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Abstract
temperature hydrocarbon emissions continue
The interest in metal loaded zeolites as solidto pose many problems to automobile
state hydrocarbon storage materials has
manufacturers. Specifically, the cold-start
driven research focused on understanding the
phase of vehicle operation can contribute up
chemical environment of metallic active
to 60-80% of the total hydrocarbon emissions
centers under exposure to various external
for current combustion technologies.5,6
conditions. Here, we synthesized Pd loaded
Zeolites are often chosen as the support
zeolites with different Si/Al ratios. These
material for hydrocarbon storage due to their
samples were exposed to H2O and CO
properties as solid acids and as molecular
containing streams at high temperature to test
sieves.7–10 Without an active catalytic metal,
their durability after exposure to extreme
zeolites are unable to adsorb hydrocarbons in
environments. After the high temperature
the presence of water, so metals are often
deactivation treatments, ethylene storage
added to the zeolite by ion-exchange.11–13
degraded. Further, NOx storage improved
Recent studies have highlighted zeolites
after the aging treatments. Analysis by x-ray
exchanged with Ag14–16 and Pd17–22 as
absorption spectroscopy (XAS) suggested
potential candidates for low temperature
that the Pd remained in the form of highly
2+
hydrocarbon traps. Zeolites with Pd iondispersed ionic Pd before and after aging.
exchanged are currently the subject of study
Finally, Ag/BEA and Fe/BEA samples were
for many applications, including methane
prepared and evaluated against Pd/BEA as a
oxidation23,24, Wacker oxidation25,26, and as
potentially cheaper alternative. Ag/BEA
passive NOx adsorbers (PNA)27–32.
showed promising preliminary results as a
hydrocarbon storage material, and proved to
While Pd/Zeolites have been heralded as
be more durable after several hydrocarbon
promising materials for the hydrocarbon
storage cycles than the original Pd/BEA
storage application, the deactivation of these
hydrocarbon storage material.
materials under realistic conditions has not

Introduction
Metal loaded zeolite catalysts have been the
subject of study for many useful applications.
They are used as catalysts for hydrocarbon
cracking1, hydrocarbon oligomerization2,
methane coupling3, methane oxidation4, and
many other applications.
Interest in zeolites as hydrocarbon storage
materials has increased as of late in the
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been thoroughly studied. One method of
simulated deactivation is by hydrothermal
aging (HTA), which mimics real world
degradation by accelerated means. HTA can
be used to quickly simulate degradation and
the materials can be characterized by their
storage ability and by many other means.
While Pd/BEA has shown promise as a
hydrocarbon trap material, Pd is a costly
metal and may prove infeasible as the storage
1

site for hydrocarbons in many applications.
Alternative metals such as Ag14,15, Cu33, Pt33,
and Fe34 have also been studied for potential
use in hydrocarbon traps. These materials can
also be studied, especially under exposure to
deactivating agents. They can then be
evaluated in comparison to the Pd/BEA
baseline material.
In this work, we first investigate how high
temperature exposure to deactivating agents
such as CO and H2O affects the Pd speciation
in a Pd/BEA hydrocarbon trap. Reactor
studies are used to test the ethylene storage
capacity before and after aging. NO
adsorption and TPD are used to probe
differences in Pd speciation. X-ray
absorption spectroscopy (XAS) is used to
evaluate the chemical environment of the Pd
before and after aging.
In addition to the work on Pd/BEA, we then
also investigated Ag/BEA and Fe/BEA as
potential cheaper alternatives to Pd/BEA for
hydrocarbon storage. Cycling experiments
were performed over the two best performing
catalysts, Pd/BEA and Ag/BEA, to
investigate the longevity of these materials
after repeated use as hydrocarbon storage
materials.

Experimental
Catalyst Synthesis
In this study, zeolite beta in the ammonium
cation form, NH4+/BEA, was purchased from
two vendors (Zeolyst and ACS Material).
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
28% aqueous ammonia and added to the dry
catalyst powder to form a slurry. The slurry
was mixed vigorously with a glass rod for 10
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minutes. The slurry was first dried at 120 °C
in air for 2 hours. Then, the dry powder was
transferred to a ceramic crucible and treated
at 600 °C in air for 4 hours.
Ag/BEA was prepared by ion-exchange with
an Ag/NO3 solution, following a method
adapted from Kyriakidou et al.14 Fe/BEA was
prepared by wetness impregnation with
Fe(NO3)3 dissolved in nitric acid, following a
method adapted from Boroń et al.35
The catalyst powders were all sieved to
obtain particles between 40-60 mesh (250400 µm) and placed into a 0.25-inch ID
quartz tube. The quartz tube was loaded into
a Thermo Fisher Scientific Lindberg Blue
Mini-Mite tube furnace with K-type
thermocouples placed in either end. Aged
catalysts were prepared by exposing the
Pd/BEA powder to 1000 ppm CO, 5% H2O,
10% O2, and balance N2 for 24 h at 550, 600,
or 650°C.
XAS
Pd K-edge (23450 eV) X-ray adsorption
spectroscopy (XAS) was conducted over
fresh and aged Pd/BEA samples at the 10BM-B beamline at the Advanced Photon
Source (APS) at Argonne National
Laboratory. The catalyst was packed into a
stainless-steel sample holder containing six
wells. The sample holder was placed into a 1inch ID quartz tube and sealed within an airtight cell with valves allowing for gas flow.
The samples were pretreated at 600 °C in 10%
O2/He for 1 h, then cooled to 80 °C. The tube
was transferred to the beamline and exposed
to reaction conditions, where in-situ XAS
measurements were taken. The data were
normalized and the edge energy was
calibrated from the Pd foil in Athena software
from the Demeter XAS analysis package.
EXAFS spectra were fit, and parameters
2

