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ferrierites and their delaminated
forms modified with copper as effective catalysts
for low-temperature NH3-SCR

Aneta Święs,a Andrzej Kowalczyk, a Marek Michalik,b Urbano Dı́az, c

Antonio E. Palomares c and Lucjan Chmielarz *a

Titanium–silicon ferrierites with different Si/Ti ratios and their delaminated forms were modified with

copper by ion-exchange. The obtained samples were characterized with respect to their chemical

composition (ICP-OES), structure (XRD), texture (N2 sorption), morphology (SEM), form and aggregation

of titanium and copper species (UV-vis-DRS), reducibility of deposited copper species (H2-TPR) and

surface acidity (NH3-TPD). The porous structure of the zeolitic samples strongly influenced the form and

aggregation of deposited copper species. In the case of the three dimensional microporous structure of

ferrierites (Ti-FER), copper was deposited mainly in the form of aggregated copper oxide species, in

contrast to the open micro- and mesoporous structure of delaminated ferrierites (Ti-ITQ-6), where

mainly copper in the form of monomeric cations was identified. It was shown that monomeric copper

cations are more catalytically active in NO to NO2 oxidation than aggregated copper oxide species and,

therefore, for the low-temperature conversion of nitrogen oxides the fast SCR reaction pathway is more

effective for delaminated ferrierites modified with copper (Cu-Ti-ITQ-6) than for microporous three

dimensional ferrierite catalysts (Cu-Ti-FER).
Introduction

Nitrogen oxides, NOx including NO and NO2, contribute to acid
rain, photochemical smog, ozone layer depletion and green-
house effects, and are therefore seriously dangerous for Earth's
ecosystems and human health. The main NOx emitters are
mobile sources, such as diesel vehicles, and stationary sources,
such as power plants and industrial boilers.1,2 The major tech-
nologies used for the control of nitrogen oxide emissions from
stationary and mobile sources are based on catalytic NOx

reduction with ammonia.3,4 Commercial NH3-SCR catalysts
used for stationary sources, based on V2O5–WO3/TiO2 and
V2O5–MoO3/TiO2 oxide systems, effectively operate in the
temperature range of 300–400 �C with a relatively high selec-
tivity to nitrogen and resistance for SOx poisoning.5,6 The
BlueTec technology, used for the NOx emission control in diesel
vehicles, is based on the on-board ammonia production by urea
hydrolysis and, similarly to classical NH3-SCR, using ammonia
as reducing agent for the catalytic NOx conversion.7,8 The
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d. de los Naranjos s/n, 46022 Valencia,

the Royal Society of Chemistry
studies focused on the improvement of these technologies'
efficiency are still continuing. One of the major current chal-
lenges in this area is development of the low-temperature NH3-
SCR technology that allows the NOx to N2 conversion at
temperatures below 250 �C. Development of such a technology
could result in the retrotting of the currently used installations
for the treatment of ue gases emitted from stationary sources
(e.g., electric power stations) and therefore increase their effi-
ciency and decrease operation costs. In most of the contempo-
rary installations the NH3-SCR units are located upstream of
electrostatic precipitator (ESP) and therefore, such unites
operate with dusty gas stream (high-dust SCR), what may result
in clogging of channels in the catalytic monoliths by dust
particles. This problem could be solved by de-dusting of ue
gases in ESP prior to the NH3-SCR unit (low-dust SCR). Unfor-
tunately, ESP operates with the relatively cold ue gases of
temperature about 250 �C or even lower. Thus, such de-dusted
gases, downstream of ESP unit, should be heated to above
300 �C prior to the NH3-SCR converter.9 Therefore, such solu-
tion needs additional operation costs of ue gases heating.
Development of the effective NH3-SCR catalyst operating at low
temperatures could enable retrotting of the installations of
ue gases treatment resulting in increased efficiency of ue
gases purication and reduction operation costs. The catalysts
containing copper,10 manganese11 and iron12 were reported to
operate in the low-temperature range. The very promising
results of low-temperature NH3-SCR were obtained for zeolites
RSC Adv., 2021, 11, 10847–10859 | 10847
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modied with copper.13,14 It was shown that a very important
role in such low-temperature process is assigned to so called
fast SCR reaction (2NH3 + NO + NO2/ 2N2 + 3H2O). NO2, which
is needed for this reaction can be added to the gas stream14 or
generated in situ by partial oxidation of NO to NO2 in ue gas
stream.12,15 The second option seems to be much more conve-
nient, especially for the large-scale applications, however needs
development of the catalysts simultaneously active in NO to NO2

oxidation and in the NH3-SCR reaction.
Our previous studies15 have shown a very promising catalytic

performance of delaminated ferrierites modied with copper in
the low-temperature NH3-SCR process, what was assigned to the
activity of these catalysts in NO to NO2 oxidation. The present
studies are also focused on delaminated titanium–silicon fer-
rierites modied with copper as catalysts of the NH3-SCR
process. The concept of the aluminum for titanium replace-
ment in the zeolite framework follows from the literature
reports showing important role of titanium interacting with
transition metal species in NO to NO2 oxidation.12,16–23 Thus, the
main goal of the presented studies was verication of the
catalytic performance of the microporous and delaminated
titanium–silicon ferrierites as potential catalysts for the low-
temperature NH3-SCR process. Moreover, the catalytic perfor-
mance of the catalysts based on Ti-zeolites and Al-zeolites was
compared and discussed.
Experimental section
Synthesis of Ti-PREFER and Ti-FER

