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NH3-SCR catalyst
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and Magnus Skoglundh

Hydrothermal synthesis of Na-SSZ-13 using a low concentration of the structure-directing agent

N,N,N-trimethyl-1-adamantanimonium hydroxide and functionalization of the SSZ-13 framework through

the introduction of Cu and Fe via ion exchange have been carried out. The prepared samples were

characterized by XRD, SEM, and UV-vis spectroscopy, N2 sorption, XRF and NH3-TPD. It was found that

relatively large iron oxide particles and well-dispersed Cu2+ species are formed as a result of ion

exchange with iron and copper, respectively. Furthermore, the catalytic activity for NH3 oxidation, NO

oxidation and selective catalytic reduction of NOx with ammonia (NH3-SCR) was investigated both in the

absence and in the presence of water. The functionalization of the SSZ-13 structure enhances the

catalytic activity for NH3-SCR significantly. While the NH3-SCR activity is negligible for the Na-SSZ-13

sample, the Cu-SSZ-13 sample is highly active especially at low temperatures, and the Fe-SSZ-13 sample

shows the highest activity at elevated temperatures.
1. Introduction

Zeolites are truly indispensable in many catalytic processes
like fluid catalytic cracking, hydrocracking, dewaxing, produc-
tion of octane boosters, hydrodesulphurization, Fischer–
Tropsch synthesis, methanol-to-olefin reaction, aromatic
alkylation, nitration, halogenation, nucleophilic substitution
and addition, and many others.1 More recently, zeolites have
also been introduced for catalytic emission control, e.g.,
reducing the emission levels of nitrogen oxides (NOx) from
both stationary and mobile sources.2–4 In particular, zeolites
promoted with transition metals such as copper and iron3,5

have been proven to be active for the selective catalytic reduc-
tion of NOx by ammonia (NH3-SCR), which is currently con-
sidered as one of the preferred technologies for NOx removal
from lean exhaust gases in automotive applications.3,6,7

Hitherto, synthesis of catalysts that combine high activity
for NH3-SCR at low temperatures with hydrothermal stability
at high temperatures3 remains a challenge. Recently, it was
reported that using small-pore zeolites might meet these
requirements;8,9 thus, in particular, zeolites having the
chabazite (CHA) structure have attracted much attention.5

Specifically, copper-exchanged SSZ-13 has been reported to
show superior performance in both mentioned aspects.10–12
Several methods, including conventional aqueous ion
exchange, chemical vapor ion exchange, solid-state ion
exchange and others, can be used to introduce metals into
zeolite frameworks.3 However, it can be hard to utilize the
full ion-exchange capacity of the zeolite due to several factors.
For zeolites with a high silica-to-alumina mole ratio, the ion
exchange can be limited by the low alumina content of the
zeolite framework as the number of ion positions that can be
utilized is few. Furthermore, for the zeolites with narrow chan-
nels and/or for large and multivalent ions to be introduced,
steric hindrance may limit the ion exchange. In this connec-
tion, most of the transition metal cations are strongly sol-
vated13 and thus surrounded with hydration shells that
enhance the steric hindrance of the solvated cation, hinder-
ing its entry in the narrow channels of the zeolite framework.
Especially for iron, it has been reported14 that complete ion
exchange is difficult due to limited diffusion of the hydrated
cation into the zeolite pores, which instead results in an
increased tendency of iron to form iron oxide particles with
low SCR activity.3

The zeolite SSZ-13 was first synthesized by Zones using organic
nitrogen-containing cations derived from 1-adamantamine,
3-quinuclidinol, or 2-exo-aminonorbornane, which acts as a
structure-directing agent (SDA) during the zeolite synthesis.15

The SDA based on an N,N,N-trimethyl-1-adamantanimonium
cation-containing compound (most often, hydroxide or iodide)
has been shown to be superior and prevails to be used in relatively
high concentrations for the synthesis of SSZ-13.8,9,16–18 This
l., 2014, 4, 3917–3926 | 3917
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SDA is however expensive; thus, to improve the synthesis econ-
omy and facilitate commercialization of this SSZ-13 zeolite,
reducing the amount of SDA during the zeolite synthesis would
be desirable.19

The aim of the present study is to synthesize SSZ-13 by
using a low amount of SDA and to functionalize the SSZ-13
framework with copper and iron. Special attention is paid to
how the zeolite synthesis and functionalization with iron and
copper influence the structural properties as well as the cata-
lytic activity for NH3-SCR both in the absence and in the pres-
ence of water.

