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Abstract: To investigate the real-world poisoning of Cu-SSZ-13 NH,-SCR (Selective Catalytic Reduction
with NH,) catalysts in diesel vehicles, three used catalysts from vehicles that have traveled different distances
were analyzed. The deterioration observed in these catalysts significantly differs from laboratory simulations
due to the combined effect of multiple poisoning factors. The degree of catalyst deterioration is positively
correlated not only with driving distance but also with the specific types of poisoning encountered. In real-
world conditions, hydrothermal aging is not the primary poisoning factor. Instead, the main cause of
Cu-SSZ-13 deactivation is the poisoning by chemical elements such as sulfur and iron. Sulfur poisoning
reduces catalytic activity, and the regeneration of the catalyst depends on the species formed. This study
reveals that the accumulation of chemical poisons is the primary reason for the deterioration of Cu-SSZ-13
catalysts in real-world conditions. Therefore, reducing toxic components in diesel engine exhaust is essential
for maintaining catalyst performance.
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1. Introduction

Diesel vehicles are essential to the global transportation industry due to their powerful engines and cost-
effectiveness. However, NO_ emissions remain a significant issue, as diesel combustion is the primary power
source for these vehicles [1]. Currently, NH,-SCR technology is widely used for NO, purification, with the
NH;-SCR catalyst as its core [2,3]. Among commercial SCR catalysts, Cu-based small-pore zeolites, as
represented with Cu-SSZ-13, serve as the primary coating materials, known for their efficient low-
temperature catalytic performance and N, selectivity [4-7].

The stability of the SCR catalysts is essential for preventing excessive NO_ emissions. Numerous
studies have focused on the poisoning effects on the Cu-SSZ-13 catalysts in the lab, primarily including
hydrothermal aging process (HTA) and sulfur poisoning. In general, HTA process leads to the transformation
of copper species from highly active state (Cu’**-OH) into less active state (Cu*-2Z or CuO,), accompanied
with the deterioration of the zeolite framework structure [8—11]. Sulfur poisoning usually results in reversible
ammonium sulfate poisoning, which severely inhibits low-temperature activity of the Cu-SSZ-13 but is easily
regenerable [12]. Copper sulfate species are also formed after exposure to sulfur [13]. This should be
seriously noted due to their irreversible poisoning effect on the SCR catalysts [14—16]. Besides, phosphorus
and alkali metal poisoning have also been studied, mainly causing active copper species to transform into
inert species such as Cu-P and CuO, species, and resulting in the loss of acidic sites on the
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Cu-SSZ-13[17,18].

It is important to note that the aforementioned poisoning studies are mostly conducted through
laboratory simulations with controlled ideal variables. However, in the actual operation of long-haul vehicles,
catalyst faces more stringent and complex poisoning environments, where multiple poisoning species and
high-temperature, high-humidity conditions coexist, far exceeding the anticipated pollution poisoning
patterns [19]. For instance, the presence of SO, during hydrothermal aging greatly exacerbates the damage to
active copper species and the collapse of the framework structure [20]. Therefore, evaluating catalyst
poisoning in vehicles under real-world operating conditions is crucial for the emission control.

To assess the SCR performance of catalysts in real-world, this study conducts an evaluation and analysis
of catalysts on in-use vehicles. The aim of this research is to investigate the poisoning of catalysts at the
atomic level during operation in real-world and to provide theoretical guidance for policy formulation and
emission control strategies.

2. Experimental Section
2.1. Catalyst Information

The integral Cu-SSZ-13 monolith NH;-SCR catalyst in the exhaust aftertreatment system of the diesel
vehicles have traveled different distances (100,000, 145,000 and 194,000 km) is taken out, which named
Cat.-10, Cat.-14.5 and Cat.-19.4, respectively, and the catalyst coating on the surface of the integral catalyst is
scraped off, with position (1) close to the center of the integral catalyst and position (2) close to the periphery
of the integral catalyst. The scraped powder is ground and then tested.

