
Text adapted from and figures reprinted from: Zelinsky, R. & Epling, W. S. Effects of co and h2o co‐feed 
on the adsorption and oxidation properties of a pd/bea hydrocarbon trap. Catalysts 11, 1–14 (2021). 

Zelinsky-1 

INVESTIGATION OF METAL ION MOBILITY UNDER EXPOSURE TO 
DEACTIVATING AGENTS 

Ryan Zelinsky 
Advisor: Dr. William S. Epling 

University of Virginia 

Abstract 

Interest in metal loaded zeolites as 
hydrocarbon adsorbents has increased 
significantly over the last few years. These 
catalysts however suffer from deactivation 
due to various processes such as sintering, 
poisoning, and active site transformation. In 
this work, a Pd/BEA sorbent was tested under 
various feed conditions to probe its efficacy 
in adsorbing hydrocarbon fuels while 
exposed to deactivating agents, with the 
model hydrocarbon being ethylene. 
Deactivation under these feed conditions was 
observed and further studied using diffuse 
reflectance infrared Fourier-transform 
spectroscopy (DRIFTS). Ethylene uptake 
was partially inhibited by CO and H2O when 
fed separately. When both were added, the 
loss in ethylene uptake was 90% relative to 
the condition with no H2O or CO. DRIFTS 
characterization shows that some form of 
oxidized Pd was reducible to Pd0 by CO at 
80 °C only in the presence of H2O. Further, 
this reduction appears reversible by high 
temperature oxygen treatment. We speculate 
that this reduction of ionic Pd is what results 
in the significant loss in ethylene adsorption 
capacity. 

Introduction 

Zeolite based catalysts are a very important 
material for many industrial purposes. They 
are used in chemical synthesis as catalysts for 
hydrocarbon cracking1, oligomerization2, 
and methane coupling3. In the automotive 
industry, they are used in aftertreatment 

systems for NOx reduction4, NOx adsorbers5, 
and hydrocarbon trapping6. Their efficacy in 
performing such a wide variety of reactions 
is due to their unique properties as both solid 
acids and molecular sieves. With silicon 
substitution for aluminum in the framework, 
a charge imbalance is produced which serves 
as a site for a Brönsted acid if H+ is the 
balancing cation, or as a metal ion exchange 
site. Their unique properties as a molecular 
sieve are due to the typical pore sizes in 
zeolites being on the order of the kinetic 
diameter of many molecules.7 This allows 
selective adsorption of target molecules with 
exclusion of others depending on the specific 
zeolite crystal structure. 

Active sites are often introduced to the zeolite 
in the form of ion-exchanged metals. These 
active centers facilitate the interactions 
between reaction molecules, while zeolite 
pore dimensions allow for selectivity towards 
desired products. While unique chemistries 
can be performed in the conditions within the 
zeolite pore, challenges arise in predicting 
zeolite stability. For example, Luo et al. 
found that after hydrothermal aging, a 
technique often used to simulate the lifetime 
of an automobile aftertreatment catalyst, 
ZCuOH sites in Cu/SSZ-13 transformed into 
Z2Cu sites.4 Further, performance 
degradation was observed in Pd/SSZ-13 and 
Pd/BEA passive NOx adsorbers from high 
temperature CO exposure. The performance 
loss was attributed to irreversible reduction 
of ionic Pd active centers to metallic Pd.8 
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Since recent literature points to high metal 
ion mobility, whether it be active site 
transformation or reduction and migration 
out of the pores, it is important to employ 
direct methods which can track the active 
metal speciation. In this work, we utilize 
Pd/BEA as a hydrocarbon trap and study a 
deactivation mechanism which has not yet 
been described in the literature. When 
exposed to CO at 80°C, even in the presence 
of 12% O2, severe losses (>90%) in ethylene 
storage were observed. We show that the loss 
in storage cannot be entirely attributed to 
competitive adsorption, so we employed 
temperature programmed reduction (TPR) 
and DRIFTS to characterize changes in the 
Pd speciation at 80°C which may have led to 
the loss in ethylene storage. 

Experimental 

Catalyst Synthesis 

In this study, zeolite beta in the ammonium 
cation form, NH4

+/BEA, was purchased from 
a vendor (Zeolyst). The powder was treated 
at 500°C in air for 4 hours to obtain the H+ 
form, denoted H/BEA. To obtain Pd/BEA, a 
palladium precursor salt (Pd(NO3)2, Sigma 
Aldrich) was dissolved in water and added 
dropwise to the dry catalyst powder. The 
catalyst was then treated at 600°C in air for 4 
hours. 

