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H I G H L I G H T S   

• Cu/LTA and Cu/SSZ-13 were synthe
sized and examined for SO2 poisoning.  

• [Cu(OH)]+ in Cu/LTA is found to be 
more vulnerable to SO2 than Cu/SSZ- 
13.  

• In SCR condition with SO2, Cu/LTA 
can store more SO2 than Cu/SSZ-13.  

• Cu/LTA exhibit a slower deactivation 
rate than Cu/SSZ-13.  

• 750 °C fully regenerates Cu/LTA, 
while Cu/SSZ-13 show some loss at 
high temperature. 
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A B S T R A C T   

In this study, Cu/LTA and Cu/SSZ-13 catalysts are examined for sulfur poisoning and regeneration. The nature of 
the Cu species was probed with H2-TPR and in-situ DRIFTS. These characterizations collectively indicate that 
primarily Z2Cu is present in Cu/LTA, whereas Cu/SSZ-13 contains a higher concentration of ZCuOH. ZCuOH is 
proved to be more vulnerable to SO2 poisoning than Z2Cu sites in both Cu/zeolites. H2-TPR results suggest that 
the interaction of ZCuOH with the framework in Cu/LTA is much weaker than in Cu/SSZ-13, thereby leading to 
more susceptibility to SO2 adsorption. Moreover, Cu/LTA can store more SO2 under NH3-SCR conditions in the 
presence of SO2, and it also has a slower deactivation rate due to the different location of generated (NH4)2SO4. 
Cu/LTA can be fully restored after regeneration at 750 °C. However, Cu/SSZ-13 experiences a loss of activity at 
high temperature, which is attributed to newly formed CuOx clusters.   

1. Introduction 

The selective catalytic reduction (SCR) method developed in the 
1970s has high efficiency and is currently the most widely used process 
for industrial NOx removal [1]. In this method, the reducing agents used 
are CO or H2 [2–4], various hydrocarbons [5–7], and NH3 [8–12]. The 
catalysts are (un)supported non-noble metal oxides (V2O5-WO3/TiO2, 
MnOx, etc.) [13–17], supported noble metals (Ag/Al2O3, etc.) [18–20], 
and zeolite catalysts (Cu or Fe/BEA, CHA, FER, etc.) [21–25]. 

Moreover, ammonia selective catalytic reduction (NH3-SCR, 
4NH3 + 4NO + O2 → 4 N2 + 6H2O) has become the primary tech
nology for the abatement of NOx emissions from diesel engines [26,27]. 
The ammonia is produced through the thermal decomposition and 
hydrolysis of aqueous urea (CO(NH2)2 + H2O → 2NH3 + CO2). 
Copper-exchanged chabazite (CHA) framework zeolites, e.g., Cu/SSZ- 
13, have been extensively studied and practically applied in the last 
decade as NH3-SCR catalysts for NOx abatement in diesel vehicles  
[8,28–32]. However, with long-term exposure to harsh temperatures, 

https://doi.org/10.1016/j.cej.2020.125048 
Received 16 January 2020; Received in revised form 8 April 2020; Accepted 9 April 2020    

⁎ Corresponding author. 
E-mail address: louise.olsson@chalmers.se (L. Olsson). 

Chemical Engineering Journal 395 (2020) 125048

Available online 11 April 2020
1385-8947/ © 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2020.125048
https://doi.org/10.1016/j.cej.2020.125048
mailto:louise.olsson@chalmers.se
https://doi.org/10.1016/j.cej.2020.125048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2020.125048&domain=pdf


e.g., 800 °C, which occasionally occurs for regeneration purposes, a Cu/ 
SSZ-13 catalyst has a high risk of degradation, which leads to catalyst 
deactivation [33]. Hong’s group [34] has recently found that high- 
framework silica Cu/LTA zeolite is a more robust SCR catalyst that 
withstands hydrothermal aging even at 900 °C and maintains remark
able NH3-SCR activity. We have confirmed this extraordinary stability 
and investigated the mechanism for the unusual stability of Cu/LTA 
catalyst [35]. 

Cu/zeolites adapted in the Exhaust Aftertreatment System (EATS), 
whether CHA or LTA framework topology, inevitably undergo sulfur 
(e.g., SO2) contamination because of the presence of ppm levels of 
sulfur (< 15 ppm) in commercial fuel, even under the Ultra-Low Sulfur 
Diesel (ULSD) regulation [36–39]. In-depth studies of Cu-chabazite SCR 
catalysts, including Cu/SSZ-13 and Cu/SAPO-34, have reported on the 
effect of sulfur poisoning [36,39–44]. In general, two main deactivation 
processes are suggested: chemical and physical. Kumar et al. [41] have 
investigated various effects of SO2 and SO3 on Cu/CHA SCR catalysts 
and found that the presence of SO3 resulted in a large impact on cat
alytic performance. Similar results have also been reported by Cheng 
and coworkers [40], who propose that the formation of CuSO4 upon 
SO3 poisoning can be responsible for the deactivation. Several studies  
[38,42] are available regarding the impact of SO2 on Cu/CHA catalysts 
(SAPO-34 or SSZ-13), and it is suggested that the formation of ammo
nium sulfate species may poison the active sites and also block zeolite 
pores. Li’s group [45] have compared sulfate formation on Cu/SSZ-13 
and Cu/SAPO-34 catalysts, and have found three sulfate species on the 
catalyst surface, i.e., H2SO4, CuSO4, and Al2(SO4)3. Wijayanti et al. [46] 
have also found that H2O and hydrothermal aging can significantly 
promote the formation of copper sulfates. 

Pioneering work by Kwak et al. [47] has shown that Cu ions pri
marily occupy sites in the 6-membered rings at low ion exchange levels, 
while these ions are mostly present in the large cages of the CHA 
structure at high ion exchange levels. On this basis, later research  
[32,48] further identified that these two distinct Cu cationic species 
are: (1) ion-exchanged Cu2+ ions with two neighboring framework Al 
in 6-membered rings that provide two negative framework charges 
(Z2Cu); and (2) [Cu(OH)]+ with one framework Al in the 8-membered 
rings needed one negative framework charge (ZCuOH). Subsequently, 
the effect of sulfur on Z2Cu and ZCuOH sites was studied in-depth  
[36,49], and the results show that the extent to which these two Cu 
species are poisoned by sulfur are extremely different. ZCuOH more 
readily interacts with SO2 than Z2Cu does, and this interaction leads to 
the formation of highly stable sulfur species. This hypothesis is further 
supported by theoretical first-principle simulations [39]. 

Overall, previous studies have systematically explored the effects of 
sulfur poisoning on state-of-the-art Cu/CHA catalysts (i.e., Cu/SSZ-13 
and Cu/SAPO-34) and have demonstrated the sulfur sensitivity of these 
small-pore molecular sieves. Nonetheless, little attention has been paid 
to the impact of sulfur on Cu/LTA catalysts mainly because Cu/LTA as a 
SCR catalyst is currently fairly novel. To the best of our knowledge, 
only the study by Ryu et al. [34] mentions SO2 poisoning of Cu/LTA 
catalysts, and that study only conducted one simple SO2 (20 ppm) ex
posure effect on NH3-SCR activity without any further characterization 
studies. Thus, the influence of sulfur poisoning on the active sites and 
the poisoning mechanisms of Cu/LTA, which is a potential next gen
eration SCR catalyst, have still not been studied. 

The present study compares the newly emerged Cu/LTA catalyst 
with the state-of-the-art Cu/SSZ-13 catalyst. Two model samples with 
analogous chemical components, i.e., Cu/LTA and Cu/SSZ-13 (Si/ 
Al ~ 15, Cu/Al ~ 0.45), were prepared for sulfur poisoning and re
generation investigations. The fresh and sulfated materials were further 
characterized with a number of spectroscopic methods, including H2- 
TPR, in-situ DRIFTS, various SO2-TPD and NH3-TPD, in order to eluci
date the catalyst structure/function relationships and to attain insight 
into the catalytic deactivation mechanism upon sulfur poisoning. 