Zeolite precursor materials with titanium in the zeolite frame-
work (Ti-PREFER) were synthesized by mixing of 4-amino-
2,2,6,6-tetramethylpiperidine (R, Fluka, Germany) used as
a structure directing agent, titanium(IV) ethoxide (98%, Alfa
Aesar, Haverhill, MA, USA) as titanium source, silica Aerosil 200
(Evonik Industries AG, Essen, Germany) as silicon source, NH4F
(98%, Sigma-Aldrich, St. Louis, MO, USA), HF (49.8%, Sigma-
Aldrich, St. Louis, MO, USA) and distilled water. For the
synthesis of the zeolitic samples the following reactants with
the suitable ratios were used:
1SiO2 : xTiO2 : 1R : 1.5NH4F : 0.5HF : 10H2O, where x ¼ 0.04,
0.02 and 0.01 was for the samples with the Si/Ti intended molar
ratios of 25, 50 and 100, respectively. The resulting slurries were
placed in autoclaves at 135 �C for 11 days. The solid product was
ltrated, washed with distilled water, and dried overnight at
60 �C. The obtained zeolite precursors are denoted as Ti-
PREFER-25, Ti-PREFER-50, and Ti-PREFER-100, respectively
for the samples with the intended molar Si/Ti ratio of 25, 50,
and 100. To produce three dimensional (3D) ferrierite zeolites,
Ti-PREFER-25, Ti-PREFER-50 and Ti-PREFER-100 precursors
were calcined at 600 �C for 6 hours resulting in the samples
denoted as Ti-FER-25, Ti-FER-50 and Ti-FER-100.
Ti-ITQ-6 synthesis

To prepare the ITQ-6-type materials, 10 g of the lamellar
precursor (Ti-PREFER) were dispersed in 40 g of H2O MilliQ,
and 200 g of a cetyltrimethylammonium hydroxide solution
10848 | RSC Adv., 2021, 11, 10847–10859
(29 wt%, 30% exchanged Br/OH) and 60 g of a solution of tet-
rapropylammonium hydroxide (40 wt%, 30% exchanged Br/
OH), being the nal pH � 12.5. The resultant mixture was
heated at 80 �C, stirring vigorously, for 16 h to produce the
swelling of the layers of the precursor material. At this point,
this suspension was sonicated in an ultrasound bath (50 W, 40
kHz) for 1 hour to disperse the individual sheets. Then, the pH
was decreased to 3.0 by adding HCl (6 M) to facilitate the oc-
culation of the expanded solids that were recovered by centri-
fugation, washed with distilled water, and dried at 60 �C for 12 h
to obtain the ITQ-6-type materials. The solids were calcined for
3 hours at 540 �C in N2 and then during 7 hours in air (uxe
2.5 mL s�1, heating rate 3 �C min�1), resulting in the samples
denoted as Ti-ITQ-6-25, Ti-ITQ-6-50, and Ti-ITQ-6-100, respec-
tively for the zeolites with the intended Si/Ti molar ratios of 25,
50, and 100.

Copper deposition into zeolites

Copper was deposited into series of the Cu-Ti-FER and Cu-Ti-
ITQ-6 samples by ion-exchange method using copper acetate
as copper precursor. The zeolite sample was dispersed in 0.06 M
aqueous solution of Cu(CH3COO)2$H2O (10 g of solid sample
per 1000 g of solution) and the obtained slurry was stirred at
80 �C for 6 h. Then, the solid product was separated by ltra-
tion, washed with distilled water, dried overnight at 60 �C, and
nally calcined at 550 �C for 8 h.

Catalysts characterization

The structure of the obtained samples was analysed by XRD
method. The measurements were conducted in a Bruker D2
Phaser diffractometer (Bruker, Billerica, MA, USA), in 2q range
of 2–40� with a step of 0.02� and a counting time of 1 s per step.