The Pd/BEA powder was then washcoated 
onto cordierite monoliths. To prepare the 
washcoat, a slurry was formed by mixing the 
catalyst with water and a colloidal alumina 
binding agent (Nyacol Al20). The slurry was 
placed in a glass tube and the monolith 
dipped into the slurry and dried. This process 
was repeated until the monolith was loaded 
with the appropriate amount of catalyst by 
mass. Finally, the monoliths were dried and 
treated at 600°C in air for 4 hours. 

Hydrogen TPR 

Hydrogen temperature programmed 
reduction (H2 TPR) is a technique which 
allows one to probe the reducibility of the 
catalyst as a function of temperature. H2 TPR 
was performed in house on an AutoChem II 
2920 chemisorption analyzer. The powder 
was placed in a glass tube along with quartz 
wool and a thermocouple. First, the catalyst 
was pretreated in 10% O2/He at 500°C for 45 
minutes. Next, the catalyst was cooled down 
to 50°C and exposed to 5% H2/He until the 
thermal conductivity detector (TCD) signal 
was stabilized. Finally, a temperature ramp of 
10°C/min was applied while H2 was flowing 
and the TCD signal was mapped to the 
temperature. 

Reactor Tests 

To test the adsorption capacity of the Pd/BEA, 
experiments were performed on a bench top 
reactor system. The catalyst was placed into 
a quartz tube. The tube was placed into the 
benchtop furnace (Lindberg Blue M) with 
thermocouples in both the upstream and 
downstream ends to measure temperature 
changes. The reactor is outfitted with two 
automated four-way valves and a bypass line 
which allows for preparation of the gas 
mixture before introduction to the catalyst. 
This setup allows for precise measurement of 
the time which adsorption begins over the 
catalyst. 

To measure the gas concentrations, an MKS 
2030 series Fourier transform infrared 
spectrometer (FTIR) was attached 
downstream of the catalyst and bypass. Table 
one gives the gas concentrations used in this 
study. 
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Table 1. Feed gas concentration for each 
species. 

Each species was supplied using gas 
cylinders (Praxair). To introduce water, a 
controlled evaporator mixer (CEM) system 
(Bronkhorst) was employed. The CEM 
allows for precise amounts of liquid water to 
be vaporized and mixed with the gas stream. 
The gas hourly space velocity for these 
experiments was 30,000 hr-1. 

Before each experiment, the catalyst was 
treated in 12% O2/N2 at 600°C for 1 hour to 
regenerate the catalyst from any previous 
experiment. This treatment serves to both 
remove carbonaceous deposits from the 
zeolite and to reoxidize Pd active sides. After 
the oxygen pretreatment, the temperature was 
stabilized to 80 °C. Once the feed mixture 
was stable and verified in the bypass, the 
valves were switch and the adsorption began. 

DRIFTS Studies 

Diffuse reflectance Fourier transform 
infrared spectroscopy (DRIFTS) was used to 
probe the Pd speciation under reaction 
conditions. First, powder Pd/BEA was 
packed into the Harrick Scientific Praying 
Mantis reaction chamber, equipped with 
ZnSe windows. The reaction chamber was 
placed into the Nicolet iS50 FT-IR 
instrument and purged overnight in He.  

The experiments began with a pretreatment at 
500°C in 10% O2/He to regenerate the 
catalyst and remove any carbonaceous 
deposits. Next, the cell was cooled to 80°C in 
He. Two experiments were performed, one 
with no water and the other with 2% water. 
For the dry experiment, the background was 
taken in He. For the wet experiment, the 
background was taken in 2% H2O/He. 
Immediately following the background, 1000 
ppm CO was introduced to the catalyst and 
sample spectra were taken initially every 
minute for 10 min followed by every 5 min 
until an hour elapsed. For each reported 
spectrum, 32 spectra were averaged. 

