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selective catalytic reduction of NOx with
ammonia†
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Three small-pore, eight-membered ring (8-MR) zeolites of different cage-based topology (CHA, AEI, RTH),

in their proton- and copper-exchanged forms, were first exposed to high temperature hydrothermal aging

treatments (1073 K, 16 h, 10% (v/v) H2O) and then to reaction conditions for low temperature (473 K) stan-

dard selective catalytic reduction (SCR) of NOx with ammonia, in order to study the effect of zeolite topol-

ogy on the structural and kinetic changes that occur to Cu-zeolites used in NOx abatement. UV-visible

spectra were collected to monitor changes to Cu structure and showed that band intensities for isolated,

hydrated Cu2+ cations (∼12500 cm−1) remain constant after hydrothermal aging, but decrease in intensity

upon subsequent exposure to low temperature SCR reaction conditions. Standard SCR rates (per Cu, 473

K), activation energies, and reaction orders are similar between Cu-AEI and Cu-CHA zeolites before and af-

ter hydrothermal aging, although rates are lower after hydrothermal aging as expected from the decreases

in intensity of UV-visible bands for Cu2+ active sites. For Cu-RTH, rates are lower (by 2–3×) and apparent

activation energies are lower (by ∼2×) than for Cu-AEI or Cu-CHA. These findings suggest that the RTH

framework imposes internal transport restrictions, effectively functioning as a one-dimensional framework

during SCR catalysis. Hydrothermal aging of Cu-RTH results in complete deactivation and undetectable

SCR rates, despite X-ray diffraction patterns and Ar micropore volumes (87 K) that remain unchanged after

hydrothermal aging treatments and subsequent SCR exposure. These findings highlight some of the differ-

ences in low temperature SCR behavior among small-pore Cu-zeolites of different topology, and the ben-

eficial properties conferred by double six-membered ring (D6R) composite building units. They demon-

strate that deleterious structural changes to Cu sites occur after exposure to hydrothermal aging

conditions and SCR reactants at low temperatures, likely reflecting the formation of inactive copper-

aluminate domains. Therefore, the viability of Cu-zeolites for practical low temperature NOx SCR catalysis

cannot be inferred solely from assessments of framework structural integrity after hydrothermal aging

treatments, but also require Cu active site and kinetic characterization after hydrothermally aged zeolites

are exposed to low temperature SCR reaction conditions.

1. Introduction

Leading emissions control strategies for the abatement of
hazardous nitrogen oxide pollutants (NOx, x = 1, 2) in lean-
burn and diesel engine exhaust involve their selective catalytic
reduction (SCR) with ammonia, which is generated from the
decomposition of urea stored in an on-board tank. Cu- and
Fe-exchanged molecular sieves used to practice automotive
SCR aftertreatment1–6 are required to retain sufficient SCR
performance after excursions to high temperatures (>923 K)
in the presence of steam (∼7% H2O (v/v)),7–10 conditions expe-
rienced during regeneration of particulate filters. The
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structural integrity of molecular sieve frameworks with me-
dium pores (e.g., MFI,11–16 FER;11 ∼0.5 nm diam.) and large
pores (e.g., BEA,13,14,17,18 FAU;14 >0.6 nm diam.) becomes
compromised during hydrothermal aging;11–18 moreover, ac-
tive sites within such frameworks can be poisoned chemically
by residual hydrocarbons in exhaust streams. These deactiva-
tion issues are mitigated within small-pore, eight-membered
ring (8-MR; <0.4 nm diam.) frameworks, which led to the ad-
vent of the aluminosilicate (SSZ-13) and silicoalumino-
phosphate (SAPO-34) compositions of the chabazite (CHA) to-
pology8,19,20 as commercially used NOx SCR catalysts. Other
small-pore molecular sieves with three-dimensional (e.g.,
AFX,13 AEI,21 KFI,13 SAV,22 SFW23,24) and two-dimensional
(e.g., LEV,13 DDR,13 RTH25) pore connectivity have been con-
sidered as alternatives to CHA molecular sieves, based on ob-
servations that small-pore frameworks retain their structural
integrity after exposure to hydrothermal aging conditions.

Hydrothermal aging of zeolites leads to the removal of alu-
minum atoms from framework locations,13,26–28 which stabi-
lize redox-active, extraframework Cu cations and ammonium
species during SCR catalysis. Framework dealumination gen-
erally leads to sintering of extraframework alumina and
mixed oxide domains with concomitant losses in micropo-
rous structure29–31 that may restrict molecular traffic to active
sites. The effects of hydrothermal aging treatments on
dealumination have been assessed by changes in Al coordina-
tion using solid-state 27Al magic angle spinning nuclear mag-
netic resonance (MAS NMR), and in long-range crystalline
structure using X-ray diffraction (XRD) and micropore volume
measurements.14,32–35 Structural changes upon
dealumination are more severe in Cu-exchanged medium-
pore and large-pore zeolites (e.g., Cu-MFI, Cu-BEA) than in
small-pore zeolites (e.g., Cu-CHA, Cu-AEI),14,17,36 which are
more recalcitrant to hydrothermal deactivation. Aluminum
hydroxide species (AlĲOH)3; ∼0.5 nm in diam.) formed upon
dealumination at high temperatures are thought to be unable
to diffuse through 8-MR windows in CHA13 and AEI36 (∼0.38
nm in diam.), which prevents the formation of larger
extraframework alumina aggregates and allows for
reincorporation of monomeric Al species within framework
vacancy positions at low temperatures. Dealumination upon
hydrothermal aging is also suppressed by the presence of
extraframework cations (e.g., Cu, Na, Li, Mg),36–38 which re-
move Brønsted acid sites that are vulnerable locations for hy-
drolysis of framework bonds.39–41 Consequently, the ability of
a zeolite framework to resist dealumination and retain its
structural integrity upon hydrothermal aging has been used
to identify promising candidates for practical NOx SCR
catalysis.