2.2. Catalyst Evaluation

A fixed-bed quartz flow reactor was employed to determine the NH,-SCR activities of the Cu-SSZ-13
catalysts. Samples of about 100 mg (40—60 mesh) were evaluated with a gas hourly space velocity (GHSV)
of 200,000 h™" and a total flow rate of 500 mL/min. The NH,-SCR reaction conditions were controlled as
follows: [NO] = 500 ppm, [NH;] = 500 ppm, [O,] = 5 vol.%, [H,0] = 5 vol.%, N, balance. The NO, NO, and
N,O concentrations were monitored by an online Nicolet Is10 spectrometer. The NO, conversion levels were
calculated using the equation as follows:

[NO, J;, =[NO, ]

[NO, J,

NO, conversion= A % 100%, (x=1,2) (1)

2.3. Catalyst Characterizations

Powder X-ray diffraction (PXRD) patterns were recorded on a computerized Bruker D8 Advance
diffractometer with Cu Ka (A = 0.15406 nm) radiation at room temperature. The data were collected with 26
ranging from 5° to 45° with the step size of 0.02°.

Scanning electron microscopy (SEM) was used to investigate the morphology of the Cu-SSZ-13
catalysts. High-resolution transmission electron microscopy (HRTEM) and Energy Dispersive Spectroscopy
mapping (EDS mapping) were used to observe the morphology of the catalyst samples and the distribution of
elements. The experimental images were obtained on a JEM2100PLUS microscope with an accelerating
voltage of 200 kV.

H, temperature programmed reduction (H,-TPR) analysis is used to investigate the distribution state and
redox properties of Cu species in the Cu-SSZ-13 zeolite samples. This experiment was conducted on a
Micromeritics AutoChem 2920 chemisorption analyzer. Prior to the experiment, the granular sample
(100 mg) is pretreated at 500 °C for 1 h (heating rate of 10 °C/min) under a 20% O,/N, atmosphere. After
cooling to room temperature, Ar is introduced for purging. Finally, the atmosphere is switched to 10% H,/Ar,
and the temperature is increased to 900 °C (10 °C/min) after the baseline stabilizes. A TCD detector is used to
detect the signal, thus resulting in the H, consumption curve.

Temperature-programmed desorption (TPD) experiments were conducted to investigate the content of
surface adsorbed species on the catalyst samples. The sample was placed in a flow of N, and then heated at a
ramp rate of 10 °C/min. The production of CO, and SO, was detected by a mass spectrometer.

The temperature programmed desorption of NH, (NH,-TPD) experiment is used to investigate the
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content and distribution of acidic sites on the catalyst samples. This experiment is conducted on a Fourier
transform infrared spectrometer (Thermo Nicolet IS10). Prior to the experiment, the sample is pretreated at
500 °C for 30 min in a 10% O,/N, atmosphere (heating rate of 10 °C/min). After the temperature is reduced
to 100 °C, the 10% O,/N, flow is turned off, and 500 ppm of NH, is introduced to the sample for continuous
adsorption until saturation. Subsequently, the sample is purged with N, for 2 h and is heated from 100 °C to
700 °C (heating rate of 10 °C/min) to obtain the NH, desorption curve.

3. Results and Discussion
3.1. NH;-SCR Performance of the Catalysts

To investigate the changes in the SCR catalysts on vehicles have traveled different distances, the coating
powder of the obtained catalysts was subjected to standard NH,-SCR activity evaluation and compared with
the performance of unused fresh catalysts. As shown in Figure 1, the fresh catalyst exhibited excellent
catalytic NO, reduction performance. Catalysts of vehicles have traveled different distances showed varying
degrees of activity decrease in both the low-temperature and high-temperature ranges. This indicates a loss of
active sites in the catalyst and an increase in the NH; non-selective oxidation reaction [21]. Comparing to the
deterioration of different samples, the Cat.-10 sample showed the least degree of deterioration, with only a
slight decrease in the NH,-SCR activity. In contrast, the Cat.-14.5 sample exhibited a significant decrease in
the NH,-SCR activity, which could be attributed to the poisoning of catalyst during the actual operation,
leading to the deactivation of the Cu-SSZ-13 zeolite. Surprisingly, although the traveled distance of the
Cat. -19.4 sample was the longest, the degree of decline in its catalytic performance was relatively low.
Therefore, the degree of catalyst degradation in real-world does not entirely depend on the actual driving
distance but is more influenced by the actual operating conditions.
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Figure 1. NH;-SCR performances of the catalysts of vehicles have traveled different distances.