Results and Discussion 

Ethylene Adsorption 

Figure 1 shows the adsorption curves of 
ethylene over Pd/BEA under four 
experimental conditions. Here, the 
adsorption begins at T = 50 s when the bypass 
is switched to the reactor. Table 2 
summarizes the ethylene uptake totals for 
each experiment. Under these conditions, 
ethylene uptake mainly occurs over both 
Brønsted acid sites and cationic Pd. In the 
absence of H2O, Brønsted acid sites interact 
with π-electrons in ethylene to form a bond, 
however when H2O is present in percent level 
concentrations it outcompetes ethylene for 
these sites.9,10 Over Pd ions, the electrons in 
ethylene form a π-complex with Pd which 
results in chemisorption.9,11 

Here, when H2O was included in the feed, a 
loss of ethylene/Pd ratio of about 50% was 
observed, decreasing from 3.6 to 1.8. This is 
likely due to the aforementioned competitive 
adsorption between H2O and ethylene over 
Brønsted acid sites.   

Species Concentration 

N2 Balance 

O2 12% 

H2O 6% 

CO 500 ppm 

C2H4 200 ppm 
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Figure 1. Ethylene uptake over 1% Pd/BEA with and without CO co-feed in wet and dry 
conditions. Adsorption begins at T = 50 s. (200 ppm ethylene, 0 or 500 ppm CO, 0 or 6% H2O, 
12% O2, balance N2).  

Table 2. Ethylene uptake and ethylene/Pd 
ratio for each experiment. 

The addition of CO also led to loss of 
ethylene uptake at 80 °C, with a decrease in 
ethylene/Pd ratio by about 1.2. We speculate 
that inclusion of CO in dry conditions leads 
to competitive adsorption over the ionic Pd 
sites responsible for ethylene uptake. Further, 
the addition of H2O and CO lead to almost 
complete loss of ethylene uptake. According 
to Table 1, under CO and H2O co-feed, the 
catalyst displays ~7.5% of the ethylene 
uptake compared with the experiment with 
no H2O and no CO. By combining the effects 
of H2O and CO separately, these account for 

a loss of ~83% of ethylene storage. The 
remaining discrepancy, roughly 10% of total 
ethylene storage, is left unaccounted for. 

Hydrogen TPR 

To characterize the reducibility of the as-
synthesized catalyst, we employed hydrogen 
TPR. Here, we were able to identify the 
existence of a particulate phase in the fresh 
catalyst. Figure 2 shows the H2 TPR plot for 
the 1% Pd/BEA catalyst. 

The negative peak at 50–80 °C represents H2 
generation which stems from decomposition 
of PdH. PdH is formed when H2 reacts with 
Pd particles during initial H2 exposure at low 
temperatures.12 The peak at 80–150 °C and 
the high temperature peaks at ~450 °C 
correspond to different forms of ionic Pd.5,13 
These results indicate that the initial sample 
contains both ionic Pd and large Pd particles, 
each if which may have different interactions 
with the feed mixture. 
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Figure 2. Hydrogen TPR for 1% Pd/BEA (5% H2/He, Ramp rate = 10 °C/min) Pretreatment: 
500 °C in 10% O2/He for 60 min. 

It is important to note that this is the expected 
Pd/BEA state after several adsorption-
desorption cycles. Recent literature has 
indicated that a catalyst which has been 
exposed to CO at high temperatures will 
experience partial irreversible Pd 
agglomeration, resulting in a mix between 
cationic Pd and agglomerated particulate 
Pd.5,8,13 

CO DRIFTS 

To investigate the Pd speciation when co-
feeding CO and H2O, we used infrared 
spectroscopy with CO as the probe molecule. 
We conducted four experiments sequentially, 
with and without H2O in the feed. The results, 
shown in Figure 3, indicate that multiple CO–
Pd species exist on the Pd/BEA catalyst at 
80 °C. The spectrum labeled ‘Dry 1′ displays 
features at 2214 and 2194 cm−1 which 
correspond to CO bound to ‘super 
electrophilic’ Pd2+ which was described by 
Khivantsev et al to form a (CO)2-Pd2+ 
dimer.14  Other spectral features 

corresponding to CO–Pd2+, appear at 2180, 
2173, 2153, and 2140 cm−1. The feature 
appearing at 2120 cm−1 is often attributed to 
CO–Pd+.15–19 Finally, two peaks at 2098 and 
2080 cm−1, which correspond to linearly 
bound CO–Pd0, appear after approximately 
30 min exposure. These are likely formed 
upon reduction by the probe molecule, CO, 
during exposure.16,18 Under dry conditions no 
peaks appear in the range of 1800–2000 cm−1. 