2. Experimental section 

2.1. Catalyst synthesis 

Both Na/SSZ-13 (Si/Al ~ 15) and H/LTA (Si/Al ~ 15) were hy
drothermally synthesized in-house using methods previously reported  
[35,50,51]. After synthesis, separation, drying, and calcination, the 
obtained Na/SSZ-13 was ion-exchanged with a 5.4 M NH4NO3 solution 
twice for 1 h at 80 °C to obtain NH4/SSZ-13. Then the NH4/SSZ-13 was 
calcined again to obtain H/SSZ-13. Cu/zeolites (i.e., SSZ-13 and LTA) 
were prepared using the incipient wetness impregnation (IWI) method. 
The details can be found in our prior publication [35]. Briefly, a certain 
amount of Cu(NO3)2·2.5H2O was added to ethanol while stirring until 
completely dissolved. Then the zeolite (H/LTA or H/SSZ-13) was slowly 
introduced into the solution, and the mixture vessel was capped and 
stirred for 15 min. After this, the product was dried at room tempera
ture overnight in a fume hood. 

The as-prepared powder was fully ground before calcination at 
600 °C for 8 h, then ramped up to 750 °C for 2 h in static air. The 
obtained powder was used to coat a monolith (400 cpsi) that was 
15 mm in diameter and 20 mm in length. The details of the washcoat 
procedure can be found in our prior work [52]. Alumina (Disperal P2, 
Sasol) was used as a binder when coating the zeolite to increase the 
attachment of the zeolite, with a ratio of around 95/5 between the 
zeolite and binder. The total washcoat weight was ~300 mg, including 
the binder. The prepared monolith was then calcined at 500 °C for 2 h. 
Prior to use, the monolith was first degreened at 750 °C for 4 h under 
standard SCR reaction conditions (400 ppm NO, 400 ppm NH3, 5% 
H2O, 10% O2, 1200 ml/min) in a flow reactor (described in Section 
2.3). This step can further facilitate the movement of copper species 
into ion-exchanged positions, and indeed we observed that the color of 
the samples changed from grayish blue to pure blue. 

2.2. Catalyst characterization 

The Cu, Si, and Al contents of the samples were measured with 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
conducted by ALS Scandinavia AB. 

H2 temperature-programmed reduction (H2-TPR) of the samples 
was performed on a Differential Scanning Calorimeter (Sensys DSC, 
Setaram) connected to a mass spectrometer (Hiden HPR-20 QUI MS) to 
detect outlet gases. Measurements were conducted on both fresh and 
sulfated samples (i.e., Cu/LTA and Cu/SSZ-13). Sulfated samples were 
first exposed to SO2 (400 ppm NO, 400 ppm NH3, 30 ppm SO2, 10% O2, 
5% H2O, and balance Ar) at 250 °C for 2 h in a flow reactor (see Section 
2.3). TPR was conducted from room temperature to 800 °C at 10 °C/min 
in 2000 ppm H2 balanced with Ar. Note that no pretreatment was 
performed on the samples prior to the TPR experiments. 

In-situ Diffuse Reflectance Infrared Fourier Transform Spectra 
(DRIFTS) were acquired with a Bruker Vertex 70 spectrometer, 
equipped with an MCT detector and operated at 4 cm−1 resolution. 
Each spectrum reported was obtained by averaging 256 scans. Prior to 
each measurement, the catalysts were pretreated by heating in 100 ml/ 
min 10% O2/Ar to 500 °C and maintained at this temperature for 1 h. 
The ZCuOH and Z2Cu species were studied through framework internal 
asymmetric T-O-T vibrations [53]. This was done by cooling the cata
lysts to 200 °C to carry out the adsorption of NH3 (300 ppm NH3, 10% 
O2, balance Ar) until saturation. Subsequently, the catalyst was purged 
in 10% O2/Ar for 20 min, which was followed by NO exposure 
(300 ppm NO, 10% O2, balance Ar) for 3 h. The spectra were recorded 
as a function of time using the background measured at 200 °C in a flow 
of 10% O2/Ar, prior to the introduction of NH3. To study SO2 poisoning, 
the catalysts were first exposed to SO2 (30 ppm SO2, 10% O2, balance 
Ar) at 200 °C for 2 h and spectra were taken. 

NH3 temperature-programmed desorption (NH3-TPD) was carried 
out using a flow reactor system with NH3 detection via an online MKS 
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2030 FTIR analyzer (see Section 2.3). The same monoliths (~300 mg 
catalyst) used for the SCR reactions (see Section 2.3) were used for the 
NH3-TPD measurements, and the experimental steps were as follows: 
(1) heat the sample to 500 °C in 10% O2/Ar (1200 ml/min) and keep at 
500 °C for 20 min; (2) cool the sample to NH3 adsorption temperatures 
of 100 °C in 10% O2/Ar; (3) adsorb NH3 (400 ppm NH3, 10% O2, 5% 
H2O, 30 ppm SO2 (if needed)) in Ar until the outlet NH3 concentrations 
remained constant for 1 h; (4) flush the catalyst with 10% O2 in Ar, and 
5% H2O , 30 ppm SO2 (if needed); (5) then purge with Ar for 20 min at 
the adsorption temperature (i.e., 100 °C); and (6) ramp from the ad
sorption temperature to 750 °C at 20 °C/min, and maintaining the 
temperature at 750 °C for 20 min. 

SO2 temperature-programmed desorption (SO2-TPD) was performed 
using the same procedure as described above for NH3-TPD. A new 
monolith was used for each sulfur TPD experiment with the same batch 
of Cu/LTA and Cu/SSZ-13. Briefly, the experimental steps were as 
follows: (1) heat the monolith sample to 500 °C in 10% O2/Ar 
(1200 ml/min) and keep at 500 °C for 20 min; (2) cool the sample to the 
SO2 adsorption temperature of 250 °C in 10% O2/Ar; (3) adsorb SO2 

(30 ppm SO2, 10% O2 in Ar, 5% H2O (if needed), 400 ppm NH3 (if 
needed)) until outlet SO2 concentrations remained constant for 2 h; (4) 
turn off the SO2 flow, and flush with 5% H2O (if needed), 400 ppm NH3 

(if needed) and 10% O2; (5) then purge with Ar for 20 min at the ad
sorption temperature (i.e., 250 °C); and (6) ramp from the adsorption 
temperature to 750 °C using a ramp speed of 20 °C/min, and maintain 
the temperature at 750 °C for 20 min. 

2.3. Reaction tests 

NH3-SCR reactions were conducted on washcoated monoliths in a 
flow reactor. Details about the reactor system can be found in our 
previous publication [52]. Briefly, the gases were mixed using several 
Bronkhorst MFCs, and the water was added with a Bronkhorst CEM 
system. Concentrations of reactants and products were measured with 
an online MKS 2030 FTIR analyzer. For a standard SCR reaction 
(4NO + 4NH3 + O2 → 4 N2 + 6H2O), the feed gas contained 400 ppm 
NO, 400 ppm NH3, 10% O2, 5% H2O with Ar as the inert balance. For a 
fast SCR reaction (NO + NO2 + 2NH3 → 2 N2 + 3H2O), 400 ppm NO 
was replaced with 200 ppm NO and 200 ppm NO2. The other feed was 
the same as for a standard SCR reaction. Measurements were conducted 
from high to low reaction temperatures, and monoliths were main
tained at each target temperature for 30 min. Note that steady state was 
not attained at 150 °C, and the last point was shown for the conversion. 
All the gas lines were maintained above 100 °C to avoid water con
densation. The total gas flow was 1200 sccm, and the gas hourly space 
velocity (GHSV) was estimated to be 22100 h−1 for the monolith (with 
a washcoat amount of ~300 mg). 