3.2. Morphology and Element Distribution of the Catalysts

Figure 2 presents the SEM images of the catalysts of vehicles with different driving distance at different
scales. It can be seen that all the zeolites basically maintain their original state, but with the increase of actual
operation distance, varying degrees of damage appear. The magnified SEM images show that the zeolite
structure of all the samples has a certain degree of damage, with many small particulate species visible on the
catalyst surface. These species may originate from fragments of the broken zeolite structure or possibly as a
result of additives introduced during the slurry preparation process.
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Figure 2. SEM images of the catalysts of vehicles have traveled different distances; Cat.-10 sample (a,d,g); Cat.-14.5
sample (b,e,h) and Cat.-19.4 sample (c,f,i).

The long-range ordered structures of the zeolites were further analyzed using XRD. As shown in
Figure 3, prolonged operation did not alter the framework structure of the CHA zeolites obviously, but some
impurity phases still appeared due to additives in the zeolite scraped off the cordierite substrate. By using
BRUKER’s TOPAS software, component separation of highly crystalline materials was performed. The
actual proportions of zeolite material of samples Cat.-10, Cat.-14.5, and Cat.-19.4 were approximately 49%,
54%, and 63%, respectively (as listed in Table 1). Subsequent comparative experiments (activity, NH,
storage, TPD, etc.) were normalized based on these component ratios.
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Figure 3. XRD patterns of the catalysts of vehicles have traveled different distances.
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Table 1. The actual proportions of zeolite components in catalyst coating materials.

Samples Proportion of Zeolite Components
Cat.-10 (1) 49.63%
Cat.-10 (2) 49.16%
Cat.-14.5 (1) 53.27%
Cat.-14.5 (2) 54.49%
Cat.-19.4 (1) 62.94%
Cat.-19.4 (2) 62.93%

In order to further analyze the elemental composition of these catalysts, we employed HRTEM and EDS
mapping techniques (see Figure 4). The results indicate that in addition to the ordinary elements such as Cu,
Si, Al, and O found in the zeolite and coating slurry additives, there are also other elements presented, such as
non-metal components S and P as well as metal components Fe, Mg, and Cr. The presence of these elements
may result from the interaction of the catalyst with various components in the diesel vehicle exhaust
environment during operation. Generally, S primarily originates from diesel fuel, whereas P mainly comes
from certain fuel additives. Metal elements such as Fe and Cr may come from the corrosion and shedding of
the encapsulation structure in the after-treatment system, while alkali metals such as Mg and Ca (possibly
present) may originate from ash and fuel additive components.

Moreover, in all three samples, the active copper species in the zeolites did not show significant
aggregation, indicating that they remain highly dispersed after being used for different driving distances,
demonstrating their excellent stability under real-world operation. Regarding poisoning species, Cat. -10
sample exhibited non-metal sulfur and phosphorus species and a large amount of metal-containing poisoning
species (especially Fe and Mg species), which were aggregated into metal oxide clusters on the catalyst
surface. Cat.-14.5 showed a great number of sulfur species, accompanied by small amounts of P, Fe, Mg, and
Cr species. Although Cat. -19.4 had the longest driving distance, its surface species accumulation was
relatively low. This could be due to its recent regeneration which led to the decomposition of volatile sulfur
species, or may simply be attributed to the use of purer fuel that reduces the accumulation of poisoning
species.