The textural parameters of the samples were determined by
low-temperature sorption of nitrogen at �196 �C using a 3Flex
(Micrometrics, Norcross, GA, USA) automated gas adsorption
system. Prior to the measurement each zeolite sample was
outgassed under a vacuum at 350 �C for 24 h. The specic
surface area of the samples was determined using the BET
(Brunauer–Emmett–Teller) equation. Horvath–Kawazoe model
was applied for determination of pore size distribution in the
micropore range, while BJH (Barrett–Joyner–Halenda) model in
the mesopore range. The total pore volume was determined
based on the total amount of adsorbed nitrogen at relative
pressure p/p0 ¼ 0.98. The chemical composition of the samples
was analysed by inductively coupled plasma-optical emission
spectrometry (ICP-OES) using iCAP 7400 instrument (Thermo
Scientic, Waltham, MA, USA). The powder samples were dis-
solved in a mixture of mineral acids composed of hydrouoric
(high purity grade, Honeywell, Charlotte, NC, USA), hydro-
chloric (high purity grade, Honeywell, Charlotte, NC, USA) and
nitric acid (high purity grade, Honeywell, Charlotte, NC, USA).
Dissolution of the solid samples was conducted with the
assistance of microwave radiation using Ethos Easy system
(Milestone, Sorisole, Italy). The form and aggregation of tita-
nium and copper species introduced into the zeolitic samples
were analysed by UV-vis-DR spectroscopy using an Evolution
© 2021 The Author(s). Published by the Royal Society of Chemistry
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600 spectrophotometer (Thermo Scientic, Waltham, MA, USA)
operating in the range of 200–900 nm with a resolution of 2 nm.
SEM images of the samples were recorded using Hitachi S-4700
scanning electron microscope equipped with a Noran Vantage
analyser. The reducibility of the copper species deposited into
zeolite samples was analysed by temperature-programmed
reduction with using H2 as reducing agent (H2-TPR). The
measurements were carried out in a xed-bed owmicroreactor
system equipped with thermal conductivity detector (Valco).
The ow rate of gas mixture was adjusted and controlled by
mass ow controllers (Brooks Instrument). Prior to the H2-TPR
runs, each sample (15 mg) was outgassed in a ow of pure argon
at 600 �C for 30 min. Aer cooling to 100 �C the H2-TPR runs
were carried out in the range of 100 to 800 �C with the linear
heating rate of 10 �C min�1 in a ow of gas mixture containing
5.0 vol% of H2 diluted in argon (ow rate – 5 mL min�1).
Temperature-programmed desorption of ammonia (NH3-TPD)
was used for analysing of the surface acidity of the zeolitic
samples. Prior to NH3-TPD run, the sample of zeolite (50 mg),
placed in xed-bed quartz microreactor, was outgassed at
600 �C for 30 min. Then, microreactor with the sample was
cooled to 70 �C and saturated in the ow of ammonia (1 vol%
NH3 diluted in helium, 20 mL min�1) followed by ushing with
pure helium to remove ammonia physiosorbed on the sample
surface. Finally, the temperature-programmed desorption of
ammonia (NH3-TPD) was carried out with a linear heating rate
of 10 �C min�1 in a ow of pure helium (20 mL min�1). All
experimental stages were monitored by a quadrupole mass
spectrometer – QMS (PREVAC, Rogów, Poland) connected
directly to the microreactor outlet via heated line.
Fig. 1 X-ray diffractograms of titanium–silicon ferrierite based
samples (Ti-PREFER, swollen Ti-PREFER, delaminated Ti-ITQ-6 and
Ti-FER) with the intendedmolar Si/Ti ratios of 25 (A), 50 (B) and 100 (C).
Catalytic studies

NH3-SCR. Copper modied Ti-zeolites were tested as cata-
lysts of selective catalytic reduction of NO with ammonia (NH3-
SCR). The sample of catalyst (100 mg) was placed in xed-bed
quartz microreactor and pre-treated in a ow of pure helium
(20mLmin�1) at 550 �C for 30 min. Then, the microreactor with
catalyst was cooled to 100 �C, and a ow of helium was
exchanged for ow of gas mixture containing 0.25 vol% NO;
0.25 vol% NH3; 2.5 vol% O2 diluted in helium (total ow rate of
40 mL min�1). Catalytic tests were done in the range of 100–
350 �C with intervals of 25 �C. The concentrations of reactants
were continuously monitored by a quadrupole mass spectrom-
eter (QMS, PREVAC, Rogów, Poland) connected directly to the
reactor outlet. Moreover, for the selected catalyst the stability
isothermal test with the periodical changes from dry (compo-
sition this same as in polythermal tests) to wet (0.25 vol% NO;
0.25 vol%NH3; 2.5 vol%O2 and 3.5 vol%H2O diluted in helium)
reaction mixture was done. Water vapor was introduced into
reaction mixture by using of saturator containing distilled
water. Helium was owing through the saturator, which was
kept in isothermal conditions (0 �C, thermostat). Gas lines were
heated by heating tapes to avoid water vapor condensation.

AMOx. In the case of ammonia oxidation (AMOx) studies,
similarly to NH3-SCR, the sample of 100 mg was placed in xed-
bed quartz microreactor and outgassed at 550 �C for 30 min in
© 2021 The Author(s). Published by the Royal Society of Chemistry
a ow of pure helium (20 mL min�1). Catalytic tests were con-
ducted in the range of 100–350 �C, with intervals of 50 �C, in
a ow of gas mixture containing 0.5 vol% NH3 and 2.5 vol% O2

diluted in helium (total ow rate of 40 mL min�1). Concentra-
tions of reactants were continuously monitored by a quadrupole
mass spectrometer (QMS, PREVAC, Rogów, Poland) connected
directly to the reactor outlet via heated line.
RSC Adv., 2021, 11, 10847–10859 | 10849
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Fig. 2 X-ray diffractograms of titanium–silicon ferrierites (Cu-Ti-FER
series) and their delaminated forms modified with copper (Cu-Ti-ITQ-
6 series).
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NO to NO2 oxidation. The reaction of NO to NO2 oxidation
was carried out in the same system as in the case of NH3-SCR
and AMOx processes. The only difference was replacement of
QMS for FTIR spectrometer. The reaction was studied in a ow
of gas mixture containing 0.5 vol% NO and 2.5 vol% O2 diluted
in helium (total ow rate of 40 mL min�1). FTIR spectrometer
Nicolet iS5 (Thermo Scientic, Waltham, MA, USA) equipped
with a gas cell of 10 cm length, operating in the wavenumber
range of 625–4000 cm�1 with a resolution of 4 cm�1, was used
for the analysis of reaction mixture down-stream and up-stream
of microreactor. The NO2 and NO concentrations in the reaction
mixture were determined by the analysis of the bands at 1593
and 1912 cm�1, respectively.
Results and discussion