Deactivation caused by hydrothermal aging of molecular
sieves may also reflect changes to the structure and location
of extraframework Cu cations, such as their aggregation into
larger Cu oxide species (CuxOy), because the former isolated
cations have been implicated as active sites for low tempera-
ture (473 K) SCR catalysis42–44 while the latter oxide clusters
are unreactive.45 The disappearance of isolated Cu2+ cations

upon hydrothermal aging of Cu-SSZ-13 has been inferred
from the attenuation of absorption features characteristic of
framework (T–O–T) vibrations (900 and 940 cm−1) perturbed
by ion-exchanged Cu species in diffuse-reflectance infrared
(DRIFTS) spectra, from decreases in the amount of NH3

desorbed from Lewis acidic Cu cations (∼553 K) in TPD ex-
periments,32 and from decreases in electron paramagnetic
resonance (EPR) signals for isolated Cu2+ cations.33 The ag-
gregation of isolated Cu2+ cations into larger CuxOy domains
upon hydrothermal aging has been detected by electron
microscopy (TEM, SEM) and energy dispersive X-ray spectro-
scopy (EDX).32–34 Isolated Cu2+ cations have also been pro-
posed to interact with extraframework Al species, formed via
dealumination, to generate inactive copper-aluminate do-
mains in hydrothermally aged Cu-SSZ-13, evident in extended
X-ray absorption fine structure (EXAFS) spectra that show de-
creased Cu–Cu scattering distances and increased Cu–Al scat-
tering distances, and in H2 temperature programmed reduc-
tion (TPR) profiles that show decreased intensities of lower
temperature (500–670 K) reduction features for isolated Cu
cations with the concomitant appearance of higher tempera-
ture (790–880 K) reduction features attributed to copper-alu-
minates.35 Additionally, 27Al MAS NMR spectra show de-
creased intensities for tetrahedral Al lines (δ ∼ 60 ppm)
without concomitant increases in intensities for octahedral
Al lines (δ ∼ 0 ppm), suggesting that interactions of Al with
paramagnetic Cu render them invisible to NMR detection.14

These results provide evidence for one possible deactivation
mechanism of Cu-SSZ-13 through loss of isolated Cu2+ active
sites during hydrothermal aging, but do not account for
structural changes to active sites that may result from subse-
quent exposure to standard SCR reactants. Thus, identifying
new zeolite topologies that retain SCR reactivity after hydro-
thermal aging treatments requires knowledge of how such
treatments, and subsequent exposure to SCR reaction condi-
tions, affect the structures of both Cu active sites and the zeo-
lite framework.

Here, we investigate the effects of hydrothermal aging and
subsequent exposure to standard SCR reactants at low tem-
peratures (473 K) on the structural and active site changes ex-
perienced by three different small-pore Cu-exchanged zeolites
(Cu-CHA, Cu-AEI, Cu-RTH). Bulk characterization techniques,
including XRD patterns and micropore volumes, reveal only
subtle differences between Cu-zeolites before and after hydro-
thermal aging, and after subsequent exposure to low temper-
ature SCR reaction conditions, and are unable to provide di-
rect insight into the decreases in SCR reactivity measured on
hydrothermally aged, small-pore Cu-zeolites. We provide evi-
dence that exposure of hydrothermally aged catalysts to SCR
reaction conditions at low temperatures causes further struc-
tural changes to active Cu sites that are detectable by UV-
visible spectroscopy, consistent with the formation of mixed
copper-aluminate domains via reaction with extraframework
Al species formed upon dealumination during hydrothermal
aging. These findings demonstrate that active site and struc-
tural characterization of hydrothermally aged Cu-zeolites
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after exposure to SCR reactants at low temperatures provide
more accurate inferences about their catalytic behavior.

2. Experimental methods
2.1. Catalyst synthesis and treatment

A sample of CHA (SSZ-13) zeolite with a Si/Al ratio of 15 was
made as reported elsewhere.46 Briefly, 28.4 g of N,N,N-
trimethyl-1-adamantylammonium hydroxide (TMAdaOH, Sa-
chem, 25 wt%) were mixed with 71.4 g of deionized water
(18.2 MΩ), 0.87 g of aluminum hydroxide (SPI Pharma, 99.9
wt%, 0325 grade), and 34.6 g of 0.1 M sodium hydroxide
(NaOH; Alfa Aesar), then stirred for 15 minutes at ambient
conditions. 10 g of fumed silica (Cab-o-Sil M-5) were added
to the mixture and stirred for 2 hours at ambient conditions.
The final molar composition of the synthesis solution was
1SiO2/0.033Al2O3/0.20TMAdaOH/0.02NaOH/23.8H2O. All re-
agents were used without further purification. The resulting
solution was transferred to eight Teflon-lined Parr autoclaves
(45 mL each) and held at 433 K for 10 days under rotation.

A sample of AEI (SSZ-39) zeolite with a Si/Al ratio of 9.5
was synthesized in a rotating oven at 413 K for 4 days as
reported elsewhere,47 using cis-2,6-dimethylpiperidinium hy-
droxide as the organic structure directing agent (OSDA). The
molar composition of the synthesis mixture was 1SiO2/
0.017Al2O3/0.07OSDA/0.65OH

−/0.58Na+/12.3H2O, obtained by
mixing (aqueous) OSDA, NaOH (1 M, RT Baker), double dis-
tilled water, sodium silicate (N® type, PQ Corporation) and
CBV500 (NH4-USY, Si/Al = 2.6, Zeolyst). A sample of RTH
(SSZ-50) zeolite with a Si/Al ratio of 15 was made using the
CBV720 synthesis protocol reported elsewhere.48–50

As-synthesized zeolites were washed alternately with de-
ionized water and acetone, recovered via centrifugation, and
dried at 323 K for 24 hours. The dried samples were then
treated to 873 K (0.0083 K s−1) in air (Commercial grade, Indi-
ana Oxygen) for 6 hours before ion-exchanging in an aqueous
0.1 M NH4NO3 solution (Sigma Aldrich; 1000 mL per g zeo-
lite) at 353 K for 10 hours. NH4-exchanged zeolites were
washed with deionized H2O, recovered via centrifugation,
dried at 323 K for 24 hours, then treated at 823 K (0.0083 K
s−1) in air for 6 hours to obtain H-form zeolites. Cu-
exchanged CHA, AEI, and RTH zeolites were prepared via liq-
uid phase ion-exchange of H-form zeolites using an aqueous
0.2 M CuĲNO3)2 solution (99.999% trace metals basis, Sigma-
Aldrich; 150 mL per g zeolite) at ambient temperature for 4
hours. The pH during the exchange was not controlled and
the final pH of the solution was ∼3.6.