Both standard SCR and fast SCR reactions were conducted on fresh, 
sulfated, and different temperature-regenerated (i.e., 400, 500, 600, 
and 750 °C) samples. First, the catalyst was degreened using 5% H2O, 
10% O2 in Ar at 750 °C for 4 h. Thereafter, the activity was measured 
for standard SCR and fast SCR reactions. For the fresh catalyst a pre- 
treatment was done prior to each experiment (500 °C for 20 min using 
5% H2O, 10% O2 in Ar). Note that no pre-treatment was done after 
poisoning. Thereafter, the temperature was set to 250 °C and main
tained at this temperature for 0.5 h under standard SCR conditions 
(400 ppm NO, 400 ppm NH3, 10% O2, 5% H2O and balance Ar). This 
was followed by adding 30 ppm SO2 to the feed gas for 2 h, followed by 
a purge in the SCR gas phase again for 0.5 h (SO2 was turned off). After 
this, the sulfate samples were continuously regenerated at 400, 500, 
600, and 750 °C with standard and fast SCR tests between each re
generation temperature. 

3. Results and discussion 

In this work, we compared two types of Cu/zeolites, Cu/LTA and 

Cu/SSZ-13, with analogous chemical compositions. As shown in  
Table 1, the Si/Al ratios of Cu/LTA and Cu/SSZ-13 were 14.4 and 15.2, 
respectively, and the corresponding Cu/Al ratios were 0.47 and 0.44. 
Note that, in this study, an Si/Al ratio close to 15 of the zeolites was 
selected since this ratio is close to the commercial catalysts applied in 
the EATS of diesel vehicles [53,54]. A Cu/Al ratio close to but less than 
0.5 was preferred for Cu loading (e.g., 0.47 for Cu/LTA). This not only 
avoids the formation of abundant CuOx clusters but also achieves the 
utmost catalytic activity [34,48]. 

3.1. H2-TPR results 

H2-TPR was conducted from ambient conditions without any pre
treatment to investigate the reducibility of fresh and sulfated Cu/zeo
lites. Fig. 1 shows the H2-TPR results for the Cu/LTA and Cu/SSZ-13 
samples. First, two distinct reduction peaks were observed in the fresh 
catalysts from the TPR curves for both Cu/LTA and Cu/SSZ-13, which 
was expected. It has previously been suggested that the ZCuOH can be 
anticipated to show a reduction peak at a lower temperature since the 
binding energy with the framework of ZCuOH is lower than that of 
Z2Cu [35]. Therefore, the low-temperature reduction peaks at 213 and 
376 °C for fresh Cu/LTA and Cu/SSZ-13, respectively, were attributed 
to [Cu(OH)]+ (i.e., ZCuOH) → Cu+. And the corresponding high- 
temperature peaks, occurring at 488 and 457 °C, were attributed to the 
reduction of Cu2+ (i.e., Z2Cu) to Cu+. Since the reduction of Cu+ to 
Cu0 requires the degradation of the zeolite framework, the reaction 
process typically occurs above 800 °C [55,56]. This exceeded the 
measurement range of our instrument (25–800 °C), thus, we could not 
detect the reduction feature in terms of Cu+ → Cu0. One key feature 
that we found, however, was a dramatic reduction temperature dis
crepancy regarding ZCuOH between fresh Cu/LTA and Cu/SSZ-13 
samples, i.e., 213 versus 376 °C, which is approximately a 160 °C dif
ference. Meanwhile, Z2Cu was reduced by H2 at comparable tempera
tures (488 and 457 °C). According to the literature, the H2-TPR re
duction peaks of ZCuOH and Z2Cu were different in the same type of 
Cu/zeolite. There are many possible reasons for this, such as Si/Al ra
tios, Cu loadings, and the TPR conducted conditions (e.g., ramp rate). 

Table 1 
ICP-AES results for the Cu/LTA and Cu/SSZ-13 samples.        

sample Si content 
(wt.%) 

Al content 
(wt.%) 

Cu content 
(wt.%) 

Si/Al 
ratio 

Cu/Al 
ratio  

Cu/LTA 38.9 2.6 2.9 14.4 0.47 
Cu/SSZ-13 37.8 2.4 2.5 15.2 0.44 

Fig. 1. H2-TPR curves for the fresh and sulfated Cu/LTA and Cu/SSZ-13 sam
ples. 
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However, in this work, we controlled these conditions using similar Si/ 
Al ratios, similar Cu loadings, and the TPR conditions for Cu/LTA and 
Cu/SSZ-13 samples were identical. Since we observe such a large gap 
(213 vs 376 °C) for reduction of ZCuOH, we suggest that this should be 
mainly due to the different ZCuOH binding energy in Cu/LTA compared 
to Cu/SSZ-13. Therefore, it can be inferred that, in comparison to Cu/ 
SSZ-13, ZCuOH residing in Cu/LTA is likely to have a much lower 
binding energy to the framework, resulting in an lower reduction 
temperature. 

To obtain the distribution in Z2Cu and ZCuOH of Cu/LTA and Cu/ 
SSZ-13 samples, peak fitting was used to determine the ratios based on 
the area of these two Cu species for fresh samples. Briefly, in Cu/LTA, 
the TPR showed 12% of the ZCuOH sites and 88% of the Z2Cu sites. 
Meanwhile, ZCuOH was shown to be the dominant Cu site in the Cu/ 
SSZ-13 sample, where 65% of the populations were from TPR. This is an 
interesting finding. Previous studies have shown that Cu/LTA is more 
resistant to high-temperature hydrothermal aging than Cu/SSZ-13 is  
[34,35,57]. The conversion of ZCuOH to CuOx is widely believed to be 
the main cause of high-temperature deactivation in Cu/SSZ-13. We 
have earlier found an unusual stability of ZCuOH under different harsh 
aging temperatures up to 900 °C, which might be one of the reasons for 
the extraordinary hydrothermal stability of the Cu/LTA sample, to
gether with the stability of Brønsted acid sites and the conversion of 
CuOx to active Cu sites upon aging [35]. In addition, there was also a 
significantly larger amount of Z2Cu in the Cu/LTA sample, and this 
could be another reason for the extraordinary stability of Cu/LTA. 
Another key feature that we propose based on the different con
centrations of Cu species, i.e., Z2Cu and ZCuOH, is the difference in Al 
distribution among these two zeolites. Specifically, it is clear that Z2Cu 
needs two Al nearby for charge balance, whereas only one Al is needed 
for ZCuOH. Therefore, the significantly higher content of Z2Cu in the 
Cu/LTA sample suggests that more of the Al sites in the LTA are located 
in pairs in the zeolite framework, as is required for Z2Cu formation. 
However, this was not case for the Cu/SSZ-13 sample. 

The sulfated Cu/LTA and Cu/SSZ-13 samples showed significantly 
higher H2 consumption than the fresh samples, as displayed in Fig. 1. A 
similar phenomenon has also been found by Wijayanti et al. and Shen 
et al. [38,43] who studied the SO2 poisoning of Cu/SSZ-13 and Cu/ 
SAPO-34 catalysts, respectively. The total H2 consumption, i.e., the H2/ 
Cu ratio, over fresh and sulfated samples was calculated by integrating 
the peaks from 25 to 800 °C (2000 ppm H2 as a feed). The H2/Cu ratios 
for the fresh samples were determined to be 0.51 and 0.47 for Cu/LTA 

and Cu/SSZ-13, respectively, which is in line with our discussion above 
that divalent Cu ions, including ZCuOH and Z2Cu, only undergo a re
duction of one-electron below 800 °C [36,48,58]. Note that even though 
the ratio of H2/Cu in Cu/zeolites is ca 0.5, we cannot rule out the ex
istence of small amounts of CuOx. 