The structure of the zeolitic samples and their precursors were
veried by X-ray diffractionmethod (Fig. 1). In diffractograms of
the zeolite precursors – Ti-PREFER-25, Ti-PREFER-50, and Ti-
Table 1 Textural parameters, acidity, molar Si/Ti ratios and copper cont

Sample SBET [m2 g�1] Vmicro [cm
3 g�1] Vmeso [cm

3 g�1]

Ti-FER-25 364 0.129 0.115
Ti-FER-50 368 0.138 0.087
Ti-FER-100 367 0.135 0.102
Ti-ITQ-6-25 538 0.033 0.913
Ti-ITQ-6-50 615 0.016 1.376
Ti-ITQ-6-100 598 0.010 1.165
Cu-Ti-FER-25 324 0.119 0.100
Cu-Ti-FER-50 330 0.122 0.088
Cu-Ti-FER-100 317 0.119 0.091
Cu-Ti-ITQ-6-25 501 0.031 0.752
Cu-Ti-ITQ-6-50 523 0.031 0.782
Cu-Ti-ITQ-6-100 551 0.030 0.969

10850 | RSC Adv., 2021, 11, 10847–10859
PREFER-100 – the (200) diffraction peak at 2q about 6.8�, indi-
cating the interlayer distance of 1.3 nm, was identied.24 The
layered structure of the zeolite precursors is also proved by the
presence of the (400) diffraction peak located at 2q about 18.5�.
Other peaks in diffractogram of the zeolite precursors are
typical of the ferrierite structure,24 that proves, independently of
the intended Si/Ti molar ratio, the successful synthesis of the
zeolite precursors. Calcination of the zeolite precursors resulted
in a shi of the (200) and (400) diffraction peaks into higher
values of 2q angle characteristic of the sticked together zeolite
layers and therefore indicating the condensation of such layers
under calcination conditions with the formation of three
dimensional (3D) ferrierite structure. Depending on the inten-
ded Si/Ti molar ratio – 25, 50, and 100 – the obtained ferrierite
samples are denoted as Ti-FER-25, Ti-FER-50, and Ti-FER-100,
respectively.

Preparation of Ti-ITQ-6 zeolite requires swelling and
delamination of the zeolite precursors. Swelling of the zeolite
precursors in strongly basic conditions resulted in a very
signicant intensity decrease of the (200) and (400) diffraction
peaks (Fig. 1), indicating the formation of delaminated struc-
ture of the zeolite layers (the structure of “house of card” with
non-parallel orientation of layers). The residual (200) and (400)
diffraction peaks in diffractograms of the swollen precursors
indicate that small fraction of the zeolite layers was not
successfully swollen. Comparison of the intensities of these
reections cannot demonstrate any correlation between the Si/
Ti molar ratio in the zeolite precursors and their susceptibility
to be swelled. The swelling process, conducted under strongly
basic conditions, resulted in a partial leaching of silicon from
the zeolite layers. Possibly amorphous silica aggregates were
formed in solution and deposited on the external surface of the
zeolite grains. The broad diffraction peaks at about 15–30�,
present in diffractograms of all swollen precursors, are char-
acteristic of amorphous silica.25

In the next step, the swollen zeolite precursors were soni-
cated, followed by their calcination, resulting in a series of Ti-
ITQ-6 zeolites with different intended Si/Ti molar ratios. In
diffractograms of these samples, the low-intensive (200) reec-
tions at 2q about 9.6�, characteristic of the ferrierite structure,
ent of Ti-FER, Ti-UTQ-6 zeolites and its copper modified forms

Ca [mmol g�1] Da [mmol m�2] Si/Ti [mol mol�1] Cu [wt%]

59 0.16 37 —
50 0.14 60 —
45 0.12 132 —

102 0.19 33 —
70 0.11 78 —
30 0.05 113 —
48 0.15 30 4.8
54 0.16 69 2.7
83 0.26 124 4.8

157 0.31 32 2.9
142 0.27 76 2.8
141 0.26 109 2.4

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nitrogen adsorption desorption isotherms of the Ti-FER (A) and Ti-ITQ-6 (C) samples and their modifications with copper–Cu-Ti-FER (B)
and Cu-Ti-ITQ-6 (D).
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are present (Fig. 1). Intensities of these reections are very low
in comparison to a series of 3D ferrierite zeolites, indicating
that only small fraction of the zeolite layers was not effectively
separated by swelling process and condensed during calcina-
tion process. Depending on the intended Si/Ti molar ratio – 25,
50, and 100 – the obtained samples are denoted as Ti-ITQ-6-25,
Ti-ITQ-6-50, and Ti-ITQ-6-100, respectively. It should be noted
that the intensity of the (200) diffraction peak in a series of the
Ti-ITQ-6 samples increases with a decrease in the intended Si/Ti
molar ratios (Fig. 1), indicating that titanium incorporated into
the zeolite layers favours their condensation.

