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ABSTRACT: Small-pore Cu−SSZ-13 zeolites with varying
Cu loadings were applied in the standard and the fast selective
catalytic reductions (SCR) of NO with NH3. It was found that
increased Cu loadings contributed to standard SCR, while
inhibited fast SCR. The NO and NO2 reaction pathways were
analyzed under fast SCR conditions by comparing the NO and
NO2 conversion activities over Cu−SSZ-13 and H−SSZ-13
zeolites. At low temperatures, NO2 addition strongly inhibited
the NO conversion because of the formation of NH4NO3.
Compared to medium- and large-pore zeolites, the small pores
were blocked more severely by the formed NH4NO3, making it more difficult for the reactant molecules (NH3 and NO2) with
geometric dimensions similar to those of the small pores to go through the channel opening. Additionally, at high temperatures
when NH4NO3 decomposed, NO2 showed a promotion effect on NOx conversion because of the occurrence of the fast SCR
reaction, especially on Cu−SSZ-13 with low Cu loadings.

1. INTRODUCTION
The selective catalytic reduction of NOx with NH3 (NH3-
SCR) is an efficient technique for the abatement of NOx from
diesel engines. In recent years, copper-exchanged small-pore
zeolites have been discovered to be efficient catalysts for NH3-
SCR because of their higher activity, N2 selectivity, hydro-
thermal stability, and better resistance to hydrocarbons
compared with the existing Cu−zeolite catalysts.1−5 The
fraction of NO in NOx from diesel exhaust emissions is above
90 vol % in a real diesel exhaust. Therefore, the NH3-SCR
reaction, which is generally referred to as the standard SCR
reaction involving equal amounts of NO and NH3, occurs as
shown in the following equation

+ + → +4NH 4NO O 4N 6H O3 2 2 2 (1)

Generally, the SCR performance is enhanced significantly
when the NO2 fraction in NOx is increased to 50 vol %, which
is the so-called “fast SCR” reaction involving the reaction of
NH3 with an equimolar mixture of NO and NO2

6−13

+ + → +2NH NO NO 2N 3H O3 2 2 2 (2)

The oxidation of NO to NO2 has been suggested to be the
rate-limiting step for the NH3-SCR reaction.14,15 However,
Kwak et al. found that for Cu−SSZ-13 catalysts, NO oxidation
was quite slow despite very high NO reduction activity.16 They
also found only a slight improvement in NOx reduction over

Cu−SSZ-13 under fast SCR conditions, which was an
abnormal phenomenon since it is generally known that the
addition of NO2 to the feed is an effective way to achieve high
SCR activity via the fast SCR reaction over catalysts such as
V2O5−WO3/TiO2 and metal-exchanged zeolites at low
temperatures.6,17−19 In our previous work,20 we found that
the addition of NO2 significantly decreased the NOx

conversion over the Cu−SSZ-13 catalyst with 3.9 wt % Cu
loading because of the formation of NH4NO3, which blocked
the zeolite pores. However, only one specified Cu loading (3.9
wt %) for Cu−SSZ-13 was studied in the work, and the effects
of NO2 addition over small-pore Cu−SSZ-13 zeolites with
varying Cu loadings have not yet been fully explained.
Additionally, the reason why medium- and large-pore zeolites
(such as MFI and BEA) showed little or no inhibition by
NO2,

6,8,19,21 even though NH4NO3 accumulated on these
zeolites, is unclear. In this work, the effects of NO2 addition on
NOx conversion over Cu−SSZ-13 catalysts with varying Cu
loadings were explored. By comparing the sizes of different
types of zeolite pores and reactant molecules, the NH4NO3

inhibition mechanism on small-pore zeolites was uncovered.
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2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The initial Cu−SSZ-13 catalyst
sample was synthesized using the one-pot synthesis method as
reported previously.22,23 The Cu loadings were adjusted to
different levels by ion exchange using NH4NO3 solutions of
varying concentrations. In detail, the initial Cu−SSZ-13
catalyst was ion-exchanged with 1 M NH4NO3 solution at
80 °C for 5 h to obtain the Cu3.5−SSZ-13 catalyst. Then, the
Cu3.5−SSZ-13 catalyst was ion-exchanged with 0.05, 0.1, and
1.0 M NH4NO3 solutions at 40 °C for 5 h to obtain the Cu2.4−
SSZ-13, Cu1.2−SSZ-13, and Cu0.4−SSZ-13 catalysts, respec-
tively. The ratio of the zeolite to solution was 1 g:100 mL.
After the ion-exchange process, all samples were filtered,
washed with distilled water, and dried at 100 °C overnight.
Then, all catalyst samples were calcined in an oven at 600 °C
for 6 h with a ramp rate of 5 °C/min. The concentrations of
Cu reported here were obtained by inductively coupled plasma
atomic emission spectroscopy (ICP-AES), and all samples are
denoted as Cux−SSZ-13, where “x” represents the Cu content
in the catalyst by weight (shown in Table 1).