The total H2 consumption per Cu for the two sulfated Cu/zeolites 
were different; 1.12 and 0.81 for sulfated Cu/LTA and Cu/SSZ-13 
samples, respectively. Thus, in terms of the H2 consumption, it can 
clearly be seen that the Cu/LTA sample was more influenced by SO2 

poisoning. According to Shen et al and He et al [43,59], the higher H2 

consumption of the sulfated Cu/zeolites can be attributed to: (1) the 
reduction of the sulfated Cu species from the divalent to the metallic 
state, which only requires one single step (Cu2+ → Cu0); and (2) the 
reaction of H2 with sulfate species. Point (2) has been confirmed in 
earlier studies (MS) [38,43] in which H2S formation was observed at 
around 650 °C for SO2 poisoned samples using mass spectrometry. This 
finding was also indirectly demonstrated in the present study by the fact 
that the H2/Cu ratio of sulfated Cu/LTA (~1.12) exceeded one, since 
one copper ion requires, at the most, one H2 molecule. 

3.2. In situ DRIFTS results 

Based on the perturbation to asymmetric T-O-T vibrations of the 
zeolite framework, Z2Cu ions residing close to pair Al sites and ZCuOH 
ions close to single Al sites can clearly be distinguished in Cu/zeolites 
(e.g., SSZ-13 or LTA), especially with the help of NH3 [31,33,49]. 
Therefore, to further investigate the effect of these two types of zeolite 
structure on the distribution of Cu species and the impact on SCR re
actions, in situ DRIFTS of NH3 adsorption followed by NO feeding over 
time were conducted. The results are shown in Fig. 2a and b, for Cu/ 
LTA and Cu/SSZ-13, respectively. Prior to measurements, the samples 
were dehydrated in 10% O2/Ar for 1 h at 500 °C to exclude perturbation 
from H2O. Backgrounds were measured at 200 °C in a flow of 10% O2/ 
Ar. 

Two well-resolved negative bands were clearly observed for both 
Cu/LTA and Cu/SSZ-13 samples. Compared with Cu/SSZ-13, Cu/LTA 
exhibited a shift in the IR signals to higher wavenumbers, which has 
been observed previously [35,60]. Specifically, as we can see from  
Fig. 2a and b, features at approximately 925 and 960 cm−1 were de
tected for Cu/LTA, while slightly lower signals at 900 and 950 cm−1 

were detected for Cu/SSZ-13. These features corresponded to Z2Cu and 
ZCuOH species, respectively [53,60]. The signal shift is suggested to be 

Fig. 2. DRIFTS spectra of T-O-T vibrational region perturbed by NH3 adsorption (upper panels) and followed by NO feeding to react with preadsorbed NH3 over time 
(lower panels) for (a) Cu/LTA and (b) Cu/SSZ-13. 
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due to the difference in framework structure between LTA and CHA 
topology. As shown in the upper panels of Fig. 2a and b, the samples 
were fully saturated within 160 min during the NH3 adsorption step. 
The evolution of these two Cu species over time upon NH3 adsorption 
gives interesting information regarding these two Cu/zeolites. For ex
ample, NH3 preferentially adsorbed onto the ZCuOH sites of the Cu/ 
LTA sample, i.e., 960 cm−1 (Fig. 2a), where the signal intensity of 
ZCuOH sites increased significantly faster than the intensity of the 
signal of the Z2Cu sites. The ZCuOH sites were saturated after only 
approximately 5 min. This was perhaps due to the stronger interaction 
between the ZCuOH sites and NH3 molecules than between the Z2Cu 
sites and NH3 molecules. Similar to the Cu/LTA sample, ZCuOH was the 
preferred adsorption site compared to Z2Cu for the Cu/SSZ-13 sample 
(Fig. 2b), however, this difference disappeared over time. The reason 
for this is suggested to be that the Cu/SSZ-13 sample used in the study 
contained a higher concentration of ZCuOH than Z2Cu, as shown in the 
H2-TPR profiles (Fig. 1). 

Following NH3 adsorption (300 ppm NH3, 10% O2, balance Ar) and 
Ar purge for 20 min, NO (300 ppm NO, 10% O2, balance Ar) was added 
to the feed gas. Fig. 2a and b (lower panels) display the DRIFTS spectra 
obtained during the reaction between NO and pre-adsorbed NH3 with 
the Z2Cu and ZCuOH sites at 200 °C for Cu/LTA and Cu/SSZ-13, re
spectively. The adsorbed NH3 was consumed gradually over time fol
lowing the addition of 300 ppm NO to both Cu/zeolites, which was 
observed by the decrease in the two negative IR features at 900–930 
and 950–960 cm−1 towards baseline [36]. This phenomenon confirms 
that both the ZCuOH and Z2Cu residing in the zeolites (i.e., LTA and 
CHA) were active for the NH3-SCR reaction at 200 °C [33,61]. Although 
the overall trend was identical, a few key differences between the two 
types of zeolite were, nevertheless, found. First, slight negative bands 
were observed in both of the Cu/LTA and Cu/SSZ-13 samples after 
flowing in NO for 160 min. Specifically, solely one weak negative 
feature located at 950 cm−1 (i.e., ZCuOH) remained in the Cu/SSZ-13 
sample, while the band at 900 cm−1 (i.e., Z2Cu) completely returned to 
baseline. This suggests that all the NH3 adsorbed onto Z2Cu can react 
with NO, yet a very small portion of the NH3 adsorbed onto ZCuOH 
cannot be consumed by NO, or the reaction rate is quite low at 200 °C. 
Moreover, it is worth noting that both of the negative bands of the Cu/ 
LTA sample at 960 and 925 cm−1 partly remained, indicating that not 
only ZCuOH but also some Z2Cu did not readily function in the NH3- 
SCR reaction at 200 °C for this sample. Therefore, based on the above 
results, we concluded that there is always a small amount of ZCuOH 
that cannot, or only slowly, participates in the SCR reaction, regardless 
if the sample is Cu/LTA or Cu/SSZ-13. However, some Z2Cu sites were 
not involved in the SCR reaction at 200 °C in the Cu/LTA sample. This 
could be due to either: (1) a portion of the Cu species being less active 
for an ammonia SCR reaction, or (2) the location of some Cu species, 
resulting in that not all species were accessible for NO after NH3 ad
sorption, possibly due to steric hindrance [62]. 

To further confirm the distribution of Z2Cu and ZCuOH species for 
Cu/LTA and Cu/SSZ-13 samples with similar Cu/Al (~0.45) and Si/Al 
(~15) ratios, peak fittings were conducted to determine the relative 
area ratios of these two Cu ion species. The results are shown in Fig. 3 
and listed in Table 2 together with the H2-TPR results. Although DRIFTS 
cannot be used directly to quantify species, the results strongly support 
the H2-TPR results (Fig. 1). It was also found that the concentration of 
ZCuOH in the Cu/SSZ-13 sample was significantly higher than the 
concentration in the Cu/LTA sample. Specifically, the ratio of Z2Cu to 
ZCuOH (i.e. the fraction of Z2Cu divided by the ZCuOH based on the H2 

TPR) was 7.3 (0.88/0.12) for the Cu/LTA sample, but only 0.54 (0.35/ 
0.65) for the Cu/SSZ-13 sample. Note that the samples used in this 
study was pretreated at 750 °C for 4 h under standard SCR reaction 
conditions (400 ppm NO, 400 ppm NH3, 5% H2O, 10% O2, 1200 ml/ 
min) in the flow reactor. Therefore, it is expected that the content of 
ZCuOH will be higher in fresh Cu/SSZ-13 according to work from Gao 
et al. [33]. However, based on our previous work [35], the number of 

ZCuOH in fresh Cu/LTA will be even lower, as we observed the gradual 
conversions of both Z2Cu and CuOx clusters to ZCuOH with increasing 
aging temperature. 

Fig. 4 presents the corresponding internal asymmetric T–O–T vi
brations for the sulfated Cu/LTA and Cu/SSZ-13 samples (30 ppm SO2, 

Fig. 3. Comparison of saturated DRIFTS spectra of T-O-T vibrational region 
perturbed by NH3 adsorption for Cu/LTA and Cu/SSZ-13 samples with ZCuOH 
and Z2Cu populations. 

Table 2 
The fraction of different Cu species from DRIFTS and H2-TPR for Cu/LTA and 
Cu/SSZ-13 samples.      