Hydrothermal aging experiments were performed on Cu-
zeolites in a three-zone horizontal tube furnace (Applied Test
Systems Series 3210), in which each zone was equipped with
independent temperature control (Watlow EZ-Zone PM Ex-
press). Once the furnace temperature reached 373 K, water
was introduced via syringe pump (KD Scientific Legato 100)
into a stream of flowing air (100 mL min−1, 99.999%, Indiana
Oxygen), which was transferred to the furnace through stain-
less steel lines held at >373 K. Approximately 1 gram of cata-

lyst was loaded into quartz boats held within the tube fur-
nace and treated to 1073 K (0.033 K s−1) for 16 hours in
flowing air (100 mL min−1, 99.999%, Indiana Oxygen)
containing 10% (v/v) water. After treatment for 16 hours at
1073 K, water was removed from the flowing air stream while
the sample was cooled to ambient.

2.2. Catalyst structural characterization

Powder diffraction patterns were collected using a Rigaku
SmartLab diffractometer with a Cu Kα radiation source (1.76
kW), from 4 to 40° with a scan rate of 0.05° s−1 and a step
size of 0.01°. Diffraction patterns are normalized so that the
maximum peak intensity in each pattern is unity. The diffrac-
tion patterns were compared to reference patterns to confirm
the RTH, CHA and AEI topologies.51

Ar adsorption isotherms were used to determine micro-
pore volumes on zeolite samples (87 K) using a Micromeritics
ASAP 2020 Surface Area and Porosity Analyzer. Micropore vol-
umes were obtained by converting adsorbed gas volumes
(cm3 gcat

−1 at STP) to liquid volumes assuming the liquid den-
sity of Ar at 87 K. Samples were pelleted and sieved to retain
particles between 125–250 μm in diameter. Samples (0.03–
0.05 g) were degassed by heating to 393 K (0.167 K s−1) under
high vacuum (∼5 μm Hg) for 2 h, and then heating to 623 K
(0.167 K s−1) under high vacuum (∼5 μm Hg) and holding for
9 h. Micropore volumes (cm3 gcat

−1 at STP) were estimated
from extrapolation of the linear volumetric uptake during the
beginning of mesopore filling (∼0.08–0.30 P/P0) to zero rela-
tive pressure, which agreed with micropore volumes esti-
mated from analyzing the semi-log derivative plot of the ad-
sorption isotherm (∂(Vads)/∂(lnĲP/P0)) vs. lnĲP/P0)).

In order to quantify the fractions of framework and
extraframework Al, 27Al magic angle spinning nuclear mag-
netic resonance (MAS NMR) spectra were recorded on H-form
and Cu-form CHA, AEI and RTH zeolite samples. NMR spec-
tra were collected using a Chemagnetics CMX-Infinity 400
spectrometer in a wide-bore 9.4 Tesla magnet (Purdue Inter-
departmental NMR Facility) and were acquired at ambient
conditions using a 2.3 μs pulse (equivalent to ca. 30 degrees),
an acquisition time of 12.8 ms and a relaxation delay of 1 s,
and were measured at 104.24 MHz and a MAS rate of 5 kHz.
1H decoupling was used during acquisition, employing two-
pulse phase modulation (TPPM) scheme. Prior to packing in
a 4 mm ZrO2 rotor, zeolite samples were hydrated by holding
for >48 h in a desiccator containing a saturated potassium
chloride (KCl) solution. All 27Al MAS NMR spectra are
referenced to a static sample of AlCl3 dissolved in D2O (0
ppm 27Al line).

Diffuse reflectance UV-visible spectra were recorded under
ambient conditions using a Varian UV-vis-NIR spectropho-
tometer (Cary 5000) with a diffuse reflectance accessory
consisting of two ellipsoidal mirrors (Harrick Scientific
Praying Mantis). Barium sulfate (BaSO4, 99.9%, Sigma-Al-
drich) was used as the 100% reflectance standard. An ex situ
sample holder was loaded with 0.1 g of sample, which was
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pelleted and sieved to retain particles between 125–250 μm
in diameter. Spectra were collected from 7000 to 50 000 cm−1

with a scan speed of 2000 cm−1 min−1, and spectra of the
H-form zeolite was subtracted from those for corresponding
Cu-zeolites to correct for contributions of absorption from
the framework.

2.3. Brønsted acid site quantification using NH3 titration
methods

The total number of Brønsted acid sites (H+) on H-form and
Cu-exchanged zeolites was quantified by temperature
programmed desorption (TPD) of NH3 on a gas-phase plug
flow reactor, as described by Bates et al.,52 using a procedure
described elsewhere.53 For H-form zeolites, NH3 saturation
was performed via aqueous-phase exchange with NH4

+ cat-
ions, as reported elsewhere.52 For Cu-exchanged zeolites,
samples were saturated with 500 ppm NH3 diluted with He
(99.999%, UHP, Indiana Oxygen) at 433 K for 2 h with a total
flow rate of 350 mL min−1. Following this NH3 saturation
step, the sample was flushed with 2.5–3.0% water in UHP He
(wet purge) at 433 K for 8 h while maintaining the same total
flow rate to desorb NH3 bound to non-protonic sites. Follow-
ing the wet purge step, samples were heated to 820 K (0.167
K s−1) under flowing He (UHP, 350 mL min−1). The total
moles of NH3 desorbed during the TPD experiment was mea-
sured using on-board calibrations in an MKS Multigas 2030
gas-phase FT-IR spectrometer.52