2.2. NH3-SCR Activity Measurement. A fixed-bed quartz
flow reactor was used to determine the catalyst activity at
atmospheric pressure. About 50 mg samples of the catalyst
(40−60 mesh) were evaluated, with a gas hourly space velocity
(GHSV) of 400 000 h−1. The reaction conditions were
controlled as follows: [NOx] = [NO] + [NO2] = 500 ppm,
[NH3] = 500 ppm, [O2] = 5 vol %, [H2O] = 5 vol %, balance
N2, and total flow rate 500 mL/min. The NO, NO2, NH3, and
N2O concentrations were monitored by an online Nicolet Is10
spectrometer. The NO, NO2, and NOx conversions were
calculated after recording the steady-state Fourier transform
infrared spectra of the SCR reaction, and the equations were as
follows
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2.3. Catalyst Characterization. The Cu loadings and Si/
Al ratios of the samples were obtained by ICP-AES. A strong
acid solution was used to dissolve the samples before testing.
The Cu contents and Si/Al ratios are listed in Table 1. Powder
X-ray diffraction (XRD) patterns were recorded on a
computerized PANalytical X’Pert Pro diffractometer with Cu
Kα (λ = 0.15406 nm) radiation. H2 temperature-programmed

reduction (TPR) in hydrogen was measured on a Micro-
meritics AutoChem 2920 chemisorption analyzer. The samples
(∼50 mg) were pretreated at 500 °C for 1 h with 20% O2/N2.
After cooling down to ambient temperature, the samples were
heated to 700 °C at a rate of 10 °C/min in 10% H2/Ar gas
flow. Temperature-programmed surface reaction (TPSR)
experiments of the adsorbed NO2 and NH3 were performed
in the NH3-SCR activity measurement instrument. 30 mg
samples of the catalysts pretreated in 20% O2/N2 for 1 h at 500
°C were put into an atmosphere of 500 ppm NO2/N2 after
saturation by 500 ppm NH3/N2 at 150 °C, followed by N2
purging for 1 h. Finally, the samples were heated to 600 °C in
N2 at a rate of 10 °C/min, and the production of N2O was
detected.

2.4. Calculations. To visually understand the shape
selectivity of Cu−SSZ-13 zeolite toward the reaction gas
molecules in the NH3-SCR reactions, the molecular size of the
reactants was defined by the electron density isosurface
(isovalue = 0.0015 au),24 and the molecular geometries of
NH3, NO, and NO2 were calculated at the M06-2X/6-31G**
level25 with the Gaussian 09 package.26 The electron density
grid data were produced with the Multiwfn package.27 The
VMD software was used to visualize the geometries and the
isosurface of electron density.28

3. RESULTS AND DISCUSSION
3.1. Physicochemical Characterization. The Cu−SSZ-

13 catalysts with different Cu loadings were obtained by ion

Table 1. Cu, Si, Al Contents, Si/Al Ratios, and Cu/Al Ratios
for the Samples

sample

Cu
content
(wt %) Si/Al Cu/Al

BET surface
area (m2/g)

micropore
volume
(cm3/g)

Cu3.5−SSZ-13 3.5 4.1 0.23 577.0 0.24
Cu2.4−SSZ-13 2.4 4.6 0.16 565.9 0.23
Cu1.2−SSZ-13 1.2 4.5 0.08 554.5 0.23
Cu0.4−SSZ-13 0.4 4.6 0.03 602.5 0.25
H−SSZ-13 0 4.9 0 588.3 0.24

Figure 1. XRD patterns of the Cu−SSZ-13 and H−SSZ-13 zeolites.

Figure 2. H2-TPR profiles of the Cu−SSZ-13 and H−SSZ-13 zeolites.
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exchange with NH4NO3 solutions of different concentrations.
The elemental analysis, Brunauer−Emmett−Teller (BET)
surface areas, and micropore volume results for the products
are listed in Table 1. The Cu loadings were varied from 3.5 to
0 wt % with approximately equal Si/Al ratios of 4 to 5. All of

Figure 3. NH3-SCR performances of (a) Cu0.4−SSZ-13, (b) Cu1.2−
SSZ-13, (c) Cu2.4−SSZ-13, and (d) Cu3.5−SSZ-13. Conditions: NO2/
NOx = 0: [NO] = [NH3] = 500 ppm; NO2/NOx = 1:2: [NO] =
[NO2] = 250 ppm. [NH3] = 500 ppm, 5 vol % H2O, 5 vol % O2,
balance N2, and GHSV = 400 000 h−1.