Sample  ZCuOH Z2Cu  

Cu/LTA DRIFTS 0.28 0.72 
H2-TPR 0.12 0.88 

Cu/SSZ-13 DRIFTS 0.73 0.27 
H2-TPR 0.65 0.35 

Fig. 4. DRIFTS spectra of T-O-T vibrational region perturbed by SO2 poisoning 
for Cu/LTA (upper panel) and Cu/SSZ-13 (lower panel) samples. 
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10% O2, balance Ar at 200 °C for 2 h) using the conditions prior to 
sulfation as background. Similar to the NH3 pre-adsorption discussed 
above, the negative T–O–T vibration features mainly arose from per
turbations induced by SO2 interaction with isolated Cu ions residing 
close to the framework [36,59], i. e., ZCuOH and Z2Cu. Not surpris
ingly, two negative features were found at approximately 900–925 and 
950–960 cm−1, representing Z2Cu and ZCuOH for both Cu/zeolites. 
This indicates that SO2 not only can interact with ZCuOH, as suggested 
in previous research [37,42,63], but can also interact somewhat with 
Z2Cu sites. However, it should be noted that interaction with Z2Cu sites 
was minor for both Cu/zeolites. Interestingly, Fig. 4 clearly shows that 
there was a significantly larger amount of sulfur adsorption onto the 
ion-exchanged Cu sites inside the Cu/LTA sample than inside the Cu/ 
SSZ-13, especially at the ZCuOH sites. This was somewhat unexpected. 
As discussed above (Fig. 1 and Fig. 3), ZCuOH was the dominant Cu 
species in the Cu/SSZ-13 sample, while the majority of the copper in the 
Cu/LTA catalyst was Z2Cu. Considering that ZCuOH is commonly 
known to be more reactive with SO2 [36,39,64], we would expect that 
the Cu/SSZ-13 sample would more readily interact with SO2. However, 
this was not the case. It was found that ZCuOH sites in the Cu/LTA 
sample can adsorb more SO2 despite the lower concentration. The re
sults of the H2-TPR method discussed earlier (Fig. 1) can reasonably 
explain this phenomenon. Since the ZCuOH in the Cu/LTA sample had a 
weaker interaction with the framework, as indicated by the lower re
duction temperature, this makes Cu/LTA more susceptible to SO2 poi
soning than Cu/SSZ-13. 

In addition, DRIFTS was also applied to examine the OH vibrational 
signals in the IR region at 3500–3800 cm−1 of the Cu/LTA and Cu/SSZ- 
13 samples after SO2 poisoning. Fig. 5 depicts the sulfated samples with 
well-resolved negative/positive bands by using the clean catalyst sur
face as the background. After SO2 poisoning, the Cu/LTA and Cu/SSZ- 
13 samples showed consistent features, i.e., 3734/3735, 3708/3715, 
3678/3683, 3650/3654, 3608/3612, and 3564/3582 cm−1. The 3734/ 
3735 cm−1 and 3708/3715 cm−1 bands can be attributed to the impact 
of sulfur on isolated and vicinal Si-OH sites, respectively, and the 3678/ 
3683 cm−1 bands can be attributed to external Al-OH sites. The bands 
at 3564 and 3612 cm−1 in the Cu/LTA sample are assigned to Brønsted 

acid sites, i.e., Al-OH-Si, where the corresponding bands were 3582 and 
3608 cm−1 for the Cu/SSZ-13 sample. Note here although our Cu/Al 
ratios were near saturation, i.e., close to 0.5, as shown in Table 1 for the 
two samples, the intensity of the Brønsted acid sites remained strong. 
This again confirms the presence of monovalent copper complexes, i.e., 
ZCuOH, with only one framework Al needed for a charge balance. The 
reason is that if all the Cu was in the form of Z2Cu, each Cu would need 
two framework Al, which would consume all the Brønsted acid sites. 
Since we observe Brønsted acid sites remaining, not all Cu can be in 
Z2Cu form, thus ZCuOH are also present. Moreover, the bands at 3650/ 
3654 cm−1 can most likely be attributed to the Cu-OH species [33]. 
First of all, it is worth mentioning that regardless of whether a peak is 
positive or negative, it is caused by the effect of SO2 interaction, since 
only SO2 and O2 are present. Therefore, our results show that in Cu/ 
SSZ-13, only Brønsted acid sites (i.e., Al-OH-Si), Cu-OH and Si-OH were 
able to interact with SO2. However, the interactions of sulfur with the 
framework were found to be weak for the Cu/SSZ-13 sample. 

Interestingly, a large amount of –OH groups in the Cu/LTA sample 
were found to be significantly affected by SO2. Especially, in the case of 
3650/3654 cm−1, corresponding to Cu-OH sites, the intensity of the 
Cu/LTA sample was much stronger than that of Cu/SSZ-13. This is in 
line with the results displayed in Fig. 4. Once again, this confirms that 
the ZCuOH in the Cu/LTA sample was more susceptible to SO2 poi
soning. Moreover, the intensity of Brønsted acid sites in Cu/TLA cata
lyst (i.e., 3564 cm−1) was stronger than that of Cu/SSZ-13 catalyst (i.e., 
3608 cm−1) from Fig. 5. This was most likely due to the stronger in
teraction between Al-OH-Si and SO2 in Cu/LTA. 

3.3. SO2 temperature-programmed desorption (SO2-TPD) results 

Cu/LTA and Cu/SSZ-13 samples were treated with SO2 at 250 °C for 
sulfur deposition under three conditions (i.e., SO2, SO2 + H2O, and 
SO2 + NH3 + H2O) to gain insight into differences in the SO2 poisoning 
of Cu/LTA and Cu/SSZ-13 samples and to understand the influence of 
the addition of NH3 and H2O. The TPD results are shown in Fig. 6. The 
SO2 desorption signals of the Cu/zeolites were integrated to quantify 
the extent of sulfation under different SO2 poisoning conditions, shown 
as mmol/gwashcoat. The values are presented with inserts in the upper- 
left corners of the figures and are listed in Table 3. 

Only one high-temperature desorption state (> 600 °C) was found 
for the Cu/LTA and Cu/SSZ-13 samples under dry conditions with only 
SO2 present, which was due to the decomposition of copper sulfate 
species [36,46,65], see Fig. 6 (orange line). Note that the SHigh/ZCuOH 
ratios have also been calculated and are listed in Table 3, where SHigh 

represents the amount of SO2 desorption at high temperature 
(> 600 °C), and the value of ZCuOH was obtained based on the ICP 
(Table 1) and H2-TPR results (Fig. 1). As confirmed by DRIFTS data 
(Fig. 4), ZCuOH is significantly more vulnerable to SO2 than Z2Cu. 
Thus, using the SHigh/ZCuOH ratio is reasonable since the majority of 
the formed copper sulfate should be from ZCuOH. The ratio of SHigh/ 
ZCuOH derived from the Cu/LTA sample (0.64) in the presence of SO2 

only is a factor of 10 times larger than the ratio in the Cu/SSZ-13 
sample (0.06). This result is consistent with the DRIFTS data (Fig. 4 and  
Fig. 5) and H2-TPR results (Fig. 1), where the ZCuOH sites residing in 
the Cu/LTA sample were found to be more susceptible to SO2 due to 
weaker binding energy with the framework. 