2. Experimental methods
2.1. Synthesis of zeolite SSZ-13

Zeolite SSZ-13 was synthesized based on the method reported
by Zones.16 However, two important changes in the synthesis
route were made, i.e., the use of a 25% lower amount of the
structure-directing agent N,N,N-trimethyl-1-adamantanim-
onium hydroxide and increased synthesis time. 40 g of 1.0 M
NaOH (Sigma-Aldrich), 55.6 g of 0.54 M N,N,N-trimethyl-1-
adamantanimonium hydroxide (Sachem, Inc.) and 64.4 g of
Milli-Q water were mixed in a Teflon cup of a 0.45 L Parr
autoclave for 15 min. Subsequently, 1.0 g of Al(OH)3 (May &
Baker) was added to the solution, which was mixed for
another 15 min. Then after addition of 12.0 g of SiO2

(Aldrich) and mixing for 15 min, the resultant solution was
kept at 140 °C for 33 days without agitation. The synthesis
time was deliberately long to ensure the formation of SSZ-13.
However, it should be noted that the possibility to further
optimize the parameters of the synthesis has been investi-
gated. So, it was found that it is possible to prepare SSZ-13 in
6 days using a 15% less amount of SDA than was used in the
original method.16 Moreover, we also were able to prepare
SSZ-13 in 14 days using 25% less amount of SDA than the
original method.16 However, in the present study we aim to
present only the results of one sample, namely, the one pre-
pared in 33 days using 25% less amount of the SDA, although
keeping in mind that the parameters of the synthesis, i.e.
synthesis time and the amount of SDA to be added, can be
optimized in future studies. After the set synthesis time was
up, the resulting product was washed with Milli-Q water,
vacuum-filtered and air-dried at room temperature for 12 h.
The dried powder was finally calcined in air at 550 °C for 8 h
using an initial temperature ramp rate of 2 °C min−1 starting
from RT to produce the sodium form of the zeolite. The mass
of the final product (fine white powder) was 7.5 g, which cor-
responds to 65% yield of Na-SSZ-13 based on TO2.

2.2. Functionalisation of SSZ-13

In order to obtain the zeolite in the NH4 form, the calcined
powder was ion exchanged using a 0.1 M solution (2.0 g of
Na-SSZ-13 L−1) of NH4NO3 (Fisher Scientific). The slurry was
heated at 80 °C for 8 h using an oil bath, after which the
powder was filtered, washed with Milli-Q water and finally
air-dried at room temperature for 12 h.
3918 | Catal. Sci. Technol., 2014, 4, 3917–3926
A 0.5 L solution of 0.025 M Cu(NO3)2 was prepared by
adding 2.91 g of Cu(NO3)2·2.5H2O (Sigma-Aldrich) to 0.5 L of
Milli-Q water. The pH of the solution was adjusted to 3.5 by
addition of nitric acid (Fisher Scientific) with subsequent
addition of the NH4 zeolite to the Cu(NO3)2 solution (1.0 g of
NH4-SSZ-13 L−1). The slurry was heated at 80 °C using an oil
bath and stirred for 1 h, after which the slurry was filtered
and washed with Milli-Q water. The resulting product was
dried at room temperature for 12 h and finally calcined at
550 °C for 3 h in air at a ramp rate of 2 °C min−1 starting
from RT.

A sample of the zeolite in the iron form was prepared by
ion exchange in 0.5 L of 0.025 M FeSO4 solution (1.0 g of
NH4-SSZ-13 L−1). The FeSO4 solution was prepared by adding
3.02 g of FeSO4·5H2O (Sigma-Aldrich) to 0.5 L of Milli-Q
water. The pH of the solution was then adjusted to 2.5 by
addition of sulphuric acid (Merck). The slurry was stirred
and heated at 90 °C for 2 h using an oil bath and subse-
quently vacuum-filtered and washed with 3 L of Milli-Q
water. A higher temperature was used during the Fe-exchange
process compared to the corresponding ion exchange with
copper in order to compensate for the effect of the difference
in the size of solvation shells, which are formed in water
solutions of iron and copper salts,20 and hence facilitate the
penetration of iron into the zeolite channels. The resulting
product was dried at room temperature for 12 h and finally
calcined at 550 °C for 3 h in air at a ramp rate of 2 °C min−1

starting from RT.
2.3. Catalyst characterization

The physical and chemical properties of the prepared sam-
ples were characterized using several methods.

Quantitative analysis of the elemental composition of
the samples was performed by X-ray fluorescence (XRF)
using a PANalytical PW2424 instrument and the software
UniQuant 5.0.

The specific surface area and the pore volume of the sam-
ples were determined by nitrogen sorption at −196 °C using a
Micromeritics TriStar 3000 instrument.

The crystal phases of the samples were determined by
X-ray diffraction (XRD) using a Siemens D5000 diffractometer
scanning 2θ from 5 to 50° in the scan mode (0.02°, 1 s).
Ni-filtered Cu Kα radiation (λ = 1.54187 Å) was used for the
analysis.