Under wet conditions, some peaks 
corresponding to ionic Pd disappear, while 
others corresponding to metallic Pd emerge. 
In the ‘Wet 2′ spectrum, the only remaining 
peaks which correspond to Pd2+ are at 2153 
and 2140 cm−1. Peaks at 2098 and 2080 cm−1 
remain, but again do not populate until much 
later times, after 30 min exposure to CO and 
H2O. Most interestingly, peaks at 1920 and 
1950 cm−1 first appear under these conditions. 
These correspond to bridging CO–Pdଶ

 which 
can only occur over Pd particles.18–22 The 
following two spectra, “Dry 3” and “Wet 4”, 
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demonstrate the ability to replicate the same 
CO–Pd environment after multiple cycles. 

 

Figure 3 CO DRIFTS at 80 °C with four 
consecutive experiments switching between 
dry and wet conditions, with O2 
pretreatments at 500 °C in between each. 
Exposure time = 30 min. (1000 ppm CO, 2% 
H2O, 10% O2, balance He). 

These results suggest an interconversion 
between ionic Pd2+ and Pd particles which 
may be the culprit of the loss in ethylene 
storage. The existence of bridging CO-Pd2 
suggests that the reduced Pd agglomerated to 
form Pd particles, as these features cannot 
exist over Pd single atoms. This means the Pd 
was removed from the ion-exchange site and 
migrated to other Pd atoms. 

 Further study is required on a model catalyst 
to confirm this hypothesis however because 
we have not isolated the ionic Pd from 
particulate Pd which exists on the fresh 
catalyst. In addition, further characterization 
of the Pd species by TPR after exposure to 
CO and H2O would aid in confirming this 

hypothesis. These considerations are 
currently being tackled in ongoing studies. 

Conclusions 

In this work, we conducted hydrocarbon trap 
experiments over Pd/BEA and varied the 
feed composition to test the effects of H2O 
and CO. Ethylene uptake was significantly 
affected by both. When H2O and CO both 
existed in the feed, ethylene uptake was 
decreased by over 90% compared to the 
uptake with both absent. Ethylene uptake loss 
when CO is present is likely due to 
competitive adsorption to ionic Pd sites, and 
ethylene uptake loss when H2O is present is 
likely due to competitive adsorption to 
Brønsted acid sites. When CO and H2O are 
co-fed, however, the larger decrease in 
ethylene uptake occurred which may result 
from the formation of reduced Pd which is 
inactive in ethylene uptake under these 
conditions. 

CO-DRIFTS results show that under 
conditions which include H2O, peaks arise 
which indicate bridging CO–Pd2

0. These 
represent a reduced Pd phase which we 
speculate formed by reduction of ionic Pd 
storage centers by CO in the presence of H2O 
at 80°C. 

Acknowledgements 

The authors would like to thank the Virginia 
Space Grant Consortium (VSGC) for funding 
this research for the academic year 2020-
2021. 

Permissions 

The figures and tables in this report have been 
reprinted from Catalysts Journal with 
permission from the authors.23 

(doi:10.3390/catal11030348) 

19002000210022002300

K
ub

el
ka

-M
un

k

Wavenumber (cm−1)

Dry 3 

Wet 2 

Dry 1 

Wet 4 



Zelinsky-7 

 

References 

1. Roldán, R. et al. Effect of the impregnation order on the nature of metal particles of bi-
functional Pt/Pd-supported zeolite Beta materials and on their catalytic activity for the 
hydroisomerization of alkanes. J. Catal. 254, 12–26 (2008). 

2. Shephard, F. E., Rooney, J. J. & Kemball, C. The polymerization of propylene on silica-
alumina. Journal of Catalysis 1, (1962). 

3. Borry, R. W., Kim, Y. H., Huffsmith, A., Reimer, J. A. & Iglesia, E. Structure and density 
of Mo and acid sites in Mo-exchanged H-ZSM5 catalysts for nonoxidative methane 
conversion. J. Phys. Chem. B 103, 5787–5796 (1999). 

4. Luo, J. et al. New insights into Cu/SSZ-13 SCR catalyst acidity. Part I: Nature of acidic 
sites probed by NH3 titration. J. Catal. 348, 291–299 (2017). 

5. Gu, Y., Zelinsky, R. P., Chen, Y. R. & Epling, W. S. Investigation of an irreversible NOx 
storage degradation Mode on a Pd/BEA passive NOx adsorber. Appl. Catal. B Environ. 
258, 118032 (2019). 