One key feature found for both Cu/zeolites was that H2O greatly 
enhances the formation of stable sulfur species (copper sulfate), as 
shown in the TPD curves (green line), which decompose at high tem
perature, i.e., above 600 °C. This finding is consistent with the work by 
Wijayanti et al. [46]. It should be noted that some H2SO4 can be formed 
in the presence of H2O, which is difficult to detect in our reactor system. 
However, this is only a small amount (ca 10%) based on our adsorption 
and desorption mass balance calculations and will not affect the trend. 
Therefore, here, the TPD results suggest that in the presence of H2O, 
ZCuOH is interacting with H2O, leading to a dramatic increase in SO2 

Fig. 5. DRIFTS spectra of the OH vibrational region caused by SO2 poisoning of 
the Cu/LTA and Cu/SSZ-13 samples. 
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storage for both Cu/zeolites. In this case, the SHigh/ZCuOH ratio of Cu/ 
LTA is ca 1.31, which is even higher than 1. This should indicate that 
almost all of the ZCuOH in the Cu/LTA sample was poisoned by sulfur 
in the presence of H2O. The part (~0.31) exceeding 1 may be due to 
some contribution from Z2Cu sites, as seen in the SO2 DRIFTS experi
ments (Fig. 4). However, the ratio of SHigh/ZCuOH in the Cu/SSZ-13 
sample was only ~0.29, suggesting that many ZCuOH sites were not 
poisoned by sulfur in the presence of H2O. 

Next, NH3 was added to the gas phase together with SO2 and H2O, 
as shown in Fig. 6 (pink line). Compared with the desorption curves of 
SO2 only with/without H2O, a new SO2 desorption feature was ob
served at approximately 385 °C for the Cu/LTA sample and at 428 °C for 
the Cu/SSZ-13. This new feature is typically attributed to the decom
position of ammonium sulfate ((NH4)2SO4) species [36,42]. Specifi
cally, for the Cu/LTA sample, ~0.15 mmol/gwashcoat was from ammo
nium sulfates, and the corresponding value for the Cu/SSZ-13 sample 
was ~0.06 mmol/gwashcoat. Significantly more ammonium sulfates were 
formed in the Cu/LTA sample. It is known that the cage size of the LTA 
structure (12.3 Å×12.3 Å×12.3 Å) is significantly larger than that of 
CHA structure (10.9 Å×6.7 Å×9.4 Å) [57]. This may also contribute to 
the formation of more ammonium sulfates in Cu/LTA. The presence of 
NH3 can promote the formation of copper sulfate species to a certain 

extent since some of the ammonium sulfates can be transformed into 
copper sulfates during the TPD ramp [46]. 

3.4. NH3 temperature-programmed desorption (NH3-TPD) results 

Brønsted and Lewis acid sites were investigated using NH3-TPD 
experiments. The formation and decomposition of ammonium sulfate 
were further studied using NH3/SO2-TPD experiments. NH3 desorption 
results are presented in Fig. 7a and b (upper panels) for the Cu/LTA and 
Cu/SSZ-13 samples, respectively, for two NH3 adsorption conditions, 
i.e., NH3 + H2O and NH3 + SO2 + H2O. Two main NH3 desorption 
states were found for both Cu/LTA and Cu/SSZ-13 samples without SO2 

during adsorption (black line in the upper panels of Fig. 7): a low- 
temperature feature at ~200 °C, and a high-temperature feature at 
~300 °C. According to previous studies [53,66], the peak at 200 °C is 
mainly attributed to the desorption of NH3 from ion-exchanged Cu sites. 
The high-temperature peak (i.e., 300 °C) is attributed to the desorption 
of NH3 from Brønsted acid sites and also partly to the contribution from 
NH3 stored on strong Lewis acid sites, i.e., ion-exchanged Cu sites [35]. 
Interestingly, the capacities for NH3 storage were greatly improved 
through all temperature regions in the presence of SO2 in the adsorption 
feed gas (red line in the upper panels of Fig. 7). 

The increase in NH3 storage can be attributed to: (1) the newly 
generated acidic sites, and/or (2) the decomposition of produced am
monium sulfates. New acidic sites occur because some of the anchoring 
S atoms can be associated with the more acidic hydroxyl group in the 
form of S-OH, which facilitates a relatively strong coordination binding 
between the NH3 molecule and such acidic sites. A similar phenomenon 
has also been found in phosphorus-poisoned Cu/SSZ-13 samples [11]. 
Therefore, the subtracted curves (i.e., the TPD curve with SO2 (red line) 
minus that without SO2 (black line)) are also presented in Fig. 7a and b 
(lower panels) for a more intuitive and clear understanding of the 
changes to the desorption of NH3 after the addition of SO2. Peak fittings 
were used to quantify the amount of newly generated NH3 desorption 
states after the addition of SO2 for these two Cu/zeolites. The obtained 
results are listed in Table 4 together with the amount of desorbed SO2 

that occurred as a result of the decomposition of (NH4)2SO4 from SO2- 
TPD (Fig. 6 and Table 3) for comparison. Note that these new features 
are denoted as T1 (190–210 °C), and T2 (360–390 °C), respectively. 

First, it is worth to know that ammonium sulfates ((NH4)2SO4) de
compose upon heating above 250 °C, first forming ammonium bisulfate 
(NH4HSO4) and NH3 (Equation (1)). Subsequently, higher temperatures 
result in further decomposition to N2, NH3, SO2, and H2O (Equation (2))  
[67]. The decomposition reaction equations are as follows: 

+(NH ) SO NH NH HSO4 2 4 3 4 4 (1)  

+ + +3NH HSO NH N 3SO 6H O4 4 3 2 2 2 (2)  

+ + +3(NH ) SO 4NH 3SO 6H O N4 2 4 3 2 2 2 (3)  

Equation (3) is the overall decomposition process. Since (NH4)2SO4 

requires at least 250 °C to decompose, then T1 (190–210 °C) should be 
derived from the newly produced acid sites. T2 can possibly be attrib
uted to the decomposition of (NH4)2SO4, where two steps (Equation (1) 
and (2)) overlap in the T2 region. Regarding T1, more new acid sites 
were formed in the Cu/LTA sample than in the Cu/SSZ-13, with the 

Fig. 6. SO2-TPD profiles for Cu/LTA (upper panels) and Cu/SSZ-13 (lower 
panels) samples after adsorption with (1) 30 ppm SO2, 10% O2, balance with Ar 
(named as SO2); (2) 30 ppm SO2, 5% H2O, 10% O2, balanced with Ar (named as 
SO2 + H2O); (3) 30 ppm SO2, 5% H2O, 400 ppm NH3, 10% O2, balanced with 
Ar (named as SO2 + NH3 + H2O). 

Table 3 
SO2 storage (mmol/gwashcoat) and SHigh/ZCuOH ratios of different adsorption conditions for Cu/LTA and Cu/SSZ-13 samples.            

Samples SO2 SO2 + H2O SO2 + NH3 + H2O  

Storage (mmol/gwashcoat) SHigh/ZCuOH ratio Storage (mmol/gwashcoat) SHigh/ZCuOH ratio Storage (mmol/gwashcoat) SHigh/ZCuOH ratio  

Low High Low High Low High  

Cu/LTA 0 0.035 0.64 0 0.071 1.31 0.15 0.086 1.59 
Cu/SSZ-13 0 0.015 0.06 0 0.074 0.29 0.062 0.093 0.37 
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values of 0.24 and 0.16 mmol/gwashcoat, respectively. 
To confirm our proposal that T2 occurs from the decomposition of 

ammonium sulfates, and also according to Equation (3), it is clear that 
the total ratio of generated NH3 and SO2 upon (NH4)2SO4 decomposi
tion is 4 to 3. Therefore, it was interesting to compare the values of NH3 

storage (T2) from NH3-TPD multiplied by a factor of 3 and SO2 storage 
due to the decomposition of ammonium sulfate from SO2-TPD, multi
plied by a factor of 4. The results are calculated and plotted in Fig. 8. 
Interestingly, the two values were highly identical for the Cu/LTA 
sample, suggesting that the T2 of Cu/LTA can mainly be attributed to 
the decomposition of (NH4)2SO4. However, regarding Cu/SSZ-13, the 
value of ‘NH3(T2) × 3’ was much higher than that of ‘SO2 (Low- 
temp) × 4’. This indicates that the desorption of NH3 (T2) from the Cu/ 
SSZ-13 sample cannot only be attributed to the decomposition of am
monium sulfates but also to some NH3 desorbed from other sources, 
such as newly formed acidic sites that are stronger than T1, and/or 
some SO2 that had not desorbed but directly converted to copper sul
fate. As discussed in the SO2-TPD section, some of the ammonium 
sulfate had transformed to copper sulfates during the TPD ramp, 
however, the amount was limited, with only ~0.02 mmol/gwashcoat for 
the Cu/SSZ-13 sample. Therefore, newly formed strong acidic sites in 
the T2 region is suggested to be the main explanation. Moreover, a 
slight delay in the desorption of SO2 (Fig. 6) occurred after the de
composition of ammonium sulfate in comparison with the release of 
NH3 (Fig. 7), i.e., the temperatures were 365 °C (390 °C) with NH3 and 
385 °C (428 °C) with SO2 desorption for the Cu/LTA (Cu/SSZ-13) 
samples, respectively. 