The shape and morphology of the crystals of the as-
prepared sample in the sodium form were studied by scan-
ning electron microscopy (SEM) using an FEI Quanta 200
FEG environmental scanning electron microscope equipped
with an Oxford INCA energy-dispersive X-ray (EDX) analysis
system. An acceleration voltage of 20 kV, a working distance
of 11.9–12.0 mm, and a spot size of 3 were used during the
SEM analysis, which was performed in the secondary electron
mode by using an Everhart–Thornley detector.

The acidity of the samples was characterized using
temperature-programmed desorption (TPD) of NH3. The TPD
This journal is © The Royal Society of Chemistry 2014
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experiments were performed by exposing the sample
(63.3 mg of Na-SSZ-13, 78.7 mg of Fe-SSZ-13 and 92.8 mg of
Cu-SSZ-13) to 400 ppm NH3 at 150 °C until saturation
followed by flushing with Ar for 30 min. The latter step was
followed by a temperature ramp from 150 to 500 °C in Ar at a
heating rate of 10 °C min−1. The total gas flow was kept con-
stant at 300 ml min−1, which corresponds to a space velocity
(GHSV) of 205 000 h−1.

The nature of the iron and copper species in the
exchanged samples was studied by diffuse reflectance UV-Vis
spectroscopy. The spectra were collected using a Cary 5000
UV-Vis–NIR spectrophotometer equipped with an external
DRA-2500 unit. The integrating sphere permits fast acquisi-
tion of high-quality (high-resolution, low-noise) spectra. The
reflectance spectra were recorded in the 200–870 nm wave-
length range using the appropriate baseline correction, and
the spectrum of the Na-SSZ-13 zeolite was subtracted as part
of the background.
Fig. 1 X-ray diffractograms of the prepared Na-SSZ-13, Cu-SSZ-13
and Fe-SSZ-13 samples.
2.4. Flow reactor experiments

The catalytic performance of the prepared samples was evalu-
ated in a continuous gas flow reactor system consisting of a
vertically placed quartz tube (L = 260 mm, d = 4 mm)
equipped with an insulated metal coil for resistive heating.
The catalytic bed temperature was measured by a type K ther-
mocouple and controlled by a PID regulator (Eurotherm). A
quartz bed (h = 70 mm) was placed before the catalytic bed
and the catalytic bed (h = 7 mm) was placed on top of the
quartz bed. The gas mixing system consists of separate mass
flow controllers (Bronkhorst Low ΔP) for NO, NH3, O2 and Ar.
Water was added separately to the reactor system via a con-
trolled evaporator mixer system (CEM, Bronkhorst Hi-Tech).
The inlet of the gas/water mixture to the reactor was placed
150 mm below the quartz bed. The composition of the gas
phase was continuously analyzed by FTIR spectroscopy (MKS
2030 FTIR spectrometer).

Steady-state activity tests were performed for all samples
(with the same sample amounts as in the NH3-TPD experi-
ments) using a gas composition of 400 ppm NO and/or
400 ppm NH3, 0 or 6% H2O and 8% O2 in Ar. The total gas
flow was kept constant at 300 ml min−1, which corresponds
to a space velocity (GHSV) of 205 000 h−1. To investigate the
activity for NO oxidation and NH3 oxidation, the samples
were exposed to 400 ppm NO or 400 ppm NH3, respectively,
and 8% O2 in Ar whereby the sample temperature was
increased stepwise from 150 to 500 °C (150, 200, 250, 300,
350, 400 and 500 °C). The temperature was kept constant for
45 min at each temperature step. The heating rate between
the temperature steps was 20 °C min−1 and the temperature
did not exceed the set point by more than 5 °C before stabili-
zation at each step. The activity for selective catalytic reduc-
tion of NOx with ammonia was studied for all samples,
similar to the oxidation experiments. In the NH3-SCR experi-
ments, the gas feed consisted of 400 ppm NO, 400 ppm NH3,
0 or 6% H2O, and 8% O2 in Ar.
This journal is © The Royal Society of Chemistry 2014
3. Results and discussion

In this section, we describe and discuss the results of the syn-
thesis and characterization of the functionalized SSZ-13 sam-
ples as well as the analysis of how these materials function
as NH3-SCR catalysts.

3.1. Structure, composition and acidity of the Me-SSZ-13 zeolites

The yield of Na-SSZ-13 based on TO2 was 65%. This is just
9% lower than the product yield obtained by Zones,16 not-
withstanding the use of a 25% lower amount of SDA in the
present study. This clearly shows that the synthesis of SSZ-13
can significantly be improved in order to achieve a higher rel-
ative yield of the zeolite (based on the ratio between the mass
of the final product and the mass of the used SDA).