There are numerous studies that have reported the different effects of various poisoning species on the zeolite
catalysts. For the sulfur poisoning, it primarily forms ammonium sulfate, copper sulfate and aluminium sulfate
species on the zeolites. The ammonium sulfate species may cover active sites of the catalysts or cause pore
blockage in the zeolites. Fortunately, the thermal decomposition temperature of ammonium sulfate is very low
(~350 °C), enabling it to decompose during catalyst regeneration or normal operation period. This poisoning
mechanism causes “reversible deactivation” of the zeolites, thus has a limited impact on the catalysts. Besides,
the formation of copper sulfate species directly leads to the loss of Cu*" active sites, reducing the NH,-SCR reaction
rate. Nevertheless, the decomposition temperature of copper sulfate species is above 600 °C, making it impossible
to fully recover even after the “limited high-temperature regeneration” treatment, thus causing “irreversible
deactivation” of the zeolite catalysts. In addition, the formation of aluminium sulfate species may cause the loss
of Bronsted acid sites. [12,14,22-25]. In addition, P also combines with Cu species to form Cu-P species, which
reduces the number of Cu active sites, and inhibits the reaction activity [18,26]. For Fe and Mg species, their
accumulation amount and state may have different impacts on catalyst activity. Fe species can serve as active
centers, which are especially beneficial for NH;-SCR reaction at high temperatures. However, excessive Fe can
also affect the state of Cu species, thus affecting SCR activity. Additionally, Fe,O; increases the occurrence of non-
selective ammonia oxidation reactions, resulting in a decrease in high-temperature NH,-SCR activity [27]. Mg
species, typically acting as alkaline metal poisoning species, can also affect the coordination state of Cu species,
causing the aggregation of Cu species to CuO, clusters, thus leading to framework collapse and NH, oxidation
side reactions, thereby affecting SCR activity [17].

5 of 12



1JAMM 2024, 3(4), 5 https://doi.org/10.53941/ijamm.2024.100023

Cat.-10

Figure 4. TEM images and EDS mapping analysis of the catalysts of vehicles have traveled different distances.

3.3. TPD analysis and Accumulated Species on Catalysts

The temperature-programmed desorption (TPD) experiment was used to further analyze the
decomposable species deposited on the catalysts. The sample was placed in an N, stream for heating, and
substances with mass numbers 64 and 44 were detected, which can be attributed to SO, and CO,. Among
them, SO, originates from the decomposition of sulfur-containing species, and CO, originates from the
decomposition of carbon-containing functional groups. This indicates that sulfur species have accumulated on
the catalyst and carbon deposition is present.

As can be seen from Figure 5a, SO, was almost undetectable in Cat.-10, only a small amount of SO,
was detected in Cat.-19.4, while Cat.-14.5 exhibited significant sulfur dioxide desorption. Two desorption
peaks were clearly observed in Cat.-14.5, which can be attributed to CuSO, and Al,(SO,), species based on
previous studies [23, 32]. No ammonium sulfate species were observed in the TPD experiments. As
mentioned previously, ammonium sulphate tends to decompose during catalysts operation and regeneration.
In addition, CuSO, species are very stable and require high temperatures (above 600 °C) to decompose, their
formation thus leads to the irreversible deactivation of Cu active sites. Meanwhile, the formation of AL(SO,),
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species indicates that the Bronsted acid sites of the zeolite are also affected. The decomposition temperature
of AL(SO,), species is higher than that of CuSO, species, thus also causing the irreversible deactivation of the
zeolite [28]. Although it does not directly lead to the loss of Cu®" active sites, by affecting the mobility of
Cu’" at low temperatures, Al,(SO,), species can also reduce the low-temperature activity of Cu-SSZ-13. The
excellent low-temperature NH,-SCR performance of Cu-SSZ-13 relies on the cross-cage migration of Cu* in
the form of copper-ammonia complexes. Therefore, the formation of AL(SO,), species will, on one hand,
block the channels and increase the resistance to copper-ammonia complex migration; on the other hand, it
will cause the loss of framework Al sites, resulting in a reduction in the number of Brensted acid sites,
thereby affecting the migration of copper-ammonia complexes too. This is mainly because the migration of
copper-ammonia complexes needs to overcome the electrostatic attraction from the zeolite anionic framework
and requires the counter-migration of H" (or H;O" and NH,") on Broensted acid sites to balance the charge.
Therefore, Bronsted acid sites can serve as “stepping stones” for the migration of copper-ammonia
complexes during the low-temperature SCR reaction process [29]. This also explains the poor activity of
Cat.-14.5 sample, as the formation of a large amount of CuSO, and AL,(SO,), species leads to a reduction in
active copper species, thus inhibiting the NH;-SCR reaction rate. In contrast, only a small amount of SO, was
detected in Cat.-19.4, indicating that only a limited amount of sulfur-containing species formed on it, thus
resulting in a slight reduction in the SCR activity.