3.5. Reaction results 

SO2 poisoning was conducted under standard SCR reaction 

conditions. As displayed in Fig. 9, the catalysts were first heated from 
room temperature to 250 °C and were maintained at this temperature 
for 0.5 h under standard SCR conditions (400 ppm NO, 400 ppm NH3, 
10% O2, 5% H2O and balance Ar). Thereafter, 30 ppm SO2 was doped 
into the feed gas for 2 h, followed by a purge in the SCR gas again for 
0.5 h (SO2 was turned off). Cu/zeolites maintained high catalytic ac
tivity prior to the addition of SO2. The activity of the sample began to 
descend immediately after the addition of SO2 to the reaction gas. We 
found that the breakthrough of SO2 in the Cu/LTA sample (green line) 
was slower than in the Cu/SSZ-13 (orange line). This indicates that the 
Cu/LTA sample was able to store more SO2, which is consistent with the 
SO2-TPD results. The calculated values of the SO2 storage are inserted 
in Fig. 9, 0.24 and 0.17 mmol/gwashcoat for the Cu/LTA and Cu/SSZ-13 
samples, respectively. This is similar to the amount desorbed from SO2- 
TPD (0.23 and 0.16 mmol/gwashcoat, Fig. 6). It is clear that more than 
95% of stored SO2 in the catalyst was released and only minor amount 
(5% or less) of sulfur might remain after the TPD. 

Fig. 7. NH3-TPD profiles for (a) the Cu/LTA sample (upper panel) and (b) the Cu/SSZ-13 sample (upper panel) under two feed conditions (i.e., NH3 + H2O and 
NH3 + SO2 + H2O); and the subtracted curves of (a) Cu/LTA (lower panel) and (b) Cu/SSZ-13 (lower panel) from these two condition curves. 

Table 4 
Newly formed NH3 storage (mmol/gwashcoat) of two desorption states (i.e., T1 
and T2) for the Cu/LTA and Cu/SSZ-13 samples.      

Temperature (°C) T1 (mmol/ 
gwashcoat) 

T2 (mmol/ 
gwashcoat) 

SO2 storage (Low-temp) 
(mmol/gwashcoat)  

Cu/LTA 0.24 0.19 0.15 
Cu/SSZ-13 0.16 0.29 0.062 

Fig. 8. A comparison of NH3 storage (T2, mmol/gwashcoat) × 3 and SO2 storage 
from (NH4)2SO4 decomposition (mmol/gwashcoat) × 4 for Cu/LTA and Cu/SSZ- 
13. 
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Interestingly, it was observed that the rate of decline in the catalytic 
activity of the two Cu/zeolites was different. The deactivation rate of 
the Cu/LTA sample was significantly slower than that of the Cu/SSZ-13. 
This seems to contradict the results above, which show that the Cu/LTA 
sample can store more SO2 than the Cu/SSZ-13, where the Cu/LTA 
catalyst was expected to be easier to deactivate through SO2 poisoning. 
However, this is not the case here. According to the SO2-TPD results 
discussed above, under SO2 + NH3 + H2O condition, even though the 
SHigh/ZCuOH ratio of the Cu/LTA sample (1.59) was much higher than 
for the Cu/SSZ-13 (0.37), however, the actual values of poisoned 
ZCuOH sites were basically the same, 0.086 and 0.093 mmol/gwashcoat, 
respectively. Therefore, the key factor for deactivation should be the 
formation of ammonium sulfates, especially where they are located. 
The SO2-TPD results (Fig. 6) suggest that more ammonium sulfates 
were formed in the Cu/LTA sample, and according to the DRIFTS data 
(Fig. 5), it is clear that large amount of –OH groups (e.g., external Al- 
OH sites) in the Cu/LTA sample can interact with SO2, therefore, it is 
reasonable that more ammonium sulfates would be formed on these 
–OH groups, which would not affect SCR activity significantly. How
ever, fewer framework –OH groups in the Cu/SSZ-13 sample were as
sociated with SO2, and more important is that still plently of ZCuOH 
sites were not converted to copper sulfate (SHigh/ZCuOH ~ 0.37). It is 
believed that (NH4)2SO4 would preferably attach to these unconverted 
ZCuOH sites, which would seriously affect SCR activity. Thus, the slow 
deactivation of the Cu/LTA sample is reasonable due to the diversity of 
the locations of (NH4)2SO4. 

Fig. 10(a) and (c) depict the standard NH3-SCR 
(4NH3 + 4NO + O2 → 4 N2 + 6H2O) light-off curves of NOx for fresh, 
sulfated, and regenerated (400, 500, 600, and 750 °C) Cu/LTA and Cu/ 
SSZ-13 samples, respectively. The SO2 poisoning process of the sulfated 
samples is described in detailed in the previous paragraph. Following 
this process, the sulfate samples were continuously regenerated at 400, 
500, 600, and 750 °C in 10% O2/Ar for 2 h. Noteworthy, for fresh 
samples, regardless whether the reactions were standard or fast SCR, 
Cu/SSZ-13 experienced a more severe selectivity decline than Cu/LTA 
at high temperature. The NOx conversion of the Cu/SSZ-13 sample was 
reduced by 40% (from 100% at 400 °C to 60% at 550 °C) for the fast 
SCR reaction, which is almost twice the reduction in conversion for the 
Cu/LTA sample (from 100% at 400 °C to 80% at 550 °C). As we know, 
the presence of CuOx clusters in Cu/zeolites is typically claimed to be 
responsible for the subsequent decline in catalyst selectivity at high 
reaction temperatures due to ammonia oxidation [33,68]. 

Another difference between fresh Cu/LTA and Cu/SSZ-13 samples 

that deserves attention is the low-temperature catalytic activity for 
standard and fast SCR reactions. Briefly, the performance of the Cu/ 
SSZ-13 sample was better than the performance of the Cu/LTA in the 
low-temperature interval for the standard SCR reaction. This is in line 
with the DRIFTS results shown in Fig. 2, where both Cu active sites are 
less reactive to NO + NH3 reaction in Cu/LTA as compared to Cu/SSZ 
13. However, the performance of these two samples were similar for 
fast SCR reactions [35,60]. For example, at 175 and 200 °C of standard 
SCR reaction, the NOx conversions of the Cu/LTA catalyst were 22% 
and 45%, respectively, while the NOx conversions of the Cu/SSZ-13 
were 38% and 71%, respectively. However, in fast SCR reaction, the 
conversions were 80% and 75% (175 °C) for the Cu/LTA and CuSSZ-13 
samples, respectively, i.e., a fast SCR reaction is less sensitive to the 
type of Cu species used. There are several possible reasons for this 
difference in standard SCR reaction, such as: (1) the zeolite framework 
structure diversity between LTA and CHA; (2) the difference in ZCuOH 
and Z2Cu population, i.e. ZCuOH and Z2Cu are dominant in Cu/SSZ-13 
and Cu/LTA, respectively; (3) the location of some Cu species in the Cu/ 
LTA sample, that are not accessible for NO after the adsorption of NH3, 
according to the DRIFTS results (Fig. 2). This is possibly due to steric 
hindrance. Regarding point (1), we examined standard and fast SCR 
reactions for H/LTA and H/SSZ-13 (not shown). No significant differ
ence was found between H/LTA and H/SSZ-13. Therefore, we can rule 
out the reason (1). 