Introduction of copper into zeolites by ion-exchange method
did not result in any signicant changes in diffractograms,
Fig. 4 Pore size distributions determined for Ti-FER and Ti-ITQ-6 (A) as

© 2021 The Author(s). Published by the Royal Society of Chemistry
indicating that the zeolite structures were not damaged by
metal deposition (Fig. 2). However, in diffractograms of the Ti-
FER samples the broad and low-intensive reections, charac-
teristic of CuO crystallites were identied (Fig. 2, insert). Such
diffraction peaks were not found in diffractograms of the Ti-
ITQ-6 samples. Thus, at least part of copper introduced into
the Ti-FER samples formed crystallites of CuO.

The real values of the molar Si/Ti ratios, determined by
chemical analysis and presented in Table 1, are higher that the
intendent values. It shows that silicon was preferentially
incorporated into the ferrierite layers comparing to titanium.
The copper loading in the series of the Ti-FER samples is in the
range of 2.7 to 4.8 wt% (Table 1). The correlation between the Si/
well as their copper modified forms (B).
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Ti molar ratio and copper content in the samples of this series
was not found. In the case of the Ti-ITQ-6 series the copper
loading is in the range of 2.4–2.9 wt% and decreases with
a decrease in the Si/Ti molar ratio.

The nitrogen adsorption–desorption isotherms recorded for
the zeolitic samples are presented in Fig. 3, while their textural
parameters are compared in Table 1. The isotherms determined
for the Ti-FER samples (Fig. 3A) are classied as type I according
to the IUPAC denition26 and are characteristic of microporous
materials. The characteristic feature of these isotherms is an
adsorption step at very low relative pressure indicating capillary
condensation of nitrogen inside micropores. Deposition of
copper into the Ti-FER samples did not resulted in modication
of their microporous character (Fig. 3B). The isotherms of the
Ti-ITQ-6 samples belong to type IV according to the IUPAC
standards26 and are characteristic of mesoporous materials
(Fig. 3C). An adsorption step in the low range of the relative
pressure indicates the presence of micropores, while an
increase in nitrogen adsorbed volume in the p/p0 range of 0.5–
0.9 is characteristic for mesopores with a relatively broad pore
size distribution. Thus, the isotherms recorded for the Ti-ITQ-6
samples indicate bimodal type of porosity. Channels in the
zeolite layers are micropores, while the spaces between non-
parallel oriented (delaminated) zeolite layers are mesopores.
The hysteresis loops present in isotherms of Ti-ITQ-6 zeolites
belong to H3 category, characteristic of non-rigid aggregates of
plate-like particles.26 The neckings in the hysteresis loops could
be a result of partial plugging of mesopores.27 Copper deposited
into the Ti-ITQ-6 samples did not result in signicant changes
in isotherm proles, thus bimodal micro- and mesoporous
character was also present in the Cu-Ti-ITQ-6 samples (Fig. 3D).
BET specic surface area (SBET) of all the samples of the Ti-FER
series is very similar and is in the range of 364–368 m2 g�1

(Table 1). Deposition of copper into the Ti-FER samples resulted
in a decrease of SBET by about 10–14%. The samples of the Ti-
ITQ-6 series are characterized by SBET in the range of 538–615
m2 g�1 as well as micropore volume (Vmicro) signicantly
reduced and mesopore volume (Vmeso) signicantly increased in
comparison to the Ti-FER samples (Table 1). Deposition of
Fig. 5 UV-vis DR spectra of Ti-FER and Ti-ITQ-6 zeolites (A) and their c

10852 | RSC Adv., 2021, 11, 10847–10859
copper into the Ti-ITQ-6 samples reduced their SBET by about 6
to 15%.

In the proles of pore size distributions (PDS) determined
for the Ti-FER samples, presented in Fig. 4A, the main
maximum is located at about 0.50–0.53 nm and is characteristic
of 10 MR (10-member ring) sub-units present in ferrierites.28

Any peaks in the PSD proles of the Ti-FER samples were found
in the mesoporous range proving the microporous character of
these samples. Introduction of copper into these zeolites did
not result in any signicant changes in the PSD proles
(Fig. 4B). In the case of the Ti-ITQ-6 samples the maximum PSD,
characteristic of 10 MR diameter, is signicantly reduced
(Fig. 4A), that is associated to the microporous structure limited
only to the zeolite layers in contrast to the microporous three-
dimensional structure of the Ti-FER samples. The tail from
the side of larger micropores, present in the PSD proles of Ti-
ITQ-6, indicates signicant heterogeneity in micropore size
distribution possibly caused by partial destruction of the zeolite
layers under swelling and delamination conditions. The PSD
proles of the Ti-ITQ-6 samples are characterized by broad
maxima in the mesopore range, typical of delaminated layered
structure (Fig. 4A). The PSD proles consist of sharp peak at
about 3.5 nm and broad maximum centred at about 10–12 nm.
As it was shown by XRD studies (Fig. 1), in the ITQ-6 samples the
presence of amorphous silica formed under swelling conditions
was proved and therefore mesopores present in such silica may
contribute to the overall porosity of these materials. Introduc-
tion of copper into Ti-ITQ-6 decreased intensity of the broad
maximum in the PSD proles, indicating preferential location
of copper species in mesopores (Fig. 4B). On the other side, the
position of the maximum characteristic of 10 MR channels was
slightly shied from 0.50–0.53 nm to about 0.48–0.50 nm aer
copper introduction, indicating deposition of this metal also
inside micropores.