2.4. Kinetic measurements of standard SCR turnover rates

Standard selective catalytic reduction (SCR) kinetics were
measured on a bench-top tubular glass reactor described
elsewhere.52 All samples were sieved to a nominal size of
125–250 μm and diluted with silica gel to obtain a bed height
of ∼2.5 cm. Steady-state kinetic data were collected at NO
conversions below 20% (differential); thus, the entire catalyst
bed was exposed to approximately the same gas concentra-
tions. Under standard SCR conditions, the reactant gas mix-
ture comprised 300 ppm NO (3.6% NO/Ar, Praxair), 300 ppm
NH3 (3.0% NH3/Ar, Praxair), 7% CO2 (liquid, Indiana Oxy-
gen), 10% O2 (99.5%, Indiana Oxygen), 2.5% H2O (deionized,
18.2 MΩ, introduced through saturator), and balance N2

(99.999% UHP, Indiana Oxygen). For all kinetic measure-
ments, the total gas stream was maintained at a flow rate of
1.5 L min−1 and at ambient pressure (∼101 kPa). Apparent re-
action orders were measured by independently varying partial
pressures of NH3 (0.02–0.05 kPa), NO (0.02–0.05 kPa) or O2

(5–15 kPa) in the reactant gas stream, and adjusting the bal-
ance N2 to maintain a constant total gas flow rate and pres-
sure. Apparent activation energies were measured under stan-
dard SCR conditions by varying the temperature between
444–476 K. Outlet gas concentrations were analyzed using on-
board gas calibrations on an MKS MultigasTM 2030 gas-
phase Fourier transform infrared (FTIR) spectrometer and
NO, NO2, NH3, CO2, and H2O concentration data was
recorded every 0.95 s. Kinetic measurements were recorded

after waiting for outlet gas concentrations to reach steady-
state, which typically occurred after 2–4 hours. Reactant pres-
sures and temperatures were then varied over the course of
18 hours, and finally returned to initial conditions to verify
that catalytic rates returned to their initial steady-state values
and that the catalyst had not undergone any deactivation.

3. Results and discussion
3.1. Structural features of CHA, AEI and RTH topologies

The salient structural features of the three molecular sieve
framework topologies studied here are summarized in
Table 1. The CHA framework46 has three-dimensional micro-
pore interconnectivity and is formed by the repetitive stack-
ing of a hexagonal array of planar 6-membered rings (6-MR)
connected in an AABBCC-type stacking scheme that form
hexagonal prisms (double 6-MR). These double 6-MR (D6R)
units are ordered to form large chabazite cages that are
∼0.73 nm in diameter, which are limited by symmetric 8-MR
windows that are ∼0.38 nm in diameter. The CHA framework
contains only one crystallographically unique T-site and its
unit cell contains 36 tetrahedrally-coordinated atoms (T-
atoms) connected by 4-MR, 6-MR, and 8-MR units that are
shared between adjacent cages.

The AEI framework54 also has three-dimensional micro-
pore interconnectivity and is constructed from a hexagonal
array of 6-MR units similar to CHA, but neighboring D6R
units are rotated 180° with respect to each other (Table 1).
The D6R units are ordered to form AEI cavities that are
∼0.73 nm in diameter and are contained within 4-MR, 6-MR,
and 8-MR units, with access into AEI cavities limited by sym-
metric 8-MR windows that are ∼0.38 nm in diameter, as in
the case of CHA. In contrast to the CHA unit cell, the AEI
unit cell contains 48 T-atoms and three crystallographically-
distinct T-sites.

The RTH framework55 is unique among the three small-
pore zeolites studied here because it does not contain D6R
building units, but instead is formed by two sets of three
4-MR that are connected via 5-MR linkages. These chained
4-MR and 5-MR periodic building units are repeated with
simple translations to form RTH cavities that are 0.81 nm in
diameter, and are contained within 4-MR, 5-MR, 6-MR, and
8-MR units. Consequently, the RTH unit cell (32 T-atoms)
contains both symmetric (0.38 nm × 0.41 nm) and asymmet-
ric (0.25 nm × 0.56 nm) 8-MR windows that result in only
two-dimensional pore interconnectivity. RTH contains four
crystallographically-distinct T-sites, three of which occupy po-
sitions accessible through either of the two 8-MR windows,
and one that resides within the interconnected 4-MR chain
and is inaccessible from the RTH cavity.

3.2. Synthesis and characterization of H-form and Cu-form
zeolites before hydrothermal aging

Powder XRD patterns of H-form AEI, CHA, and RTH zeolites
(Fig. S.1, ESI†) were consistent with reported diffraction
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patterns for these topologies51 and did not show diffraction
peaks for phase impurities. Ar adsorption isotherms (87 K)
on H-form zeolites (Fig. S.2, ESI†) gave micropore volumes
(Table 2) consistent with the AEI,54 CHA,46 and RTH55 to-
pologies. 27Al MAS NMR spectra of H-form zeolites (Fig.
S.3.1–S.3.3, ESI†) show predominantly Al incorporated into
tetrahedral framework positions (Alf, δ ∼ 60 ppm), with Alf/
Altot values quantified to be 0.85 for H-CHA, 0.85 for H-AEI
and 0.94 for H-RTH (Table 2). The number of protons per
framework Al atom (H+/Alf, Table 2) measured by NH3 TPD
(Fig. 2) on H-form zeolites was 0.95 and 0.85 for H-CHA
and H-AEI, respectively, indicating that nearly every frame-
work Al generated a proton. In contrast, the H+/Alf value
was much lower on H-RTH (0.60, Table 2), suggesting ei-
ther that some framework Al atoms generate H+ sites that

are inaccessible to NH3, or that not all Al atoms are associ-
ated with a corresponding proton site. In the RTH frame-
work, it is plausible that some H+ sites are inaccessible to
NH3, which has a kinetic diameter (∼0.26 nm)56 that is
larger than one of the dimensions of the distorted RTH
window (0.56 nm × 0.25 nm), and because one of the four
T-sites in RTH is in a location that is inaccessible from the
RTH cage. Infrared spectra collected after H-RTH was ex-
posed to NH3 (433 K), however, showed complete disap-
pearance of Brønsted acidic OH stretches (Fig. S.4, ESI†) in-
dicating that all H+ sites are accessible to NH3. Therefore,
the H+/Alf value of 0.60 on H-RTH reflects the presence of
distorted Al structures that do not generate H+ sites, but
are otherwise detected as Alf species in NMR spectra, as
noted previously.45,57,58