6. Zelinsky, R. & Epling, W. Effects of Multicomponent Hydrocarbon Feed on Hydrocarbon 
Adsorption–Desorption and Oxidation Light-Off Behavior on a Pd/BEA Hydrocarbon 
Trap. Catal. Letters 149, 3194–3202 (2019). 

7. Gies, H. & van Koningsveld, H. Faulted Zeolite Framework Structures. in 12th 
International Zeolite Conference 2999 (1999). 

8. Theis, J. R. & Ura, J. A. Assessment of zeolite-based Low temperature NOx adsorbers: 
Effect of reductants during multiple sequential cold starts. Catal. Today (2020). 
doi:10.1016/j.cattod.2020.01.040 

9. Westermann, A., Azambre, B., Finqueneisel, G., Da Costa, P. & Can, F. Evolution of 
unburnt hydrocarbons under ‘cold-start’ conditions from adsorption/desorption to 
conversion: On the screening of zeolitic materials. Appl. Catal. B Environ. 158–159, 48–
59 (2014). 

10. Iliyas, A., Zahedi-Niaki, H. M. & Eić, M. One-dimensional molecular sieves for 
hydrocarbon cold-start emission control: Influence of water and CO2. Appl. Catal. A Gen. 
382, 213–219 (2010). 

11. Xu, L. et al. Benefits of Pd Doped Zeolites for Cold Start HC/NOx Emission Reductions 
for Gasoline and E85 Fueled Vehicles. SAE Int. J. Fuels Lubr. 11, 301–317 (2018). 

12. Nag, N. K. A study on the formation of palladium hydride in a carbon-supported 
palladium catalyst. J. Phys. Chem. B 105, 5945–5949 (2001). 

13. Ryou, Y. S. et al. Effect of reduction treatments (H2 vs. CO) on the NO adsorption ability 
and the physicochemical properties of Pd/SSZ-13 passive NOx adsorber for cold start 
application. Appl. Catal. A Gen. 569, 28–34 (2019). 

14. Khivantsev, K. et al. Stabilization of Super Electrophilic Pd+2 Cations in Small-Pore 



Zelinsky-8 

SSZ-13 Zeolite. J. Phys. Chem. C (2019). doi:10.1021/acs.jpcc.9b06760 

15. Zhang, B., Shen, M., Wang, J., Wang, J. & Wang, J. Investigation of various pd species in 
Pd/BEA for cold start application. Catalysts 9, (2019). 

16. Zheng, Y. et al. Low-Temperature Pd/Zeolite Passive NOx Adsorbers: Structure, 
Performance, and Adsorption Chemistry. J. Phys. Chem. C 121, 15793–15803 (2017). 

17. Zhang, Y. et al. Electronic/steric effects in hydrogenation of nitroarenes over the 
heterogeneous Pd@BEA and Pd@MWW catalysts. Catal. Today 345, 39–47 (2020). 

18. Kyriakidou, E. A., Lee, J., Choi, J. S., Lance, M. & Toops, T. J. A comparative study of 
silver- and palladium-exchanged zeolites in propylene and nitrogen oxide adsorption and 
desorption for cold-start applications. Catal. Today (2020). 
doi:10.1016/j.cattod.2020.05.019 

19. Xu, J. et al. Operando and kinetic study of low-temperature, lean-burn methane 
combustion over a Pd/γ-Al 2O 3 catalyst. ACS Catal. 2, 261–269 (2012). 

20. Khivantsev, K. et al.  Achieving Atomic Dispersion of Highly Loaded Transition Metals 
in Small‐Pore Zeolite SSZ‐13: High‐Capacity and High‐Efficiency Low‐Temperature CO 
and Passive NO  x  Adsorbers . Angew. Chemie 130, 16914–16919 (2018). 

21. Aylor, A. W., Lobree, L. J., Reimer, J. A. & Bell, A. T. Investigations of the dispersion of 
Pd in H-ZSM-5. J. Catal. 172, 453–462 (1997). 

22. Bensalem, A., Muller, J. C., Tessier, D. & Bozon-Verduraz, F. Spectroscopic study of CO 
adsorption on palladium-ceria catalysts. J. Chem. Soc. - Faraday Trans. 92, 3233–3237 
(1996). 

23. Zelinsky, R. & Epling, W. S. Effects of co and h2o co‐feed on the adsorption and 
oxidation properties of a pd/bea hydrocarbon trap. Catalysts 11, 1–14 (2021). 

 

 