The form and aggregation of titanium and copper in the
zeolitic samples were studied by using UV-vis DR spectroscopy
(Fig. 5). The spectra recorded for the series of the Ti-FER and Ti-
ITQ-6 samples, presented in Fig. 5A, contain an intensive band
at about 220 nm, characteristic of monomeric tetrahedrally
coordinated titanium cations in the zeolite framework.29,30
opper modified forms – differential spectra (B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Thus, in the Ti-ITQ-6 samples only titanium incorporated
into zeolite framework was identied. In a series of Ti-FER
zeolites, apart from the main band at 220 nm, broad and low-
intense shoulder from the side of higher wavelengths was
found. This latter band is associated to titanium in the form of
extraframework species of various aggregations, from small
polymerized hexacoordinated Ti-species containing Ti–O–Ti
bridges to small aggregates of TiO2.29,30 It seems possible that
such extraframework titanium species were extracted to solu-
tion from the zeolite precursors during swelling and delami-
nation processes.

The differential spectra, obtained by subtracting of the
original spectrum of the zeolitic support from the spectrum of
its copper modied form, were used for the analysis of type and
aggregation of deposited copper species (Fig. 5B). In the spectra
of the Ti-FER samples dominate the band located at about 350–
360 nm, characteristic of small oligomeric copper oxide
species.17,18 Only in the Cu-Ti-FER-25 sample, the shoulder at
about 250 nm, indicating the presence of monomeric copper
cations, was found. Such shoulder was not identied in the
spectra of Cu-Ti-FER-50 and Cu-Ti-FER-100. The broad band
centred at about 500 nm in the spectrum of Cu-Ti-FER-100
indicates a signicant contribution of CuO crystallites in this
sample.17,18 The presence of such crystallites in Cu-Ti-FER-50
and Cu-Ti-FER-25 indicates shoulder above 400 nm. Thus,
copper in the form or oligomeric copper species and copper
oxide crystallites dominates in the series of the Cu-Ti-FER
samples. Only in the case of Cu-Ti-FER-25 the contribution of
monomeric copper cations was proved by the presence of
shoulder at about 240–250 nm.17,18 In the spectra of the Cu-Ti-
Fig. 6 SEM micrographs of Ti-FER and Ti-ITQ-6 with intended molar
Si/Ti ratios of 25 (A, D), 50 (B, E), 100 (C, F), respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
ITQ-6 samples, the bands at about 240–250 and 305–330 nm
dominate (Fig. 5B). The rst band is assigned to monomeric
copper ions interacting with oxygen of the zeolite framework
(O2� / Cu2+).15 The presence of such monomeric copper
cations in these samples is also proved by the broad bands
above 550 nm, indicating d–d transition phenomena occurred
in surface Cu2+ cations in pseudo-octahedral coordination
interacting with water molecules.31,32 The band at about 305–
330 nm is assigned to the presence of oligomeric copper
species, while the small shoulder above 400 nm is possibly
related to small contribution of copper oxide crystallites.17,18 It
should be noted that intensity of the band characteristic of
monomeric copper cations (about 250 nm) is signicantly less
intense for the Cu-Ti-ITQ-6-25 sample than for Cu-Ti-ITQ-6-50
and Cu-Ti-ITQ-6-100 indicating that there is a lower contribu-
tion of such dispersed copper species in the former sample in
comparison to later ones. In general, the results of the UV-vis
DRS analysis of the samples are in full agreement with XRD
studies, which proved the presence of CuO crystallites only in
the series of Cu-Ti-FER samples.

SEM micrographs of the zeolite samples modied with
copper are presented in Fig. 6. In the case of the Cu-Ti-FER
samples large two-dimensional crystallites of zeolite can be
seen. The size of these crystallites decreases with an increase in
the Si/Ti ratio. This observation agrees with the results of XRD
analysis (Fig. 2), were intensity of the characteristic reections
increased with an increase in the Si/Ti ratio. Moreover, for the
Cu-Ti-FER-50 and Cu-Ti-FER-100 samples small aggregates of
amorphous silica are deposited on the surface of the zeolite
Fig. 7 H2-TPR profiles of Ti-FER and Ti-ITQ-6 samples modified with
Cu.

RSC Adv., 2021, 11, 10847–10859 | 10853
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Fig. 8 NH3-TPD profiles of obtained for Ti-FER and Ti-ITQ-6 zeolites
(A) and their copper modified forms (B).
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crystals. The EDS analysis of such aggregates showed that apart
from silicon they contain also small amount of titanium and
copper. The Cu-Ti-ITQ-6 samples are characterised by the
presence of smaller two-dimensional crystallites of zeolite and
Fig. 9 Results of NH3-SCR catalytic tests for copper modified Ti-FER (A

10854 | RSC Adv., 2021, 11, 10847–10859
moreover signicant contribution of small amorphous silica
aggregates containing small amounts of copper and titanium.
Such amorphous silica was detected for this series of the
samples by the XRD analyses (Fig. 1).

