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Abstract 

Copper was exchanged onto H-SSZ-13 samples with different Si:Al ratios (4.5, 15, and 25) via liquid-phase ion 

exchange using Cu(NO3)2 as the precursor. The speciation of copper started from the most stable Cu2+
 charge-balanced 

by two framework Al atoms to [CuOH]+ charge-balanced by one framework Al atom with increasing Si:Al and Cu:Al 

ratios. The number of Cu2+ and [CuOH]+
 sites was quantified by selective NH3 titration of the number of residual 

Brønsted acid sites after Cu exchange, and by quantification of Brønsted acidic Si(OH)Al and CuOH stretching 

vibrations from IR spectra. These two copper species in Cu-SSZ-13 present similar rates under low-temperature (473 

K) standard NH3-SCR conditions.  
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Introduction 

        The standard selective reduction (SCR) of NOx using 

NH3 as the reductant on copper-exchanged SSZ-13 

chabazite zeolites is currently used commercially to reduce 

NOx within emission constraints from oxygen-rich 

automotive exhaust (e.g. from diesel engines). In this work, 

we probe the coordination nature of Cu cations on Cu-

SSZ-13 using NH3-TPD methods to count Brønsted acid 

(BA) sites and infrared (IR) spectroscopy to detect and 

quantify BA sites and CuOH species.  Understanding how 

these two Cu active sites behave under standard SCR 

reaction will allow us to predict the performance of Cu-

SSZ-13 catalysts.   

 

Materials and Methods 

SSZ-13 chabazite zeolites with varying Si:Al ratios 

were hydrothermally synthesized. Copper was ion 

exchanged at various exchange levels onto H-SSZ-13 

zeolites with Si:Al ratios of 4.5, 15, and 25 using 

Cu(NO3)2 as the precursor at a pH controlled to 5 by 

adding NH4OH. Ammonia saturation and temperature  

programmed desorption (TPD) to quantify BA sites were 

performed using methods developed in-house by Bates et 

al. (2014) and Di Iorio et al. (2015). Cobalt exchange was 

used to quantify paired Alf sites by titrating all paired Alf 

sites to saturation with Co(NO3)2 then quantifying the 

Co:Alf using atomic absorption spectroscopy (AAS). 

Infrared spectroscopy was used to quantify the number of 

BA and CuOH sites on samples pressed into self-

supporting wafers that were calcined and cooled to 200°C 

prior to collecting spectra. Reaction rates under standard 

SCR conditions (300 ppm NO, 300 ppm NH3, 10% O2, 8% 

CO2, 3% H2O, in balance N2) were collected using a 

differential (< 20% conversion) packed bed reactor unit. 

 

Results and Discussion 

Framework aluminum (Alf) in H-SSZ-13 zeolites 

require extra-framework cations (e.g. H+, NH4
+, Cu2+, 

[Cu(OH)]+) for charge compensation. Depending on the 



  
 

concentration and distribution of Alf, two types of Alf are 

observed: (1) paired Alf that can be charge-balanced by a  

Cu2+ divalent cation, and (2) isolated Alf that can be 

charge-balanced by H+, NH4
+, or [CuOH]+ 

 monovalent 

cations.  Three methods were used to measure the Cu 

distribution, as discussed in turn.   

The most stable Alf pairs reside in chabazite six-

membered rings (6-MR). (Bates, 2014) The maximum 

number of Alf pairs in 6-MRs has been calculated (Bates, 

2014) assuming a random Alf distribution for a range of 

Si:Al ratios and they are 0.20, 0.11, and 0.05 for H-SSZ-13 

with Si:Al ratios of 4.5, 15, and 25, respectively. We 

verified experimentally the results by selectively 

exchanging paired Alf with Co2+
 to saturation. (circles in 

Figure 1).   

The number of residual BA sites were quantified by 

selectively titrating BA sites by adsorbing NH3 and 

measuring its amount by TPD (diamonds in Figure 1). For 

each of the three H-SSZ-13 samples of different Si:Al 

ratio, Cu first exchanges onto the zeolite with a 1:2 

(Cu:H+) stoichiometry to saturation of paired Alf sites, and 

then with a 1:1 ratio at higher Cu loadings (dotted lines in 

Figure 1). For example, H-SSZ-13 with Si:Al = 15 (grey 

diamonds) exchanges with a 1:2 (Cu:H+) ratio up to a 

Cu:Alf of 0.12 then with a 1:1 ratio at Cu loadings above a 

Cu:Alf of 0.12.  We were unable to synthesize Cu-SSZ-13 

Si:Al = 4.5 samples above a Cu:Alf of 0.30 due to the 

onset of a third species: undesired Cu-oxide clusters.   

(Bates, 2014). Note that the transition points measured by 

NH3 TPD are the same as measured by Co2+ saturation.   

 
Figure 1:  Residual H+ sites counted by NH3TPD on  

Cu-SSZ-13 at various Si:Al ratios and Cu:Al ratios. 

 

The third method, IR spectroscopy, was used to 

measure the increase in CuOH and decrease of BA 

stretching frequencies with increasing Cu-loading for SSZ-

13 samples with Si:Al = 15. Features at 3650 cm-1 

characteristic of CuOH and at 3590 cm-1 characteristic of 

BA sites were integrated and quantified. This 

quantification suggests that Cu species without an –OH 

ligand are present at Cu loadings below Cu:Al = 0.12 (e.g. 

Cu2+), and that [CuOH]+ species above Cu:Al = 0.12 are 

present, as represented by a linear increase in the CuOH 

feature in the IR. Additionally, quantification of the BA 

peak at 3590 cm-1
 suggests that Cu2+

 species titrate twice as 

many H+ sites as [CuOH]+ species, which is the same result 

obtained with NH3-TPD in Figure 1.   

All Cu-SSZ-13 samples in Figure 2 exhibit similar 

activation energies (68 ± 7 kJ mol-1), NO orders (0.7 ± 

0.1), NH3 orders (0.0 ± 0.1), and O2 orders (0.4 ± 0.1) 

regardless of the amount and fraction of Cu2+ and [CuOH]+ 

species.  In addition, the rate per mole of Cu (proportional 

to the value of the slope in Figure 2) stays constant 

regardless of whether the Cu active sites speciate as 

[CuOH]+ or Cu2+. Note that for the Si:Al = 4.5 samples Cu 

is exchanged as Cu2+ whereas for Si:Al = 15 as [CuOH]+. 

Thus, the kinetics (rate per Cu active site, activation 

energy, and orders) between the two Cu active site species 

are similar.  Different activation energies and reaction 

orders are observed for samples with low Cu-loadings and 

high Si:Al  (not shown), suggesting a different rate limiting 

step and/or active site.  

 
Figure 2:  Standard SCR rates for Cu-SSZ-13 samples 

at varying Si:Al ratios and Cu-exchange levels.  

 

Conclusions 

For Cu-SSZ-13 zeolites, Cu2+ and [CuOH]+ species 

exchange at paired Alf and isolated Alf sites, respectively.  

[CuOH]+
 species titrate isolated Alf sites only after Cu2+ 

species have titrated paired Alf to saturation. Both Cu 

active sites have comparable standard SCR rates, 

activation energies, and reaction orders.   
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