Table 1 Structural properties of the 8-MR molecular sieve frameworks in this study (CHA, AEI, RTH)

Framework CHA AEI RTH

Crystal topology

Zeolite trade name SSZ-13 (ref. 46) SSZ-39 (ref. 54) SSZ-50 (ref. 55)
Space group R3̄m Cmcm C2/m
Ring sizes (X-MR)a 8, 6, 4 8, 6, 4 8, 6, 5, 4
Number of unique T-sitesa 1 3 4
Connectivitya 3-D 3-D 2-D
Window diameterb (nm) 0.38 × 0.38 0.38 × 0.38 0.54 × 0.25

0.41 × 0.38
Cage diameterc (nm) 0.73 0.73 0.81

a Structural information from the International Zeolite Association structural database.51 b Window diameter taken as the maximum diameter
of a sphere that can diffuse through the framework.68 c Cage size taken as the maximum diameter of a sphere that be occluded within the
framework.68

Table 2 Site and structural properties of H-form and Cu-form zeolites prior to hydrothermal aging

Sample Si/Al ratioa Cua wt% Cu/Al ratioa Vads,micro
b (cm3 g−1) Vads,meso

b (cm3 g−1) H+/Al ratioc Alf/Altot
d H+/Alf

H-CHA 15 — — 0.18 0.04 0.95 0.85 1.10
Cu-CHA 15 0.7 0.12 0.17 0.05 0.72 0.90 —
H-AEI 9.5 — — 0.20 0.01 0.85 0.85 1.00
Cu-AEI 9.5 1.7 0.17 0.19 0.01 0.54 0.91 —
H-RTH 15 — — 0.20 0.05 0.60 0.94 0.61
Cu-RTH 15 0.7 0.11 0.17 0.04 0.38 0.98 —

a Elemental composition determined by atomic absorption spectroscopy (AAS). b Micropore and mesopore volumes determined from Ar
adsorption isotherms (87 K) (Fig. S.2, ESI). c Number of H+ sites quantified by selective NH3 titration and temperature-programmed desorption.
d Fraction of tetrahedrally coordinated Al determined from 27Al MAS NMR (Fig. S.3.1–S.3.3, ESI).
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Powder XRD patterns of AEI, CHA, and RTH zeolites after
Cu exchange do not show significant changes in structure
compared to their respective H-form zeolites or the presence
of bulk CuxOy (Fig. S.1, ESI†). The micropore volume of each
Cu-exchanged zeolite decreased slightly (Table 2; Fig. S.2,
ESI†) due to the presence of extraframework Cu cations,
which occupy a small, but detectable, fraction of the void vol-
ume. Gaseous NH3 titration53,59 of residual H+ sites on Cu-
CHA (Cu/Al = 0.12) shows that H+ sites are replaced with an
exchange stoichiometry of two protons per Cu, reflecting the
presence of only divalent Cu2+ cations (Table 2, Fig. 2). This
result is consistent (within experimental error) with the se-
quential exchange of isolated Cu2+ at paired Al sites until sat-
uration followed by subsequent exchange of monovalent
[CuOH]+ at isolated Al sites.42,60,61 Cu-RTH (Cu/Al = 0.11)
shows an H+/Cu exchange stoichiometry of two that suggests
only Cu2+ sites are present, while Cu-AEI (Cu/Al = 0.17) shows
an H+/Cu exchange stoichiometry between 1 and 2 that sug-
gests a mixture of Cu2+ and [CuOH]+ sites are present. UV-
visible spectra of hydrated Cu-AEI, Cu-CHA, and Cu-RTH zeo-
lites (Fig. 3) show absorption bands characteristic of d–d
transitions for hydrated Cu2+ complexes (∼12 500 cm−1) and
broad bands for metal–ligand charge transfer (35 000–47000
cm−1), which are convoluted by zeolitic framework metal–oxy-
gen charge transfer (36 750 and 43 500 cm−1) and Cu–O
charge transfer (∼42 000 cm−1).62–64 An additional feature is
present at ∼25 000 cm−1 in the UV-vis spectrum of Cu-RTH,
but not in spectra of either Cu-AEI or Cu-CHA, and appears
in a region attributed to Cu–O charge transfer in small Cu ox-
ide clusters.63

3.3. Standard SCR kinetics of Cu-zeolites before hydrothermal
aging

Rates of NO consumption (473 K, per Cu) during standard
SCR (equimolar NO and NH3, with O2 as the oxidant) are
shown in Table 3 and plotted in Fig. 4. The measured NO
consumption rate (per Cu) was similar on Cu-AEI and Cu-
CHA (within 1.3×), although direct quantitative comparison
of these turnover rates is not rigorously justified since they
appear to be measured in different kinetic regimes, reflected
in the different apparent NH3 reaction orders of −0.5 and
−0.1 on Cu-CHA and Cu-AEI (Table 3), respectively. The mea-
sured NO consumption rate was lower (by 2.2–2.9×) on Cu-
RTH than on either Cu-AEI or Cu-CHA (Table 3). At first
glance, the similar turnover rates (per Cu) on Cu-CHA, Cu-
AEI and Cu-RTH (within 3×, 473 K) seem reminiscent of stan-
dard SCR turnover rates (473 K) that have been reported to
be insensitive to the zeolite topology (CHA, BEA, MFI), as a
consequence of the solvation of Cu cations by NH3 during
low temperature SCR conditions.42

Apparent activation energies (Table 3) estimated from rate
data collected between 444–476 K (Fig. 4) were similar on Cu-
AEI (46 ± 5 kJ mol−1) and Cu-CHA (56 ± 5 kJ mol−1), and in a
range previously reported for standard SCR activation ener-
gies on Cu-CHA (Si/Al = 35, Cu/Al = 0–0.31).44,45 Apparent ac-
tivation energies were much lower on Cu-RTH (28 ± 5 kJ
mol−1), however, and approximately half of the value mea-
sured on Cu-CHA, characteristic of severe intrazeolite mass
transfer limitations. Both the CHA and AEI frameworks con-
tain three-dimensional pore systems interconnected by