The H2-TPR proles of the zeolitic samples modied with
copper, shown in Fig. 7, are characterized by two temperature
ranges of copper species reduction. The low-temperature region
at temperatures below 300 �C is characteristic of the reduction
of Cu2+ to Cu0 in aggregated copper oxide species as well as
reduction of monomeric Cu2+ cations and small oligomeric
copper species to Cu+.16 The second step of such dispersed
copper species reduction, Cu+ to Cu0, takes place at tempera-
tures above 300 �C.16 In the case of the samples of Cu-Ti-FER
series the low-temperature peaks dominate indicating mainly
the presence of the aggregated copper oxide species. The split-
ting of the low-temperature peaks, observed in reduction
proles of Cu-Ti-FER-25 and Cu-Ti-FER-50, is possibly attrib-
uted to the presence of copper oxide species of different
aggregation. For the samples of the Cu-Ti-ITQ-6 series, apart
from the low-temperature reduction peaks, also high-
temperature peaks are present, indicating signicant contri-
bution of the highly dispersed copper species. Thus, the ob-
tained results are in full agreement with the results of XRD
(Fig. 1) and UV-vis DRS (Fig. 5) studies.

Temperature-programmed desorption of ammonia (NH3-
TPD) method was used for evaluation of the surface concen-
tration and relative strength of acid sites in the samples. On the
other site, assuming that the majority of the proposed mecha-
nisms of the NH3-SCR process included chemisorption and
activation of ammonia molecules as important reaction step,5

the NH3-TPD studies may also give some insight into the reac-
tion mechanism. Ammonia desorption proles of the Ti-FER
and Ti-ITQ-6 samples, presented in Fig. 8A, are characterized
by intensive maximum centred at about 170–185 �C and
shoulder from the side of higher temperatures. Desorption of
ammonia at relatively low temperatures indicates mainly the
presence of sites of low acidic strength, possibly related to
titanium incorporated into the zeolite framework. The role of
such weak sites possibly come from ^Ti–OH groups and Ti3+

cations generated e.g. charge relocation (O2�Ti4+) / (O�Ti3+).33
) and Ti-ITQ-6 (B) catalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Deposition of copper signicantly changed ammonia desorp-
tion proles (Fig. 8B) mainly by appearance of new maxima or
shoulder centred at about 240–290 �C. Thus, it seems that these
maxima are assigned to the interaction of copper with ammonia
molecules, which is stronger in comparison to ammonia
bounded to titanium species (cf. Fig. 8A). The possible interac-
tion of ammonia molecules with copper cations is based on the
accommodation of free electron pair of ammonia into unoc-
cupied d-orbital of copper (NH3 / Cun+). The surface concen-
tration (Ca) and surface density (Da) of acid sites aer copper
deposition into the Ti-FER samples signicantly changed (Table
1), decreasing for Cu-Ti-FER-25 and increasing for Cu-Ti-FER-50
and Cu-Ti-FER-100. Deposition of copper into the samples of
the Ti-ITQ-6 series resulted in a signicant increase of surface
concentration of acid sites. Such difference is possibly related to
accessibility of copper cations for ammonia molecules, that is
much better in the case of the Cu-Ti-ITQ-6 samples containing
highly dispersed copper species than in the case of the Cu-Ti-
FER samples containing aggregated copper oxide species and
crystallites.