The resultant material from the zeolite synthesis was
identified and confirmed as the SSZ-13 zeolite structure using
X-ray diffraction. Fig. 1 shows the XRD patterns of the as-
prepared Na-SSZ-13, Cu-SSZ-13 and Fe-SSZ-13 materials.
Based on the XRD peaks, which for all samples are highly
intensive, we can conclude that they represent highly crystal-
line materials. Furthermore, the XRD peaks match the char-
acteristic peak positions of the SSZ-13 structure.16 It can be
noted though that the relative intensities of some peaks, i.e.
at 2θ = 13.2, 14.2, 16.3, 18.1, 22.5, 22.8, 23.4°, differ from the
characteristic SSZ-13 pattern. This can be explained by the
different Si/Al ratios compared to that of the SSZ-13 sample
in ref. 16. The Si/Al ratio is 13.3 and 8.4 for the reference and
the prepared sample, respectively, resulting in diverse struc-
ture factors that influence the relative peak intensities.21 No
additional peaks, which can be attributed to other crystalline
phases, such as iron oxides or copper oxides, were found.
This indicates that no large (i.e. larger than 3–5 nm,22) iron
or copper particles are present in the zeolite samples.

In order to visually conceive the shape and the size of the
prepared zeolite crystals, the Na-SSZ-13 sample was analyzed by
Catal. Sci. Technol., 2014, 4, 3917–3926 | 3919
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Fig. 2 Scanning electron microscopy images of the synthesized Na-SSZ-13 sample.

Table 1 Elemental composition of the prepared samples

Element

Amount (wt.%)

Na-SSZ-13 Cu-SSZ-13 Fe-SSZ-13

Na 2 <0.1 <0.1
Al 4 4 4
Cu <0.02 3 <0.02
Fe <0.02 <0.02 1
Si 40 40 40
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SEM. Generally, the morphology of zeolite SSZ-13 crystals
depends on the preparation route.9,17,23 In this work, the SEM
images of the prepared SSZ-13 crystals (Fig. 2) show a predomi-
nant globe-shaped morphology with a particle size varying from
2 to 16 micrometers. Furthermore, a minor amount of out-
growths is present at the interface of the zeolite crystals. The
outgrowths on the crystals were analyzed by EDX (not shown)
and it was found that their elemental composition is nearly
identical to that of the zeolite crystals. Hence, it can be con-
cluded that the outgrowths most likely represent the same mate-
rial, namely, Na-SSZ-13. The results of the EDX analysis are in
good agreement with the results of the XRF analysis (Table 1).

In general, the NH3-SCR activity of metal-exchanged zeolite
catalysts correlates both with the type of metal and the degree
of ion-exchange and with the framework type and the Si/Al
ratio of the parent zeolite.3 Hence, the chemical composition
of the prepared samples, which is summarized in Table 1, is of
vital importance. Although the molar concentrations of the
iron and copper solutions were identical and a longer time for
ion-exchange was used in the case of iron exchange, the resul-
tant level of ion exchange was higher for copper. This can most
likely be explained by the fact that iron is more difficult to
introduce into the zeolite framework of SSZ-13 as compared to
copper. This may arise from the different solvation abilities of
the metal ions; hence, the formed Men+/water complex will dif-
fer in size. In this particular case, the Fe2+/water solvation com-
plexes are likely larger in comparison with the corresponding
Cu2+/water complexes.20 Moreover, hydrated cations can be
hydrolyzed and, under certain pH conditions, form stable inter-
mediate products with higher positive charge, which can
adsorb strongly to the negatively charged zeolite adsorption
sites, according to the following reactions:24
3920 | Catal. Sci. Technol., 2014, 4, 3917–3926
The charge of such Fe and Cu complexes might also differ
and hence affect the ion-exchange process.

UV-vis spectroscopy can be used to study the distribution
of metal species in the metal-exchanged zeolites. We have
previously studied the distribution of iron species in the
iron-exchanged zeolite beta, Fe-BEA, using UV-vis spectros-
copy.25 Absorption in the 220–290 nm range represents
monomeric iron species, dimeric and oligomeric iron species
absorb at 300–400 nm and absorption above 400 nm is attrib-
uted to larger iron oxide particles.26–28 Previously, monomeric
and dimeric iron species have been shown to provide the
active sites for NH3-SCR in Fe-ZSM-5, while large iron parti-
cles are inactive for NH3-SCR.

29 In Fig. 3a, the UV-vis spec-
trum of the Fe-SSZ-13 sample is shown. It can be clearly seen
that for this sample all of the above-listed iron species are
present, although iron oxide particles seem to be dominating.
Comparing the present UV-vis study of the Fe-SSZ-13 sample
with the study of Fe-BEA,25 the fraction of monomeric,
dimeric and oligomeric iron species is significantly lower for
Fe-SSZ-13, while the fraction of iron particles is considerably
lower for Fe-BEA. This is probably due to the smaller pore
size of SSZ-13 compared to that of the zeolite BEA, which
means that some of the iron species formed during the ion-
exchange process likely cannot enter the pores. As a result,
iron species agglomerate and larger iron particles are formed,
most likely outside the microporous structure of SSZ-13. Such
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 UV-Vis spectra from the Fe-SSZ-13 (a) and Cu-SSZ-13 (b) powder
samples after subtraction of the corresponding spectrum for the
Na-SSZ-13 (c). Monomeric iron species are located in the region
220–300 nm (I), dimeric and oligomeric iron species are located in the
region 300–400 nm (II), and larger iron oxide particles are located in
the region >400 nm (III). Cu(I) and Cu(II) species in the zeolite frame-
work are located in the region 220–380 nm (IV), Cu2+ ions in octahedral
environment are located in the region >530 nm (V).