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

reached and unchanging, the reactant gas
mixture was switched to the reactor, and the
catalyst was exposed for to it 30 minutes.
Then, during the subsequent temperature
programmed
desorption
(TPD),
the
temperature was ramped from 80-600 °C at a
rate of 20 °C/min. Ethylene uptake was
calculated with data from the adsorption
phase because ethylene desorbed partially as
combustion products (CO and CO2). NOx
uptake was calculated from the desorption
phase as all NOx desorbed as NO or NO2.

Results and Discussion

Species

Concentration

N2

Balance

O2

10%

5

H2O

5%

4

CO

500 ppm

C2H4

200 ppm

NO

200 ppm

Each hydrocarbon and NOx trapping
experiment began with a pretreatment in 10%
O2/N2 at 600 °C for 1 h to oxidize any
residual carbon and establish a normalized
starting point for each experiment. Next, the
catalyst was cooled to 80 °C in 10% O2/N2
while the reactant gas mixture was
established in the bypass. Once 80 °C was
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Ethylene:Pd Ratio

The gas mixture was made from gas cylinders
supplied by Praxair and controlled by MKS
Instruments mass flow controllers. Water
was supplied to the gas phase using a
Bronkhorst controlled evaporator mixer. The
space velocity was 50,000 hr-1 for all
experiments and aging treatments, calculated
assuming the flow conditions of a monolith.
Simulated gas feed concentrations were
verified through a bypass line before being
introduced to the catalyst.

Ethylene Adsorption

3
2
1
0
Fresh

550C

PdBEA12.5

600C

650C

PdBEA19

Figure 1: Ethylene adsorption over
0.5PdBEA19 and 0.5PdBEA12.5 before and
after aging.
Ethylene adsorption experiments were
performed to evaluate the hydrocarbon
trapping efficacy of the fresh and aged
catalysts. The results are shown in Figure 1.
Ethylene uptake for each sample shows a
decline in adsorption capacity as the aging
severity increases. This trend held for
Pd/BEA catalysts of each Si/Al ratio. In the
presence of water, ethylene uptake will occur
3

NO Adsorption and TPD
One method to probe the dispersion of Pd
cations is by NO adsorption, as atomically
dispersed Pdn+ (n=1,2) is widely regarded as
the active site in Pd/zeolite PNAs.27,28,30,37–41
We exposed the catalysts to a stream of 200
ppm NO, 5% H2O and 5% O2 at 80 °C for 30
minutes, then performed a TPD in the
presence of the same gas mixture while
measuring the outlet NOx concentration. The
NOx storage capacity increased with
increasing aging severity for 0.5PdBEA12.5
(Table 2) and 0.5PdBEA19, and remained the
same after aging for 0.5PdBEA75. The
increase in NOx storage capacity rules out a
loss in ionic Pd, and rather points to an
increase in Pd dispersion after aging.

In the fresh catalysts, the Pd-O scattering
path was fully coordinated, but the Pd-O-Pd
path coordination varied between the three
catalysts. The 0.5PdBEA75 sample had the
highest Pd-O-Pd coordination, indicating a
significant fraction of Pd exists as bulk PdOx.
The amount of exchanged Pd did not exceed
the theoretical limit for ion exchange for this
Si/Al ratio, but the existence of a relative
lower concentration of Al- sites may have
played a role in its reduced dispersion. The
Si/Al = 12.5 and 19 catalysts displayed a
lower Pd-O-Pd coordination and thus only a
smaller fraction of Pd existed at bulk PdOx.

Fresh
Aged 550C
Aged 600C
Aged 650C
|χ(R)|(Å-3)

mainly on Pd sites, as it is known that water
will competitively adsorb to the zeolite’s
Brönsted acid sites.36 The loss of ethylene
uptake points to a loss in active Pd sites. One
explanation for this loss is the reduction and
subsequent agglomeration of Pd during HTA.

