation of the various Pd species that 
coexist in the catalyst. Both the Brønsted and the Lewis acid sites are important in the PNA process. A 
comparison of the NOx uptake with 1% Pd-ZSM5 shows the effect of zeolite framework in the NOx 
trapping efficiency. We use DFT calculations to support our study of NO trapping in Pd-exchanged Lewis-
acidic SSZ-13, siliceous CHA and also Brønsted-acidic SSZ-13. 
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Introduction

Most engine exhaust after-treatment catalytic processes 
like selective catalytic reduction (SCR) are effective at 
temperatures above 200°C. Temperatures below 200°C are 
considered to be the cold start period when the majority of 
NOx and hydrocarbons slip through the catalysts. In order 
to meet strict NOx emission standards, trapping NOx 
upstream of the after-treatment catalyst during the cold start 
period and releasing the gases at higher temperatures, so 
that the NOx can be reduced, are essential. A catalyst 
specifically suited to this purpose is metal exchanged SSZ-
13. An understanding of the various active sites in the metal 
exchanged zeolite catalysts responsible for their 
performance and NOx absorption chemistry is important 
and has been an area of focus among researchers1. In this 
investigation, we try to characterize the active sites of this 
passive NOx adsorber (PNA) and develop a mechanism of 
reaction steps that lead to the trapping of NOx at cold start 
temperatures and their release at higher temperatures, with 
the help of experimental and computational methods. 
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Materials and methods  

1% Pd-SSZ13 catalysts were made using an incipient 
wetness impregnation method. Powder catalysts of 250-400 
µm were used for experiments. A Temporal Analysis of 
Products (TAP) reactor2 was used for conducting transient 
experiments. Controlled pulse experiments were carried out 
over 10 mg of the catalyst at defined state to unravel the 
reaction mechanism. The products from the reaction are 
measured by a high resolution 100C UTI mass 
spectrometer. The catalyst was pretreated with 1000 pulses 
(1015 molecules/pulse) of O2/Ar (1:1) mixture at 500°C 
before each experiment. Experiments were conducted at 
temperatures between 100°C - 450°C with mixtures of 
isotopic and non-isotopic NO with and without O2 and CO 
to study the participation of Pd species and the effect of CO 
on NOx uptake on the catalyst. 



  
 
Results and discussion 

The experimental results showed the potential of this 
material to be an effective passive NOx adsorber at low 
temperatures. Addition of O2 into the feed increased the rate 
of the passive NOx adsorption significantly. A 16O2 
pretreated catalyst pulsed with a 15N18O and 16O2 resulting 
in the production of 15N16O18O and 15N16O2 (Figure 1) 
revealed the participation of catalyst oxygen, which in turn 
reveals the presence of Pd in the form of Pd2+-OH and 
Pd2+O as in the equations below: 

 
15N18O + 2 Pd2+ -16OH ↔ 15N16O18O + 2 Pd1+ + H2

16O
 (1) 
15N18O + Pd2+ 16O ↔ 15N16O18O + Pd2+  (2) 
 
The presence of 18O2 in the product outlet provided 
evidence of a possible NO dissociation. 
Experiments with CO in the feed were conducted to study 
the effect of CO on the amount of NOx adsorbed. An 
enhanced NOx uptake was observed on the Pd-SSZ-13 
catalyst in the presence of CO.  
 
A comparison on NOx adsorption over Pd-ZSM-5 was 
performed which showed a higher uptake on the Pd-SSZ-13 
catalyst. This showed that the zeolite framework had a 
significant effect on the NOx trapping efficiency 

 

 
Figure 1.  TAP product responses for 15N16O2 and 15N16O18O 
for 15N18O2 pulse experiments over 16O2 pretreated 1% Pd-SSZ-
13 catalysts.  
 
We used DFT calculations to study NO trapping in Pd-
exchanged Lewis-acidic SSZ-13, siliceous CHA and also 
Brønsted-acidic SSZ-13. Our spin-polarized calculations 
show that NO binds to the active site, in both acidic zeolites, 
through the N atom. In the case of siliceous CHA the 
binding energy of NO is dominated by van der Waals 
interactions as the adsorbate sits on the center of the 
supercage. It is worth pointing out that in the case of Pd-
exchanged zeolite, the metal atom reduces before NO 
adsorption: 
2[Pd2+OH]Z- → Z-[Pd2+-O-Pd2+]Z- + H2O 
 

Our detailed mechanistic studies reveal that NO2 
production, following NO trapping, can take place in all 
studied zeolites through different mechanisms, but with 
small energy barriers. Entropic effects, however, govern the 
reaction. We perform careful investigations on entropy 
changes along the reaction pathway (Figure 2). 
 
 
 

 
Figure 2.  Potential energy diagram for Pd species reduction on 
1% Pd-SSZ13. 
 
Conclusions 
 
1% Pd-SSZ13 was found to be an effective catalyst for 
passive NOx adsorber at low temperatures. Isotopic labeling 
experiments using 15N18O revealed the participation of 
catalyst oxygen in the formation of NO2. The presence of 
18O2 in the product provided evidence of NO dissociation. 
Addition of CO in the feed showed an increase in the NOx 
uptake. A comparison between the zeolite frameworks 
showed that the NOx uptake was found to be more in 1% 
Pd-SSZ-13 than in 1% Pd-ZSM-5. DFT calculations 
showed that Pd reduces before NO adsorption. The NO2 
production, then, needs a small activation energy. For 
Brønsted-acidic CHA, upon NO trapping, NO oxidation 
demands a very small activation barrier for NO2 production.  

Acknowledgments 

This material is based upon work supported by the U.S. 
Department of Energy's Office of Energy Efficiency and 
Renewable Energy (EERE) under award number DE- 
EE0008233. We gratefully acknowledge computational 
resources from the National Energy Research Scientific 
Computing (NERSC) Center, and the uHPC cluster 
acquired through NSF Award Number 1531814 and 
supported by the Research Computing Center (RCC) at the 
University of Houston. 

References 

 
1 Zheng, L. Kovarik. M. H. Engelhard, Y. Wang, F. Gao and J. 

Szanyi (2017). The Journal of Physical Chemistry. 
2 John Gleaves, Gregory Yanblonsky, Xiaolin Zheng, Rebecca 

Fushimi, Patrick L. Mills (2010). Journal of Molecular 
Catalysis A: Chemical 

 

https://www.sciencedirect.com/science/journal/13811169
https://www.sciencedirect.com/science/journal/13811169

	Keywords
	Materials and methods
	Results and discussion
	Acknowledgments
	References