Table 2 Specific surface area and pore volume of the prepared samples

Sample BET surface area (m2 g−1) Pore volume (ml g−1)

Na-SSZ-13 611 0.292
Cu-SSZ-13 448 0.226
Fe-SSZ-13 438 0.222
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iron particles are sufficiently small not to be detected by XRD
(see Fig. 1).

The UV-vis spectrum of the Cu-SSZ-13 sample is shown in
Fig. 3b. There are two visible absorption bands. The first
band, at wavelengths around 270 nm, is assigned to oxygen-
to-metal charge transfer related to Cu(I) or Cu(II) species sta-
bilized in the zeolite framework.30–32 The origin of the broad
band at wavelengths above 550 nm has been interpreted dif-
ferently in the open literature.32–35 On the one hand, Bennici
et al.33 suggested that the position of the absorption
maximum of this band is dependent on the nuclearity of
CuOx clusters, i.e. the lower the wavelength of the absorp-
tion, the larger the clusters and vice versa. For example, for
This journal is © The Royal Society of Chemistry 2014
CuOx/SiO2–Al2O3 catalysts, Bennici et al.33 reported a maxi-
mum of that band at 818 nm for a catalyst containing
0.23 wt.% CuOx, whereas the corresponding maximum for a
catalyst containing 12.4 wt.% CuOx was observed at 754 nm.
On the other hand, the same band at wavelengths above
550 nm was ascribed to Cu2+ ions in an octahedral environ-
ment where the exact position depends on the hydration
degree, in other words, on the number of H2O ligands bound
to Cu2+.34,35 In our study, the absorption maximum of this
band is observed around 820 nm. Despite the relatively high
copper loading, 3 wt.% in our SSZ-13 sample, the position of
the maximum of this band is close to that obtained for the
CuOx/SiO2–Al2O3 sample with low copper loading in ref. 33,
possibly indicating small and well-dispersed CuOx clusters.
It is, however, even more likely that our UV-vis data reflect
the presence of Cu2+ ions. This explains the fact that the
Cu-SSZ-13 sample is highly active for NH3-SCR (see below),
in line with previous studies.18,36

The catalytic properties of zeolites are often determined
by the microporous structure of the zeolite.37,38 The micropo-
rosity of the synthesized zeolite samples in the present work
was studied using N2 physisorption. The measured BET sur-
face areas of the prepared samples are listed in Table 2. It
should be noted though that for N2 adsorption, the BET
method has fundamental limitations when applied to zeo-
lites, particularly for small-pore zeolites such as CHA. This is
due to the fact that some assumptions behind the BET analy-
sis are strictly not applicable in the presence of micropores,39

which may lead to negative C values17 in the BET equation.
However, although the surface area obtained by applying the
BET method for adsorption isotherms of microporous solids
does not reflect the true internal surface area, it can be used
for empirical comparisons.40 In this study, the BET surface
area and the pore volume of the Na-SSZ-13 sample are
611 m2 g−1 and 0.29 ml g−1, respectively, which are in good
agreement with other reports.23,41,42 After ion exchange, the
specific surface area and the pore volume of both metal ion-
exchanged samples decrease by about 27 and 23%, respec-
tively, compared to those of the parent Na-SSZ-13 zeolite.
Such decrease in the surface area after ion exchange is signif-
icantly more pronounced for the small-pore-sized SSZ-13 zeo-
lite than for medium- and large-pore-sized zeolites, such as
ZSM-5, ZSM-11, and BEA.43–45 Therefore, we conclude that
the pore size is an important factor that strongly affects the
obtained surface area of ion-exchanged zeolites.

It is well known that acidic sites play an important role for
NH3-SCR. Therefore, NH3-TPD experiments were performed in
order to characterize the acidic properties of the catalysts. The
Catal. Sci. Technol., 2014, 4, 3917–3926 | 3921
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strength of the acidic sites can be qualitatively estimated by
the desorption temperature for ammonia where a high desorp-
tion temperature indicates strongly bound ammonia and
hence strong acidic sites and vice versa. The stronger the acidic
sites, the stronger the ammonia is bound, hence, the higher
temperature required for ammonia desorption. The NH3-TPD
profiles of the prepared samples are shown in Fig. 4. All sam-
ples exhibit ammonia desorption both at low and intermedi-
ate/high temperatures, which correspond to loosely bound
ammonia and chemisorbed ammonia on Lewis and/or
Brønsted acid sites.