Table 3 Site and structural properties of H-form zeolites, and of Cu-exchanged zeolites before and after hydrothermal aging, and before and after ex-
posure to standard SCR gases. Standard SCR rates (473 K), apparent activation energies, and apparent reaction orders for Cu-form zeolites before and
after hydrothermal aging treatments

Sample
Exposure to
SCR gases

Vads,micro
a

(cm3 g−1)
Vads,meso

a

(cm3 g−1)
H+/Altot
ratiob Alf/Altot

Standard SCR rate
(per total Cu, 473 K)c

Eapp
d

(kJ mol−1)
NO
ordere

O2

ordere
NH3

ordere

CHA
H-Form 0.18 0.04 0.95 0.85
Cu-Form Before 0.17 0.05 0.72 0.90

After 0.17 0.03 0.70 3.1 56 ± 5 0.4 0.6 −0.5
Cu-Form aged Before 0.15 0.01 0.16 0.84

After 0.15 0.07 0.14 2.2 51 ± 5 0.5 0.4 −0.1

AEI
H-Form 0.20 0.01 0.85 0.85
Cu-Form Before 0.19 0.01 0.54 0.91

After 0.18 0.00 0.50 4.1 46 ± 5 0.5 0.4 −0.1
Cu-Form aged Before 0.17 0.06 0.16 0.78

After 0.16 0.02 0.15 1.9 49 ± 5 0.5 0.4 0.0

RTH
H-Form 0.20 0.05 0.60 0.94
Cu-Form Before 0.17 0.04 0.38 0.98

After 0.17 0.03 0.39 1.4 28 ± 5 0.4 0.4 −0.1
Cu-form aged Before 0.17 0.10 0.07 0.72

After 0.17 0.08 0.00 n.d.* — — — —

a Micropore and mesopore volumes determined from Ar adsorption isotherms (87 K) (Fig. 6). b Number of H+ sites quantified by selective NH3

titration and temperature-programmed desorption. c Units of 10−3 mol NO (mol Cu)−1 s−1. d Errors ± 7 kJ mol−1. e Errors are ± 0.1. *n.d., not de-
tectable (<0.3 × 10−3 mol NO (mol Cu)−1 s−1).
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symmetric 8-MR windows (0.38 nm diameter), but the RTH
framework is a two-dimensional pore system with a limiting
asymmetric 8-MR ring of size (0.25 nm) similar to the kinetic
diameter of the SCR reactants (∼0.3 nm). In effect, the RTH
framework appears to behave as a one-dimensional pore sys-
tem for this reaction, in which reactants preferentially diffuse
through the symmetric 8-MR window. Internal diffusion limi-
tations have been proposed to account for the lower NOx con-
versions (423–573 K) in two-dimensional, small-pore LEV and
DDR zeolites, when compared to three-dimensional small-
pore CHA zeolites.13 Thus, while small-pore zeolites show im-
proved hydrothermal stability over medium and large-pore
zeolites,14,17 considerations of pore connectivity and limiting
aperture sizes are also critical in determining the reactivity of
Cu sites located within them.

The number of residual H+ sites (per Altot) on Cu-CHA be-
fore and after exposure to SCR gases was 0.72 and 0.70 ±
0.05, respectively. Similarly, the residual H+/Alf value on Cu-
AEI and Cu-RTH changed only from 0.54 to 0.50 ± 0.05 and
from 0.38 to 0.39 ± 0.05, respectively (Table 3). Therefore, ex-
posure to SCR gases did not significantly change the number
of residual H+ sites on Cu-AEI, Cu-CHA and Cu-RTH, indicat-
ing that framework Al remained largely intact on Cu-zeolites
after NOx SCR catalysis. Ar micropore and mesopore volume
measurements (87 K) on Cu-AEI, Cu-CHA and Cu-RTH before
and after exposure to SCR gases were unchanged (Table 3,
Fig. 6), with micropore volumes for both Cu-CHA and Cu-
RTH of 0.17 cm3 g−1 and for Cu-AEI of 0.18–0.19 cm3 g−1 be-
fore and after exposure to SCR gases, respectively. Similarly,
the mesopore volume for Cu-AEI, Cu-CHA and Cu-RTH zeo-
lites before and after exposure to SCR gases were the same,
within experimental error, between 0.03–0.05 cm3 g−1

(Table 3). Taken together, these characterization data of Cu-
zeolites that have not been exposed to hydrothermal aging
treatments indicate that minimal changes to H+ or Cu sites,
or the zeolite framework, occur after exposure to low temper-
ature standard SCR reaction conditions (473 K).

3.4. Characterization of Cu-form zeolites before and after hy-
drothermal aging

Severe hydrothermal aging treatments of each Cu-exchanged
zeolite, performed to reproduce the effects experienced dur-
ing a 135 000 mile lifetime (1073 K, 10% (v/v) H2O, 16 h),34

did not result in detectable loss of long-range structure as in-
ferred from powder XRD patterns (Fig. 5). After hydrothermal
aging treatments, the Ar micropore volumes decreased by
only ∼10% on Cu-AEI and Cu-CHA, but remained constant
on Cu-RTH (Table 3, Fig. 6). 27Al MAS NMR spectra of Cu-
zeolites after hydrothermal aging (Fig. 1) show decreased
intensities for tetrahedrally-coordinated Al lines (Alf, ∼60
ppm; Table 3) and increased intensities in octahedrally-
coordinated Al lines (Alex, ∼0 ppm; Fig. 1), indicating the for-
mation of extraframework Al species from framework
dealumination. Framework dealumination occurred to
greater extents on Cu-RTH (∼25% loss in Alf) than on either

Fig. 1 27Al MAS NMR spectra of hydrated fresh (solid) and aged
(dashed) Cu-form of RTH, CHA and AEI zeolites.