Table 2. NOx adsorption over Pd/BEA12.5
Pd/BEA12.5
Fresh
Aged 550°C
Aged 600°C
Aged 650°C

NOx:Pd
(Desorption)
0.42
0.52
0.58
0.60

Characterization by XAS
Another method to probe the chemical
environment of the Pd in the fresh and aged
catalysts is characterization by XAS. XAS
measurements were carried out in He at 80°C
on the fresh catalysts with all three Si/Al
ratios, and the aged samples with Si/Al = 19.
Data for Si/Al = 19 catalyst shown in Figure
2.
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Figure 2: Fourier Transform of the EXAFS
spectra for Pd/BEA19 over the Pd K-edge.
Measurements taken at 80°C in He.
In the aged 0.5Pd/BEA19 samples, the Pd-OPd scattering path was insignificant for all
three aging temperatures, indicating that
HTA under these conditions did not promote
the formation of bulk PdOx, and rather, the
aging may have even slightly promoted Pd
dispersion as suggested above by the NOx
storage results.

4

Ethylene adsorption experiments were
carried out over 1% Ag/BEA and 1%
Fe/BEA samples to evaluate their efficacy as
a low temperature hydrocarbon storage
material. The results are shown in Table 3.
Fe/BEA did not appear to be active in
ethylene storage, while Ag/BEA showed
promising results.
Table 3. Ethylene Uptake over 1% Ag/BEA
and 1% Fe/BEA
Catalyst

Ethylene Uptake (µmol)

1% Ag/BEA
1% Fe/BEA

5.2
0.21

Due to the apparent inactivity of Fe/BEA,
Ag/BEA was selected for further study and
comparison to Pd/BEA.
Low Temperature CO Exposure and Cycling
In our previous work18 we reported that a wet
CO co-feed severely decreased the ethylene
adsorption capacity of Pd/BEA hydrocarbon
traps. Here, we tested the effect of a wet CO
co-feed on the Ag/BEA hydrocarbon trap.
The results, Figure 3, show that an Ag/BEA
hydrocarbon trap is almost completely
unaffected by a CO and H2O co-feed. The
adsorption curve completely overlapped the
curve in the case of no CO co-feed, while in
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comparison, the Pd/BEA catalyst was
deactivated completely.
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The results of the ethylene and NOx
adsorption
studies,
combined
with
characterization by XAS, allow us to
conclude that the Pd remains in an ionic state
before and after aging, however the local
environment of the Pd has changed from one
species to another. Further characterization is
required to assign a specific Pdn+ cation to
each state, and is outside the scope of this
work.

200
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0
0
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2000
Time (s)

3000

Figure 3: Ethylene concentration vs time
during ethylene adsorption and TPD. Top:
Pd/BEA. Bottom: Ag/BEA
In order to operate as a hydrocarbon storage
material, the catalyst must also be able to
sustain high activity after several cycles. The
catalysts were exposed to reaction conditions
in feeds containing both ethylene and CO,
with inclusion of CO alternating from each
cycle. Figure 4 shows the ethylene uptake
5

curves after several cycles of exposure to
both ethylene and CO.
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Figure 4: Ethylene uptake curves after
exposure to ethylene and CO. Top: Pd/BEA.
Bottom: Ag/BEA.

Conclusions
In this work, we conducted hydrocarbon trap
experiments over Pd/BEA, Ag/BEA, and
Fe/BEA samples. To simulate long term
deactivation under reaction conditions, the
Pd/BEA catalysts were subjected to high
temperature exposure to CO and H2O. The
catalysts were characterized by ethylene and
NO trapping experiments. Ethylene trapping
efficiency declined after aging, while NO
trapping increased after aging. The
combination of these results suggested that
ionic Pd transformed from one type of ionic
species to another. This hypothesis was
supported by characterization by XAS, which
showed that the catalyst was fully ionexchanged before and after aging.
Further testing of Ag/BEA and Fe/BEA was
conducted to find a lower cost hydrocarbon
storage catalyst. The Fe/BEA catalyst
displayed very poor ethylene storage and
proved to not be viable. The Ag/BEA catalyst
showed promising ethylene storage and
rivaled the performance of Pd/BEA. Further
testing of the Ag/BEA catalyst under
exposure to CO showed that this catalyst does
not deactivate in the presence of CO. Cycling
exposure to CO and H2O did not deactivate
the Ag/BEA catalyst, while the performance
of the Pd/BEA catalyst dropped significantly
after the third cycle. The results of these
experiments show how low and high
temperature exposure to deactivating agents
can alter the chemical properties of metal
loaded zeolites.

Repeated exposure to CO under the normal
reaction conditions led to severe degradation
of the Pd/BEA catalyst performance, while
the Ag/BEA catalyst maintained high
hydrocarbon trap capacity after 3 cycles of
exposure to CO.
Zelinsky
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