The shape of the ammonia desorption profiles differs for
the three samples. The ammonia desorption of the Na-SSZ-13
and Fe-SSZ-13 samples is essentially completed before reaching
500 °C, contrary to what is observed for the Cu-SSZ-13 sample
where NH3 desorption is still significant at 500 °C.

For the copper-exchanged sample, the NH3-TPD profile
represents a complex curve, which can in principle be
deconvoluted by any number of curves. However, three main
pronounced peaks at 220, 380, and 450 °C can be more easily
distinguished and marked out among the others. Each of
these peaks corresponds to certain sites where ammonia is
bound, both at the medium-temperature region and, predom-
inantly, at the high-temperature region. On the contrary, for
the Na-SSZ-13 and Fe-SSZ-13 samples fewer intersecting
adsorption peaks appear, and their maxima appear in the
medium temperature range (250 and 300 °C, respectively). All
peak positions are in agreement with previously reported
results for different Na-, Cu- and Fe-zeolites.44,46–48 It can also
be observed that for the Na-SSZ-13 and Fe-SSZ-13 samples,
the amount of desorbed ammonia at lower temperatures is
in general higher than at higher temperatures.
3922 | Catal. Sci. Technol., 2014, 4, 3917–3926

Fig. 4 NH3 desorption profiles for the Na-SSZ-13 (63.3 mg), Cu-SSZ-13
(92.8 mg), Fe-SSZ-13 (78.7 mg) samples. All samples were exposed to
400 ppm NH3 for 2 h at 150 °C, followed by flushing with Ar for
30 min. This was finally followed by a temperature ramp (heating rate
10 °C min−1) from 150 to 500 °C in Ar. GHSV = 205 000 h−1. Area I
represents the medium-temperature region. Area II represents the
high-temperature region.
The ammonia adsorption capacity of the samples is shown
in the Table 3. The amount of ammonia released from the
Cu-SSZ-13 sample during the TPD is 1.50 mmol gsample

−1,
while the corresponding amounts released from the Fe-SSZ-13
and Na-SSZ-13 samples are only 0.52 and 0.30 mmol gsample

−1,
respectively. The ability of the Cu-exchanged SSZ-13 sample
to store a higher amount of ammonia as compared to the
Na-SSZ-13 and Fe-SSZ-13 samples is likely due to the fact
that the number of adsorbed ammonia molecules per metal
site is higher for copper than for sodium and iron. This is
in good agreement with the previously reported results. For
example, Komatsu et al.49 proposed that up to four ammonia
molecules can be coordinated to each copper site at room
temperature, whereas in the case of iron, only up to two
ammonia molecules can be coordinated to each site.46 How-
ever, the temperature also affects the number of NH3 mole-
cules adsorbed during the NH3-TPD experiment. If the
adsorption takes place at elevated temperatures, one should
expect a lower number than four and two ammonia mole-
cules adsorbed per copper and iron site, respectively. Another
reason for the higher NH3-storage capacity of Cu-SSZ-13 is
likely due to the higher dispersion of copper in this sample
compared to the dispersion of iron in the Fe-SSZ-13 sample.
Hence, there are more available adsorption sites for NH3 in
the Cu-SSZ-13 sample than in the Fe-SSZ-13 sample.
3.2. Catalytic activity for NH3-SCR

In Fig. 5, the catalytic activity for NH3-SCR over the Na-SSZ-13,
Cu-SSZ-13 and Fe-SSZ-13 samples is shown. The top panel
shows the NOx conversion and the bottom panel shows the
corresponding conversion of ammonia, both in the absence
and in the presence of 6% water.

In the absence of water, the Na-SSZ-13 sample exhibits
minor NOx reduction. In the temperature range studied, the
highest conversion is only 5% at 500 °C. However, for the
iron- and copper-exchanged SSZ-13 samples, the NOx reduc-
tion is much higher. For the Cu-SSZ-13 sample, the NOx

reduction is particularly high at low temperatures, resulting
in an almost complete NOx conversion (98%) between 250
and 300 °C. The Fe-SSZ-13 sample shows relatively low NOx

reduction at low temperatures (below 300 °C) but at higher
temperatures the NOx reduction increases considerably,
reaching 62% at 500 °C.