Fig. 2 NH3 desorption rates as a function of temperature on H-form
(solid) and fresh Cu-form (dashed) on AEI, CHA, and RTH zeolites.
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Cu-AEI or Cu-CHA (∼7% loss in Alf), although we note that Al
quantification from NMR spectra of Cu-zeolites will be af-
fected by species that are not detected because of interactions
with paramagnetic Cu. Moreover, hydrothermal aging of Cu-
RTH results in the appearance of a broad shoulder at ∼40–50
ppm reflecting penta-coordinated or distorted tetrahedral
Al,65 which did not occur in either Cu-AEI or Cu-CHA. After
hydrothermal aging treatments, XRD lines shifted to higher
angles on Cu-CHA and Cu-AEI (Fig. 5) reflecting lattice con-
traction upon extraction of a small amount of framework Al
(∼7% by 27Al NMR), while XRD lines shifted to lower angles
on Cu-RTH (Fig. 5) reflecting lattice expansion that appears
to arise from the more extensive dealumination that formed
persistent partial-extraframework aluminum species in
distorted coordination environments (∼40–50 ppm in 27Al
NMR). After hydrothermal aging, each Cu-zeolite sample
showed a ∼70–80% decrease in the number of H+ sites mea-
sured by NH3 TPD (Table 3; Fig. S.5, ESI†), in spite of the
only minor decreases in Alf intensity observed in the 27Al
MAS NMR spectra, which may reflect structural changes to
extraframework Al species caused by the hydration treat-
ments used prior to recording NMR spectra. These findings
demonstrate that characterization of the bulk structure (e.g.
XRD patterns, micropore volumes) or Al atoms (27Al MAS
NMR) are insufficient to describe the local site and structural
changes caused by hydrothermal aging treatments,36 and
serve as a reminder for the need to use techniques that probe
and quantify active sites directly (e.g. base titration of proton
sites) to accurately detect such structural changes.59,66,67

In contrast to the dramatic changes observed for H+ sites
on each Cu-zeolite after hydrothermal aging, the identity and
coordination of Cu species appear to remain unchanged as
inferred from UV-vis spectra (Fig. 3). UV-vis absorption bands
for Cu2+ d–d transitions (∼12 500 cm−1) appear identical for
hydrated Cu-zeolites before and after hydrothermal aging,
without any new features observed in the region for Cu oxide
clusters (∼25 000 cm−1). Slight changes in the intensities of
absorbance bands characteristic of metal–ligand charge
transfer (35 000–47000 cm−1) are observed for each Cu-zeolite
after hydrothermal aging, which may reflect changes in the
zeolite structure caused by removal of framework aluminum
atoms. Taken together, these results indicate that hydrother-
mal aging treatments of Cu-exchanged CHA, AEI and RTH ze-
olites cause framework dealumination and a decrease in the
numbers of corresponding H+ sites, but do not result in de-
tectable changes to the exchanged Cu cations or to the long-
range structural order in the zeolite framework.

3.5. Standard SCR kinetics of Cu-form zeolites before and af-
ter hydrothermal aging

The standard SCR rate (per Cu, 473 K) measured on hydro-
thermally aged Cu-AEI decreased by ∼50% compared to the
rate measured on Cu-AEI prior to aging (Table 3, Fig. 4). The
standard SCR rate measured on hydrothermally aged Cu-CHA
decreased by ∼25% compared to the rate measured on Cu-

CHA prior to aging (Table 3, Fig. 4). The standard SCR rate
on Cu-RTH, however, was not measureable (<0.3 × 10−3 mol
NO (mol Cu)−1 s−1) after hydrothermal aging despite the pres-
ence of isolated, hydrated Cu2+ species detected in its UV-vis
spectrum (Fig. 3). As a result, apparent activation energies
and reaction orders could not be measured on Cu-RTH
subjected to hydrothermal aging treatments. Although hydro-
thermally aged Cu-RTH shows undetectable SCR rates, XRD
patterns and Ar micropore volumes indicate virtually no
changes to Cu-RTH before and after aging. Thus, assess-
ments of long-range structural features by XRD and micro-
pore volume after Cu-zeolites have been hydrothermally aged
cannot be used as accurate predictors of SCR catalytic
behavior.

Hydrothermal aging treatments did not affect the appar-
ent activation energies on either Cu-AEI (46–49 kJ mol−1) or
Cu-CHA (51–56 kJ mol−1), nor the apparent NO (0.5), O2 (0.4)
and NH3 (∼0) orders on Cu-AEI and the apparent NO (0.4–
0.5) and O2 (0.4–0.6) orders on Cu-CHA (Table 3). The appar-
ent NH3 order measured on Cu-CHA (−0.5) became less nega-
tive after hydrothermal aging (−0.1, Table 3); we surmise that
structural changes caused by hydrothermal aging and expo-
sure to SCR gases led to a change in operation to a new ki-
netic regime characterized by weaker NH3 inhibition. Turn-
over rates were similar between the hydrothermally-aged Cu-
CHA and Cu-AEI samples (1.9–2.2 × 10−3 mol NO (mol Cu)−1

Fig. 3 UV-vis spectra on hydrated fresh Cu-form before SCR (solid),
aged Cu-form before SCR (dashed), and aged after SCR (dotted) on
RTH, CHA and AEI zeolites. Spectra are offset for clarity (CHA: by 0.4 a.u.,
RTH: by 0.8 a.u.).
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s−1) and the apparent reaction orders and activation energies
were identical for both samples (Table 3), providing evidence
that these rate data were measured in equivalent kinetic re-
gimes. These data indicate that the Cu species that remain
active on both CHA and AEI after hydrothermal aging behave
catalytically similar, which may be linked to the nature of the
Cu2+ exchange sites at the 6-MR windows of D6R composite
building units that are found in both CHA and AEI.