Figure 4. Increase of NOx conversion as a function of Cu loadings
under fast SCR conditions compared to that under standard SCR
conditions. Increase of NOx conversion = NOx conversion (fast SCR)
− NOx conversion (standard SCR).

Figure 5. TPSR after NH3 and NO2 adsorption at 150 °C for Cu3.5−
SSZ-13 and Cu0.4−SSZ-13. Adsorption conditions: [NO2] = [NH3] =
500 ppm.

Figure 6. NH3-SCR performance of H−SSZ-13. Conditions: NO2/
NOx = 0: [NO] = [NH3] = 500 ppm; NO2/NOx = 1:2: [NO] =
[NO2] = 250 ppm. [NH3] = 500 ppm, 5 vol % H2O, 5 vol % O2,
balance N2, and GHSV = 400 000 h−1.

Figure 7. N2O yields of NH3-SCR under fast SCR conditions over
H−SSZ-13 and Cu−SSZ-13 catalysts with different Cu loadings.
Conditions: [NO] = [NO2] = 250 ppm. [NH3] = 500 ppm, 5 vol %
H2O, 5 vol % O2, balance N2, and GHSV = 400 000 h−1.

Figure 8. NO conversion under fast SCR conditions over H−SSZ-13,
Cu0.4−SSZ-13, and Cu1.2−SSZ-13 catalysts. Conditions: [NO] =
[NO2] = 250 ppm. [NH3] = 500 ppm, 5 vol % H2O, 5 vol % O2,
balance N2, and GHSV = 400 000 h−1.
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the samples showed BET surface areas from 554.5 to 602.5
m2/g with a micropore volume of ∼0.24 cm3/g, indicating that
the zeolite structure was stable during the ion-exchange
process and that ion-exchanged Cu ions did not block the
zeolite pores appreciably. Figure 1 shows the XRD patterns of
Cu−SSZ-13 catalysts, and all samples exhibited the typical
diffraction peaks of the chabazite (CHA) zeolite structure with
pure phase and a high degree of crystallinity, indicating that the
CHA zeolite structure of one-pot-synthesized Cu−SSZ-13 was
stable after ion exchange. H2-TPR profiles of Cu−SSZ-13
catalysts with different Cu loadings are illustrated in Figure 2.
No H2 consumption was observed for H−SSZ-13, which
means that all H2 consumption peaks in the H2-TPR profiles of
Cu−SSZ-13 were due to the reduction of Cu species. As
shown in Figure 2, Cu0.4−SSZ-13 and Cu1.2−SSZ-13 show a
single H2 consumption peak at around 350 °C, while the
Cu3.5−SSZ-13 and Cu2.4−SSZ-13 samples with higher Cu
loadings exhibit an additional peak at around 190 °C and 220
°C, respectively. According to previous studies,4,23,29 the H2
consumption peaks at around 190 °C and 220 °C can be
assigned to the reduction of Cu2+ in the large CHA cages, and
the H2 consumption peak at around 350 °C can be assigned to
the reduction of Cu2+ in the six-membered rings. However, it
was found that the increase in the amount of H2 consumption
for the Cu3.5−SSZ-13 catalyst was much higher than expected
when compared to that for the Cu2.4−SSZ-13 catalyst, if all Cu
species in Cu3.5−SSZ-13 existed only as Cu2+ ions. This
indicates that besides the Cu2+ ions, the reduction of CuOx
clusters also contributes to the H2 consumption peaks in the
range 190−220 °C for the Cu3.5−SSZ-13 catalyst.
3.2. NH3-SCR Performance of Cu−SSZ-13. Figure 3

shows the NO and NO2 conversion activities in the NH3-SCR
reaction for Cu−SSZ-13 catalysts with different Cu loadings in

the temperature range from 150 to 400 °C under standard
(NO2/NOx = 0) and fast (NO2/NOx = 1:2) SCR conditions.
As was mentioned in the discussion on H2-TPR profiles, with
increasing Cu content, more Cu2+ species occupied the large
cages of CHA, in which Cu2+ species were more active for the
standard SCR reaction, since it was easier for Cu2+ to come in
contact with reactants and to be reduced. This meant that Cu−
SSZ-13 with more Cu2+ species in the large cages of CHA
would show higher NO conversion at low temperatures.
Therefore, the Cu3.5−SSZ-13 and Cu2.4−SSZ-13 catalysts,
which contained Cu2+ species in the large cages of the CHA
structure, showed higher NO conversion under standard SCR
conditions, especially at low temperatures.
As shown in Figure 3, compared to the results under