In addition, as shown in Figure 5b, a weak CO, signal was observed in all three samples, indicating that
some carbon deposits were present on the catalyst during operation. However, despite the highest amount of
carbon deposition being found in Cat.-10 Sample, its activity did not significantly decrease compared to the
fresh sample, indicating that the current level of carbon deposition does not affect the SCR performance of
the catalyst. The degree of sulfur poisoning is the determinant factor for catalyst deterioration.
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Figure 5. TPD results of the catalysts of vehicles have traveled different distances; (a) SO, MS signal and (b) CO, MS
signal.

3.4. NH, Storage and Cu Specie Analysis of the Catalysts

To compare the changes in the strength and number of acidic sites on catalyst of vehicles have traveled
different distances, NH,-TPD was further applied to titrate the Lewis and Brensted acidic sites in the samples.
This analysis enabled the assessment of NH, storage performance of the obtained samples (as depicted in
Figure 60), and the quantitative NH, storage results can be seen in Table 2. As shown in Figure 6, compared
with the fresh sample (see Figure 6a), the NH; adsorption and desorption amounts of the three samples that
have undergone actual vehicle operation significantly decreased. All tested samples exhibited three NH,
desorption peaks, which, from low to high temperature, can be attributed to weak Bronsted acid sites, Lewis
acid sites, and strong Brensted acid sites, respectively [30,31]. The weak Bronsted acid sites mainly originate
from the terminal hydroxyl groups of Si or Al and are related to the destruction of the framework structure.
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For zeolites, Lewis acid sites are mainly from the active Cu*" ions, but for these three samples, it may also
come from added amorphous substances such as silicon-aluminum sol during the preparation of coating
slurry [5]. Nevertheless, the Lewis acid sites of these actually operated catalysts also significantly decreased,
especially in the Cat.-14.5 sample. This indicates a significant reduction in its active copper species, which
may be due to the aggregation of CuO, clusters or their combination with other toxic species (such as S),
leading to the inability of active copper species to adsorb NH, molecules. Among the three samples, Cat.-10
still maintained the highest NH, adsorb content, thus exhibiting the highest SCR activity, while Cat.-14.5
Sample showed a significant reduction in NH, storage capacity, resulting in the poorest activity, which is
consistent with the previous data.
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Figure 6. NH, storage analysis of the catalysts of vehicles have traveled different distances. (a—d) adsorption and
desorption process; (e,f) split-peak plots of the desorption process.
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Table 2. Quantification of desorbed NH, based on NH,-TPD curve for different samples.

Lewis Acid Bronsted Acid

Adsorbed Amount Weak Acid Site NH, Storage

Sample (nmol/g) (nmol/g) (u?rilt)eljg) (pfrilt)eljg) Capacity (nmol/g)
Fresh 2720 123 659 712 1495
Cat.-10 1615 166 509 316 991
Cat.-14.5 1152 112 271 292 675
Cat.-19.4 1291 161 351 277 789