Regarding SO2 poisoning, both of the sulfated Cu/zeolites (red lines 
in Fig. 10) experienced a certain degree of deactivation, regardless of 
whether a standard or a fast SCR reaction was used. The loss in the 
conversion of NOx during standard and fast SCR reactions for the Cu/ 
LTA and Cu/SSZ-13 samples is calculated and displayed in Fig. 11. As 
shown in the figure, the Cu/LTA sample dropped less in the standard 
SCR reaction than the CuSSZ-13 catalyst, but instead decreased more in 
the fast SCR reaction. Regarding standard SCR, the reason for this dif
ference may just be as simple as the activity of fresh Cu/LTA is less, 
then the decline seems less, as the activities of sulfated catalysts are 
similar. However, the reason for standard SCR does not apply to fast 
SCR. Here, we propose that ZCuOH may be more active for fast SCR 
reactions, where ZCuOH in the Cu/LTA sample has been fully poisoned. 

As the regeneration temperature increased, the activity of the 
samples gradually recovered. One interesting phenomenon of the Cu/ 
SSZ-13 sample is that after regeneration at 600 °C (orange lines), its 
high temperature performance was even better than the fresh sample in 
both standard and fast SCR reactions. This was not found for the Cu/ 
LTA sample, and we suggest that this is related to the CuOx clusters in 
the sample. Briefly, as we know, CuOx clusters can also interact with 
SO2 to form copper sulfate species, and the required decomposition 
temperature is approximately 650–700 °C [36,42], which we also ob
served in the SO2-TPD profiles (Fig. 6). Therefore, these copper sulfate 
species are stable after regeneration at 600 °C, which hinders the non- 
selective oxidation of NH3 by CuOx clusters in the Cu/SSZ-13 sample. 
However, as our group and Jo et al. [35,57] have suggested, the CuOx 

clusters in the Cu/LTA sample contribute little to the non-selective 
oxidation of NH3, thus, it is reasonable that similar phenomena would 
not be observed. This further confirms the various oxidation properties 
of the CuOx clusters in these two Cu/zeolites. 

Finally, upon regeneration at 750 °C, the Cu/LTA catalyst was re
stored to its original catalytic activity over the full temperature range 
(150–550 °C) in both standard and fast SCR reactions. However, low 
temperature activity was fully recovered in the Cu/SSZ-13 sample, but 
high temperature activity experienced a certain degree of loss in the 
two SCR reactions. The results suggest that the physical and chemical 
properties of the Cu/LTA sample had essentially recovered, whereas 
some negative changes occurred in the Cu/SSZ-13 sample after re
generation at 750 °C. We must emphasize here that, prior to using fresh 
Cu/LTA and Cu/SSZ-13, they were degreened at 750 °C for 4 h under 
the reaction condition (400 ppm NO, 400 ppm NH3, 5% H2O, 10% O2 

with Ar). Thus, regeneration at 750 °C for 2 h, especially under dry 

Fig. 9. NO conversions of standard SCR reaction during SO2 poisoning at 250 °C 
for Cu/LTA and Cu/SSZ-13 samples. The reactant feed contained 400 ppm NO, 
400 ppm NH3, 30 ppm SO2 (if needed), 10% O2, 5% H2O balanced with Ar at a 
GHSV of 22,100 h−1. 
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conditions (10% O2/Ar), is not supposed to cause any structural de
gradation of either of the samples, Cu/LTA or Cu/SSZ-13 (Si/Al ~ 15). 
The most likely explanation for the high temperature activity loss of the 
Cu/SSZ-13 sample is that when copper sulfate species decompose at 
750 °C [45,46], a small amount of new CuOx clusters are produced si
multaneously as the CuOx clusters in the fresh catalyst are restored. The 
newly formed CuOx clusters are considered to be the former isolated Cu 
ions at the ion exchange site, i.e., ZCuOH and/or Z2Cu, which were 
detached from the framework during the desulfurization process at 
750 °C. 

4. Conclusions 

Two model catalysts, i.e., Cu/LTA and Cu/SSZ-13, with similar Si/ 
Al and Cu/Al ratios were synthesized using the incipient wetness im
pregnation (IWI) method. Fresh, sulfated, and different temperature- 
regenerated (400, 500, 600, and 750 °C) samples were used to study the 
effect of SO2 poisoning and regeneration for standard and fast SCR 
reactions. A number of characterization methods, including in-situ 
DRIFTS, H2-TPR, various NH3-TPD and SO2-TPD, were used to obtain 
insight into the catalytic deactivation mechanism upon the sulfur poi
soning of Cu/LTA and Cu/SSZ-13 samples. 

Both samples contained multiple Cu-containing species, including 
ion-exchanged ZCuOH, Z2Cu sites, and a small amount of CuOx clus
ters. Note that the Cu/SSZ-13 sample contained a higher concentration 
of ZCuOH than the Cu/LTA at similar Cu loadings. This also reflects the 
difference in the distribution of Al in the two zeolites; more of the Al 
sites in LTA are located nearby each other. We found that SO2 more 
readily interacts with ZCuOH sites than with Z2Cu sites, which is in line 
with previous research. However, surprisingly, the ZCuOH in the Cu/ 
LTA sample was found to be much more vulnerable to SO2 poisoning 
than the Cu/SSZ-13, due to its lower binding energy with the frame
work. Moreover, SO2-TPD results show that the presence of H2O sig
nificantly increased sulfur storage. NH3-TPD results suggest that the 
presence of SO2 can contribute to generate new acidic sites that can 
adsorb NH3, where for Cu/LTA is only at low temperature (T1), but for 
Cu/SSZ-13, both at low (T1) and high temperature (T2). 

Under NH3-SCR reaction conditions in the presence of SO2, the Cu/ 
LTA sample stored much more SO2 than the Cu/SSZ-13, and it also had 
a slower deactivation rate than the Cu/SSZ-13 sample. The additional 
SO2 storage in the Cu/LTA sample was found to be ammonium sulfates, 
because a large amount of the –OH groups in the sample could interact 
with SO2. Moreover, the (NH4)2SO4 in the Cu/SSZ-13 sample is be
lieved to preferably attach to the ZCuOH sites that have not transferred 
to copper sulfate, which results in a faster deactivation rate. 

The impact of the CuOx clusters on the Cu/LTA sample on high 
temperature selectivity was confirmed to be significantly less than the 

Fig. 10. (a), (c) NO conversion as a function of temperature during standard NH3-SCR, and (b), (d) NOx conversion as a function of temperature during fast NH3-SCR 
for fresh, sulfated, and different temperature-regenerated (400, 500, 600, and 750 °C) Cu/LTA and Cu/SSZ-13 samples. The reactant feed contained 400 ppm NO (or 
200 ppm NO and 200 ppm NO2 for fast SCR), 400 ppm NH3, 10% O2, 5% H2O balanced with Ar at a GHSV of 22,100 h−1. 

Fig. 11. Loss in conversion of NOx in standard SCR (solid symbols) and fast SCR 
(hollow symbols) reactions over the Cu/LTA (black lines) and Cu/SSZ-13 (red 
lines) samples after sulfur poisoning. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this 
article.) 
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impact on the Cu/SSZ-13 sample. In addition, SO2 poisoning was 
proved to be able to hinder the non-selective oxidation of NH3 by CuOx 

clusters for Cu/SSZ-13 sample regenerated at 600 °C. Upon regenera
tion at 750 °C, the Cu/LTA sample could be restored to its original 
catalytic activity over the full temperature range (150–550 °C) in both 
standard and fast SCR reactions. However, in terms of Cu/SSZ-13, the 
low-temperature activity was fully recovered, but high-temperature 
activity experienced a certain degree of loss in the two SCR reactions. 
This loss was mainly due to the formation of new CuOx clusters. This 
further confirms that the Cu/LTA is a robust catalyst with good po
tential as an SCR catalyst not only towards hydrothermal aging but also 
towards sulfur poisoning and regeneration. 
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