standard SCR conditions, the NO conversion under fast SCR
conditions was totally inhibited at low temperatures below 225
°C. For all Cu−SSZ-13 series catalysts, no NO conversion was
observed, meaning that at low temperatures, the fast SCR
reaction pathway in which both NO and NO2 should be
involved in the reaction was inhibited over the Cu−SSZ-13
catalysts. This was consistent with what we have previously
proved:20 NH4NO3, formed from the NO2 and NH3 reaction,
blocked the catalyst pores, leading to low NO conversion
activity. It should also be noted that if we calculated the NOx
conversion under fast SCR conditions, the effect of NO2 on the
NOx conversion activity changed from promotion to inhibition
with increasing Cu loading, as shown in Figure 4. Additionally,
the promotion effect became weaker and the inhibition effect
become stronger with increasing Cu content. Therefore, the
Cu species significantly influence NH3-SCR performance
under standard and fast SCR conditions.
However, when increasing the temperature further, a

significant increase of NO conversion can be observed under
fast SCR conditions because of the decomposition of
NH4NO3. Interestingly, the NO conversion under fast SCR
conditions was higher than that under standard SCR
conditions for the Cu0.4−SSZ-13 and Cu1.2−SSZ-13 catalysts,
demonstrating that besides reacting at Cu2+ sites, NO must
also be reduced by NH3 through another pathway when NO2
is introduced; this was hypothesized to be the fast SCR
pathway, as proved in the next section.
Figure 5 shows the TPSR profiles after NO2 and NH3

adsorption. The formation of surface NH4NO3 from the
adsorbed NO2 and NH3 is a common reaction in the fast SCR
reaction at low temperatures on Fe zeolites and Cu zeolites,
according to the reaction below30−32

+ → + +2NO 2NH N NH NO H O2 3 2 4 3 2 (3)

Many articles have shown that N2O is released from the
decomposition of NH4NO3 by the reaction6,7

Figure 9. Structural model and channel opening of the CHA
framework.

Figure 10. Molecular size defined by the electron density isosurface (isovalue = 0.0015 au). (a) NH3, (b) NO, and (c) NO2. The blue, red, and
white circles denote N, O, and H atoms, respectively.
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→ +NH NO N O 2H O4 3 2 2 (4)

As shown in Figure 5, the N2O release temperature for the
Cu−SSZ-13 catalysts was around 225 °C, which was exactly
the cross-over temperature distinguishing the inhibition and
promotion effects of NO2 on the NO reduction, as shown in
Figure 3. Therefore, the TPSR result also provided evidence
for the formation of NH4NO3 on the fresh samples, which
blocked the pores and decreased the NO conversion.
For the NO2 conversion, the activity decreased with

increasing Cu loading before the formed NH4NO3 decom-
posed. However, when the temperature was above 225 °C and
after NH4NO3 had decomposed, the NO2 conversion
increased and leveled off at 100% with increasing Cu loading.
3.3. NH3-SCR Performance of H−SSZ-13. For compar-

ison, the NO and NO2 conversion activities in the NH3-SCR
reaction of H−SSZ-13 were also evaluated, as shown in Figure
6. Under the standard SCR conditions, little NO conversion
was observed, indicating that NO primarily reacted at Cu
active sites. However, under the fast SCR conditions, although
little NO conversion was observed, NO2 conversion was
noticeable, indicating that NO2 could react with NH3 at acid
sites without the presence of Cu active sites at low
temperatures.
In addition, at high temperatures above 250 °C, the NO

conversion significantly increased despite the absence of Cu
active sites, which was also observed on the Cu0.4−SSZ-13 and
Cu1.2−SSZ-13 catalysts. Although the NH4NO3 decomposition
at high temperatures led to recovery of some activity, the NO
conversion under fast SCR conditions was higher than that
under standard SCR conditions. This indicated that there
existed another reaction pathway for NO when NO2 was
introduced.
Indeed, the reduction of ammonium nitrate by NO has been

considered to be the rate-determining step of fast SCR.10,30

+ → + +NH NO NO NO N 2H O4 3 2 2 2 (5)