The presence of water clearly influences the catalytic behav-
ior. The minor NOx reduction observed for the Na-SSZ-13
sample in the absence of water is suppressed to negligible
levels when water is present in the feed. In this case, the
This journal is © The Royal Society of Chemistry 2014

Table 3 Amount of NH3 desorbed during the NH3-TPD experiments

Sample NH3 uptake (mmol gsample
−1)

Na-SSZ-13 0.30
Cu-SSZ-13 1.50
Fe-SSZ-13 0.52
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Fig. 5 NH3 and NOx conversion during NH3-SCR in the presence
(solid lines) and in the absence (dashed lines) of water for the
following samples: 63.3 mg of Na-SSZ-13 (black lines with squares),
78.7 mg of Fe-SSZ-13 (red lines with circles) and 92.8 mg of Cu-SSZ-
13 (blue lines with stars). All samples were exposed to 400 ppm NH3,
400 ppm NO, 0 or 5% H2O and 8% O2 in Ar (balance) at 150, 200, 250,
300, 400 and 500 °C for 45 min for each step. GHSV = 205000 h−1.

Fig. 6 NO conversion during NO oxidation in the presence (solid
lines) and in the absence (dashed lines) of water for the following
samples: 63.3 mg of Na-SSZ-13 (black lines with squares), 78.7 mg of
Fe-SSZ-13 (red lines with circles) and 92.8 mg of Cu-SSZ-13 (blue lines
with stars). All samples were exposed to 400 ppm NO, 0 or 5% H2O
and 8% O2 in Ar (balance) at 150, 200, 250, 300, 400 and 500 °C for
45 min for each step. GHSV = 205000 h−1. The equilibrium conversion
of NO is shown by the green dashed line.

Fig. 7 NH3 conversion during NH3 oxidation in the presence (solid
lines) and in the absence (dashed lines) of water for the following
samples: 63.3 mg of Na-SSZ-13 (black lines with squares), 78.7 mg of
Fe-SSZ-13 (red lines with circles) and 92.8 mg of Cu-SSZ-13 (blue lines
with stars). All samples were exposed to 400 ppm NH3, 0 or 5% H2O
and 8% O2 in Ar (balance) at 150, 200, 250, 300, 400 and 500 °C for
45 min for each step. GHSV = 205000 h−1.
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conversion is below 1%. In the case of the Cu-SSZ-13 sample,
water suppresses the activity at low temperatures with a maxi-
mum of 88% at 300 °C; however at temperatures above 400 °C,
the activity for NOx reduction in the presence of water is
somewhat higher than in the absence of water. In contrast,
the Fe-SSZ-13 sample is generally more active for NOx reduc-
tion in the presence than in the absence of water. As a result,
the NOx conversion of the Fe-SSZ-13 sample reaches 75% at
500 °C. Hence, the presence of water has a strong positive
effect on the NH3-SCR activity over the iron-exchanged sam-
ple. It has been suggested that water participates in the
SCR reaction (see e.g. the review by Brandenberger et al.3).
Our data suggest that water participates differently in the
SCR reaction over the Cu-SSZ-13 (and Na-SSZ-13) and Fe-SSZ-13
samples. This may be related to the fact that we have differ-
ent types and distributions of the active species (metal and
cluster size). However, to reveal the true reaction mecha-
nism is not straightforward and is beyond the scope of the
present study. It should also be noticed that for all samples,
a so-called overconsumption of NH3 (ref. 50) was observed
especially at high temperatures (above 300 °C). This can be
This journal is © The Royal Society of Chemistry 2014
explained by NH3 oxidation with oxygen, which particularly
occurs under these reaction conditions.

The catalytic performance of the Na-SSZ-13, Cu-SSZ-13 and
Fe-SSZ-13 samples for NO and NH3 oxidation is shown in
Fig. 6 and 7, respectively.

In addition, in Fig. 6 the equilibrium conversion of NO,
i.e. the highest conversion of NO that can be achieved consider-
ing the thermodynamics, is shown. For all catalysts, the NO
Catal. Sci. Technol., 2014, 4, 3917–3926 | 3923
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conversion is kinetically limited below 350 °C. The observed
maximum in NO conversion in the absence of water is more
difficult to explain. For all catalysts and also in other studies
(see e.g. ref. 51–53), it occurs around 350 °C, which is also in
the temperature region where the calculated equilibrium com-
position between NO and NO2 is 1 : 1.

The Fe-SSZ-13 sample is the most active sample for NO
oxidation and the NO oxidation for this sample reaches 58%
at 350 °C. The Cu-SSZ-13 sample exhibits lower activity for
NO oxidation with an observed highest conversion of 27% at
350 °C. Over the Na-SSZ-13 sample, the NO oxidation reaches
only 12% at the highest. Despite the fact that the conversion
of NO is relatively high in the absence of water, the catalytic
activity for NO oxidation is much lower in the presence of 6%
water. However for all samples, the NO oxidation increases
slightly with increasing temperature. The lower NO oxidation
in the presence of water can be explained by inhibition of
active sites by water; therefore, only low conversion of NO to
NO2 is achieved in the presence of water.43

The catalytic performance for NH3 oxidation is found to
be considerably higher in the absence than in the presence
of water for all samples. During the NH3 oxidation experi-
ments, the formation of NO, NO2 and N2O never exceeded a
few ppm, and therefore, these figures are not reported. The
most active catalyst is the Cu-SSZ-13 sample, both in the
absence and in the presence of water. The difference in cata-
lytic activity is strongly pronounced especially in the presence
of water, where one can clearly see that the copper-exchanged
sample is considerably more active than the Na-SSZ-13 and
Fe-SSZ-13 samples.