3.6. Characterization of Cu-form zeolites before and after hy-
drothermal aging, and after exposure to NOx SCR

Ar adsorption isotherms (87 K) and micropore volumes
(Fig. 6, Table 3) of Cu-zeolites after hydrothermal aging were
indistinguishable before and after exposure to low tempera-
ture standard SCR reaction conditions (473 K). XRD patterns
were also similar for hydrothermally-aged Cu-zeolites before
and after exposure to standard SCR gases (Fig. 5). These char-
acterization data indicate that further structural changes to
the zeolite framework did not occur when aged Cu-zeolites
were exposed to standard SCR gas mixtures. The number of
H+ sites on hydrothermally-aged Cu-AEI and Cu-CHA zeolites
were also similar before and after exposure to standard SCR
gas mixtures (Table 3), but H+ sites were no longer detectable
(<0.03 H+/Al, Table 3) on hydrothermally-aged Cu-RTH ex-
posed to SCR gases. UV-vis spectra of hydrothermally-aged
Cu-CHA and Cu-RTH zeolites after exposure to standard SCR

reactants (Fig. 3) showed a reduction in Cu2+ d–d transition
intensity (∼12 500 cm−1) and concomitant increases in inten-
sity for broad absorption bands between 20 000–40 000 cm−1.
The spectra of Cu-AEI, however, retained similar d–d transi-
tion intensity after aging and exposure to SCR reactants, with
an increase in intensity in the metal–ligand charge transfer
region (35 000–47000 cm−1) that is also observed for Cu-CHA,
but not for Cu-RTH.

The Cu structure in Cu-CHA, Cu-AEI and Cu-RTH, charac-
terized by UV-vis spectra, showed hardly any changes after hy-
drothermal aging treatments, but showed noticeable de-
creases in Cu2+ intensity upon subsequent exposure to low
temperature SCR reaction conditions. These findings provide
evidence that hydrothermal aging causes removal of Al from
framework to extraframework positions, and that further
structural changes continue to occur in the presence of SCR
reactants at low temperatures (473 K) because NH3 facilitates
the solvation and mobility of Cu cations.42 We speculate that
an inactive copper aluminate phase (CuAlxOy) forms as a re-
sult of interactions of active Cu sites with extraframework
AlĲOH)3 species, as proposed previously.14,17,35 UV-vis spectra
of hydrothermally-aged Cu-RTH reveal decreased intensities
for hydrated Cu2+ d–d transitions along with increases in new
charge transfer bands between 20 000–40 000 cm−1 that may

Fig. 4 Dependence of standard SCR turnover rates (per Cu) on
temperature for fresh (circles) and aged (squares) Cu-form AEI (hol-
low), CHA (cross hatched), and RTH (filled circles) zeolites.

Fig. 5 Powder XRD patterns of fresh Cu-form before SCR (dark), aged
Cu-form before SCR (medium), and aged Cu-form after SCR (light) on
AEI, CHA, and RTH zeolites. Diffraction patterns are normalized so that
the maximum peak intensity in each pattern is unity, and offset for
clarity.
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reflect CuAlxOy species and account for decreases in SCR rate.
Interestingly, any remaining H+ sites in Cu-RTH upon hydro-
thermal aging and subsequent exposure to standard SCR re-
actants become inaccessible to NH3, suggesting that Cu ac-
tive sites in RTH, which appear to catalyze SCR in a
diffusion-limited regime before hydrothermal aging, also be-
come inaccessible to SCR reactants after hydrothermal aging.

4. Conclusions

CHA and AEI zeolites are similar in structure, with three-
dimensional micropore systems connected by symmetric
8-MR windows (0.38 nm diameter), while the RTH framework
is a two-dimensional pore system with constrained, asymmet-
ric 8-MR windows (0.56 nm × 0.25 nm) that limit access in
one dimension and effectively causes the RTH framework to
behave as a one-dimensional pore system for NOx SCR with
NH3. As a result, standard SCR turnover rates (per Cu, 473 K)
and apparent activation energies are similar between Cu-CHA
and Cu-AEI, but turnover rates are lower (by ∼2–3×) and ap-
parent activation energies are lower (by ∼2×) on Cu-RTH. Hy-
drothermal aging causes dealumination of Cu-CHA, Cu-AEI
and Cu-RTH, evident in a decrease in the fraction of Alf deter-
mined from 27Al MAS NMR spectra and corresponding de-
creases in the number of H+ sites quantified by NH3 TPD,
but does not cause noticeable changes in the bulk framework

structure assessed by XRD and micropore volume or in the
Cu structure by UV-vis spectroscopy. The number of active Cu
sites, however, decreased after hydrothermally aged samples
were subsequently exposed to low temperature standard SCR
reactants, evident in changes to UV-vis spectra and concomi-
tant decreases in standard SCR turnover rates. Hydrothermal
aging causes removal of Al from framework to
extraframework positions, and further structural changes
continue to occur in the presence of ammonia at low temper-
atures (473 K), which solvate and mobilize extraframework
cations to facilitate the formation of inactive copper-
aluminate phases (CuAlxOy). These structural changes appear
to occur more readily in Cu-RTH than either Cu-AEI or Cu-
CHA, providing further evidence linking the presence of dou-
ble six-membered rings (D6R) in small-pore molecular sieve
frameworks to increased resistance to active site and frame-
work structural changes upon hydrothermal aging.

Bulk structural characterization of small-pore zeolites after
hydrothermal aging treatments cannot be used to accurately
infer catalytic behavior for low temperature NOx SCR with
NH3. This is evident in the case of hydrothermally-aged Cu-
RTH, which deactivates completely upon exposure to stan-
dard SCR reactants but is characterized by similar bulk prop-
erties (XRD, micropore volume) before and after hydrother-
mal aging. Probes of Al structure (e.g., 27Al MAS NMR) reveal
that octahedrally-coordinated Al species are formed after hy-
drothermal aging of Cu-zeolites, but in amounts that are un-
able to account for the much larger disappearance in
Brønsted acid sites titrated by NH3, providing another re-
minder that methods to directly probe active sites are needed
to assess their structural changes. We conclude that more ac-
curate assessments of molecular sieve framework topologies
that are viable for practical NOx SCR catalysis require quanti-
fication and characterization of Al and Cu site structures af-
ter hydrothermally aged samples are exposed to low tempera-
ture SCR reaction conditions. We expect that holistic
approaches to active site characterization, especially of Al
and Cu sites, in Cu-zeolites after hydrothermal aging and
subsequent exposure to low temperature SCR reaction condi-
tions will be able to provide more accurate guidance about
molecular sieve topologies that are viable candidates for prac-
tical SCR technologies.
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