Therefore, deposited NH4NO3 could react with NO via
reaction 5 rather than being removed by decomposition to
N2O on acid sites. As shown in Figure 7, the decrease in N2O
formation was observed on Cu1.2−SSZ-13, Cu0.4−SSZ-13, and
H−SSZ-13 above 275 °C, demonstrating the weakened direct
decomposition of NH4NO3 to N2O. The combination of
reactions 3 and 5 yields the fast SCR reaction 2, indicating that
NO reduction will take place via the fast SCR reaction 2, which
is likely to occur on acid sites. Also, this fast SCR reaction was
hypothesized to be another pathway of NO2 reduction by
NH3. However, it was found that Cu−SSZ-13 with high Cu
loadings (2.4 and 3.5 wt %) showed no decrease in N2O
formation at temperatures above 275 °C, the reason for which
is that NO was more active at Cu2+ sites compared to reacting
with NH4NO3, therefore barely affecting the decomposition of
NH4NO3 to N2O. Moreover, the NO conversion levels over
the H−SSZ-13, Cu0.4−SSZ-13, and Cu1.2−SSZ-13 catalysts
under fast SCR conditions were compared, and the results are
shown in Figure 8. The fast SCR reaction, involving NO and
NO2 conversion, occurred only at acid sites on H−SSZ-13.
However, with the increasing Cu loading, NO conversion
increased, indicating that NO conversion could also occur at
Cu active sites on Cu−SSZ-13 catalysts.
3.4. Structure−Activity Relationships in NH3-SCR

Reaction. As the above results showed, NO2 had a significant
inhibition effect on NO conversion at low temperatures over

the Cu−SSZ-13 catalysts, which was attributed to the
formation of NH4NO3. However, for medium- and large-
pore zeolites with the MFI and BEA structures, NH4NO3
formation also occurs, and little inhibition effect was observed
over these catalysts because of the occurrence of fast
SCR.8,21,30,31 Chen et al.31 found that small-pore Cu−CHA
catalysts can stabilize NH4NO3 compared to Cu−BEA
catalysts. However, before the decomposition of NH4NO3,
the Cu zeolites with medium or large pores showed a NO2
promotion effect on NO conversion.8,14,21 Therefore, we here
examined this mechanism from the aspects of zeolite geometry
structure and reactant size.
Figure 9 shows that Cu−SSZ-13 catalysts are Cu-exchanged

small-pore zeolites with the chabazite (CHA) crystal structure,
which contain a channel opening of about 3.8 × 3.8 Å (an
eight-membered ring).31,33 The SCR reaction occurs when the
reactants go through the channel opening (about 3.8 × 3.8 Å)
and come in contact with the active sites. Figure 10 shows that
the side lengths of rectangular boxes just enclosing the
molecules are 3.75 × 3.89 × 4.03 Å, 3.34 × 3.53 × 4.45 Å, and
3.35 × 3.85 × 5.42 Å for NH3, NO, and NO2, respectively.
Unlike NO, NH3 and NO2 exhibited geometric dimensions
similar to the eight-membered ring. Therefore, the accumu-
lation of NH4NO3 on the small pores led to heavy mass-
transfer limitations, especially for NH3 and NO2. For MFI- and
BEA-type zeolites (∼5.3 × 5.6 Å and ∼6.6 × 6.7 Å), however,
the mass-transfer limitation was slight due to the large channel
opening, resulting in fast SCR occurring at low temperatures.
Therefore, under fast SCR conditions, NH3 and NO2 were

difficult to fit through the small pores at low temperatures
when NH4NO3 formed. As a result, NO2 and NH3 primarily
reacted at acid sites outside the zeolite cages, as was observed
for the H−SSZ-13 samples, which showed a certain degree of
NO2 conversion. By contrast, no NO reduction was observed
because of the absence of NH3 at Cu active sites. After
NH4NO3 decomposed at the temperature above 250 °C, the
NO2 conversion increased to 100% and leveled off. Meanwhile,
the H−SSZ-13, Cu0.4−SSZ-13, and Cu1.2−SSZ-13 catalysts
showed higher NO conversion activities under fast SCR
conditions than those under standard SCR conditions,
indicating that NO2 addition had a promotion effect on NO
conversion through the fast SCR reaction pathway.

4. CONCLUSIONS

The NH3-SCR performances of small-pore Cu−SSZ-13
catalysts with varying Cu loadings were compared under
standard and fast SCR conditions. It was found that increased
Cu loadings contributed to standard SCR, while inhibited fast
SCR. At low temperatures, the NO conversion activity was
totally suppressed because of the formation of NH4NO3, while
NO2 could react with NH3 at acid sites to contribute to NOx
conversion. The comparable geometric dimensions of the small
pores and reactant molecules are responsible for the strong
inhibition of the NO conversion activity by NO2 addition. At
high temperatures above 250 °C, when NH4NO3 decomposed,
the fast SCR reaction occurred and resulted in the promotion
of NOx conversion, especially for Cu−SSZ-13 catalysts with
low Cu loadings.
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