Based on the results from the flow reactor experiments
shown above, the choice of metal introduced into the SSZ-13
framework is decisive for the catalytic performance for NH3-SCR.
The utterly different catalytic behaviors of the Na-SSZ-13,
Cu-SSZ-13 and Fe-SSZ-13 samples for NH3-SCR can likely be
explained mainly by the nature of the metal, hence, the active
sites introduced into the zeolite framework. It is clearly seen
that the active sites of copper promote NOx reduction in a
wide temperature range, even at low temperatures, while the
active sites of iron promote the NOx reduction only at high
temperatures (above 400 °C). Sodium does not promote NOx

reduction at all.
When comparing the results of the flow reactor experi-

ments with the results of the NH3-TPD study, it can be seen that
the type of exchange metal affects not only the reactions in the
NH3-SCR process but also the acidity of the zeolite. The acid
sites have several roles, including enhancing both ammonia
adsorption, which is needed for the NH3-SCR reaction to take
place, and NO oxidation to NO2, which promotes the so-called
fast SCR reaction.3 Indeed, our results show that the NH3-SCR
activity generally increases with increased NH3 adsorption
capacity of the metal ion-exchanged SSZ-13 samples.

When considering the activity profiles for NH3 oxidation
and NO oxidation, they are found to be similar for all sam-
ples but with discrepancy in the highest conversion value
that can be reached. This leads to the conclusion that the
3924 | Catal. Sci. Technol., 2014, 4, 3917–3926
nature of the active metal sites is not of such crucial impor-
tance for the NH3 and NO oxidation reactions as for the
NH3-SCR reaction where considerably different catalytic behav-
iors are observed for the samples containing different metals.
In the absence of water, the Na-SSZ-13 sample is the least active
for both NH3 and NO oxidation, while Cu-SSZ-13 is the most
active sample, although in the presence of water, the difference
in activity for NO oxidation of the samples is not so strongly
pronounced as in the absence of water.
Concluding remarks

In this work, the zeolite SSZ-13 in sodium form was synthe-
sized under hydrothermal conditions based on the method
previously reported by Zones.16 However, by using a 25% lower
amount of the structure-directing agent, N,N,N-trimethyl-1-
adamantanammonium hydroxide, the yield of the zeolite prod-
uct is just 9% lower than that in the reference method.16 This
shows one possible way to improve the synthesis of SSZ-13 in
order to use less SDA and to achieve higher relative yield of the
zeolite.

Subsequently, the synthesized Na-SSZ-13 material was ion-
exchanged with iron and copper. After the ion exchange, the
physicochemical properties of the prepared samples were
characterized by different techniques including XRD, SEM,
XRF, and UV-vis spectroscopy, BET, and NH3-TPD. It was
found that relatively large iron oxide particles are formed as
a result of ion exchange with iron. However, for the Cu-SSZ-13
sample, the preparation procedure yielded highly dispersed
ionic copper in the zeolite structure. The activity of the
samples was then evaluated for selective catalytic reduc-
tion of NOx with NH3 as well as for NO oxidation and NH3

oxidation, which are important side reactions of the NH3-SCR
process. The catalytic activity over the Cu- and Fe-exchanged
SSZ-13 samples for NH3-SCR was considerably higher com-
pared to that over the parent Na-SSZ-13 sample. Hence,
functionalization of the SSZ-13 structure with transition
metal ions significantly enhances the catalytic activity. This is
in agreement with previous studies and confirms the role of
metal ions for the selective catalytic reduction over zeolites.

In particular, the Na-SSZ-13 (i.e. SSZ-13 in the form as it
was synthesized) sample shows only negligible activity for
NOx reduction. However, the copper-exchanged sample, Cu-
SSZ-13, shows very high activity for the NH3-SCR reaction
even at low temperatures. This is related to high NH3-storage
capacity and the small size of the copper oxide clusters on
the copper-exchanged SSZ-13 sample. Concerning the iron-
exchanged SSZ-13 sample, the activity is significantly higher
at high temperatures than at low temperatures and the over-
all catalytic activity is lower than over the copper-exchanged
SSZ-13 sample. This is related to the formation of a relatively
high fraction of large iron oxide clusters, which previously
have been shown to be inactive in NH3-SCR. However, SSZ-13
may be functionalized by a combination of, e.g. copper and
iron to widen the temperature window for NOx reduction.
This journal is © The Royal Society of Chemistry 2014
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