H,-TPR was also used to investigate the variations of Cu species in different zeolite samples, as shown
in Figure 7. All three samples exhibited two H, reduction peaks in the temperature range of 200—400 °C, with
peak center temperatures around 220 °C and 360 °C, which can be attributed to [Cu(OH)]"-Al species located
next to the eight-membered rings (8MRs) and Cu®-2Al species located at the six-membered ring (6MRs)
windows of the Cu-SSZ-13 zeolite, respectively [5,32,33]. For the Cat.-10 sample with a lower degree of
poisoning, no new reduction peaks were observed. This indicates that the copper species in this sample
largely retain the form similar to the fresh sample, thus exhibiting the best catalytic activity. In contrast, new
reduction peaks appeared at higher temperatures in the Cat.-14.5 and Cat.-19.4 samples, indicating the
formation of new species. Among them, the signal of the new reduction peak is more pronounced in the most
severely deteriorated Cat.-14.5 sample. Combined with the TPD analysis above, this suggests that the new
peaks may be due to the decomposition of sulfates (copper sulfate) on the catalyst. Therefore, the H,-TPR
results further demonstrate that the impact of sulfur poisoning on Cu active sites is the key factor affecting
the catalytic activity of the Cu-SSZ-13 zeolites. The Cu active sites in the Cat.-10 sample suffered the
minimal damage, thus maintaining the highest NH;-SCR catalytic activity.
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— Cat.-14.5
— Cat.-19.4

|~ ]

TCD signal (a.u.)

T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperatue (°C)

Figure 7. H,-TPR profile of the catalysts of vehicles have traveled different distances.

3.5. SCR Performances of Regenerated Samples

From the above analysis, it can be concluded that sulfur poisoning has a decisive effect on the
performance of the catalyst. High-temperature treatment can decompose sulfate species, thus enabling
catalyst regeneration after sulfur poisoning [14,34]. This is also the main method for catalyst regeneration in
actual vehicle operation. Therefore, we further investigated the NH,-SCR catalytic performance of the
regenerated vehicle catalysts have traveled different distances after high-temperature regeneration, and the

results can be seen in Figure 8.
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Figure 8. The NH,-SCR performance of regenerated catalysts of vehicles have traveled different distances.

For the Cat.-10 sample, after high-temperature regeneration at 600 °C, the high-temperature activity of
the catalyst slightly decreased. This may be due to the fact that the SCR activity of the Cat.-10 sample is
close to that of the fresh sample, and the high-temperature regeneration leads to the aggregation of some
copper species on its surface, which increases the non-selective oxidation of NH, [10]. For the Cat.-19.4
sample, high-temperature regeneration at 600 °C restored some of its low-temperature NH,-SCR activity.

For the Cat.-14.5 sample, which had undergone the most severe degradation, the high-temperature
regeneration at 600 °C also restored some of its low-temperature NH,-SCR activity. With the increase in
regeneration temperature, the activity continued to recover. Most of the SCR activity was restored when the
temperature was raised to 800 °C, and the low-temperature NH,-SCR activity was slightly lower than that of
the fresh catalyst. This indicates that the regeneration temperature of 600 ° C decomposed some of the
metastable sulfate accumulated on the catalyst surface, reducing the degree of zeolite pore blockage and
restoring its SCR performance to a certain extent. When the temperature increased to 800 °C, the stable
sulfate species began to decompose, further restoring the SCR activity. However, it is not advisable to
continue increasing the regeneration temperature above 800 °C because it may cause dealumination of the
zeolite framework, leading to structural collapse and a subsequent decrease in NH,-SCR activity.

4. Conclusion

The deterioration of the Cu-SSZ-13 catalyst in vehicles under real-world conditions significantly differs
from the simulated laboratory conditions due to the combination of multiple poisoning factors. The degree of
catalyst deterioration is not solely correlated with driving distance but also with the types of poisoning
species present. In practical applications, hydrothermal aging is not the primary factor in catalyst
deactivation; instead, poisoning by chemical elements such as sulfur and iron is more significant. Sulfur
poisoning typically leads to decreased NH,-SCR activity, and can often be reversed through various methods.
While some sulfur species decompose easily, stable species such as CuSO, and AL(SO,), require regeneration
at temperatures exceeding 800 ° C, which may not be achievable during vehicle operation in real-world.
Additionally, iron species formed from iron poisoning can act as active sites, contributing to certain SCR
performances. This study reveals that cumulative chemical poisoning in real-world operation is the primary
cause of SCR catalyst performance deterioration. Therefore, it is crucial to reduce toxic components in diesel
exhaust to preserve catalyst efficacy.
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