Copper modied Ti-FER and Ti-ITQ-6 zeolites were studied
as catalysts of the selective catalytic reduction of NO with
ammonia (Fig. 9). In the series of Cu-Ti-FER catalysts the best
results were obtained for the Cu-Ti-FER-25 sample (Fig. 9A). In
this case the NO conversion started at about 100 �C and
intensively increased to 300 �C reaching the level of 90%. At
higher temperatures efficiency of the NO conversion decreased
due to the side process of direct ammonia oxidation by oxygen
present in the reaction mixture. The other two catalysts of this
series, Cu-Ti-FER-50 and Cu-Ti-FER-100, presented signicantly
lower catalytic activity, especially in the low-temperature range.
For these catalysts, the NO conversion started at about 125 �C
and increased to nearly 90% at about 300 �C. The selectivity to
nitrogen is above 95% for all the catalysts of this series in the
studied temperature range (Fig. 9A). The difference in the
catalytic performance between Cu-Ti-FER-25 and other catalysts
of this series is possibly related to the higher contribution of
copper in the form of monomeric cations, that was shown by
UV-vis DRS studies (Fig. 5B). Thus, increased activity of Cu-Ti-
FER-25 in comparison to other catalysts of this series could be
related to higher activity of such dispersed copper species in NO
reduction with ammonia in comparison to aggregated copper
oxide species. Another important parameter of the samples that
could inuence their catalytic activity is copper loading. In the
case of Cu-Ti-FER-25 and Cu-Ti-FER-100 here is the same copper
content, but the former catalyst is signicantly more active.
Thus, the form of deposited copper species seems to be more
important than the loading of this metal. This hypothesis is
supported by the results of catalytic tests of the Cu-Ti-ITQ-6
samples (Fig. 9B), which contain lower copper loadings than
Cu-Ti-FER-25 and Cu-Ti-FER-100 but are signicantly more
catalytically active in the NH3-SCR process. Moreover, there is
a signicant contribution of copper in the form of monomeric
copper cations, which was postulated to be more catalytically
active than aggregated copper oxide species, in these catalysts
(Fig. 5B). It should be noted that the lower activity of Cu-Ti-ITQ-
6-25 than other catalysts of this series is possibly related to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
lower contribution of monomeric copper cations in this sample
comparing to Cu-Ti-ITQ-6-50 and Cu-Ti-ITQ-6-100 (Fig. 5B). The
NO conversion above 90% was obtained in the range of 225–
325 �C for the most active catalysts of this series (Fig. 9B). The
selectivity to nitrogen was above 94% in the studied tempera-
ture range. The efficiency of the NO conversion decreased above
300 �C due to the side reaction of direct ammonia oxidation.
The role of acid sites in the NH3-SCR process is another
important issue that should be considered. Comparison of acid
site concentrations (Ca) and density (Da) presented in Table 1
with the results of the catalytic NH3-SCR tests (Fig. 9) shows that
there is not clear correlation between these properties of the
studied catalysts. As it was already mentioned the acid sites in
the catalysts are assigned to the presence of titanium and
copper. Thus, as it was shown by NH3-TPR results, ammonia
chemisorption occurs on both copper and titania acid sites. The
zeolite samples non-modied with copper presented only very
poor catalytic activity in the NH3-SCR process (Fig. 9). Thus,
titanium incorporated into the zeolite framework is inactive or
only slightly active in proper activation of ammonia molecules
into NH3-SCR. Deposition of copper resulted in activation of the
samples for the NO reduction with ammonia, thus copper
species play a key role in activation of ammonia molecules for
the NH3-SCR process. As it was already stated, the form of
deposited copper species strongly inuences the activity of the
catalysts, that proves the hypothesis of crucial role of copper in
the NO conversion. Thus, it seems that ammonia molecules
chemisorbed on the titanium acid sites do not directly take part
in the NH3-SCR process. On the other side, our previous studies
of the NH3-SCR process over aluminium–silicon Al-ITQ-6
modied with copper (intended Si/Al molar ratio of 50, Cu
loading of 2.7 wt%, mainly in the form of monomeric copper
cations) showed its catalytic activity at higher temperatures.15

The NO conversion above 90% in the presence of Cu-Al-ITQ-6
was obtained in the range of 250–350 �C, thus at temperatures
higher by about 25 �C in comparison to the Cu-Ti-ITQ-6-50 and
Cu-Ti-ITQ-6-100 (Fig. 9B) catalysts. For both, Cu-Al-ITQ-6 and
the Cu-Ti-ITQ-6 series of the samples, the catalytic tests were
done under these same conditions. Thus, titanium incorpo-
rated into the zeolite framework possibly promotes conversion
of NO with ammonia at temperatures lower comparing to silica–
alumina zeolites.

Ammonia is bounded to titanium acid sites in the Ti-FER
and Ti-ITQ-6 samples much weaker (Fig. 8A) comparing to Al-
FER and Al-ITQ-6 zeolites15 and therefore desorption of
ammonia molecules takes place at lower temperatures.
Ammonia molecules chemisorbed on titanium acid sites could
be an ammonia reservoir deposited on the catalyst surface.
Desorption of ammonia from such acid sites, which occurs for
Ti-sites at temperatures lower than for Al-sites,15 may supply
additional portion of the reducing agent for the NO conversion.
It should be noted that the main maximum of ammonia
desorption for the Ti-FER and Ti-ITQ-6 samples is located at
about 170–185 �C (Fig. 8A), while aer copper deposition was
shied to about 190–240 �C for a series of the Cu-Ti-ITQ-6
samples (Fig. 8B). As it was reported in our previous studies
for pure silica in the form of spherical MCM-41 modied with
RSC Adv., 2021, 11, 10847–10859 | 10855
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Table 2 Comparison of the results of NH3-SCR tests in the presence of various zeolites modified with copper

Catalyst
NO conversion at 250 �C
[%]

Cu content
[wt%] GHSV [h�1] Reference

Cu-Ti-FER-25 78 4.8 24 000 This work
Cu-Ti-ITQ-6-100 95 2.4 24 000 This work
Cu-ZSM-5a 85 4.9 90 000 19
Cu-BETAb 73 5.8 90 000 19
Cu/SAPO-34c 96 1.5 40 000 20

a ZSM-5, Si/Al ¼ 50, copper deposited by ion-exchange method. b BETA, Si/Al = 25, copper deposited by ion-exchange method. c SAPO-34, (Al + P)/Si
¼ 7.35, copper deposited by impregnation method.
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copper by template ion-exchange method the maximum of
ammonia desorption maximum was located at about 240–
260 �C and was assigned to the interaction with copper
species.18 Thus, it seems that in the case of the Cu-Ti-FER series
a new peak with the maximum at about 240–290 �C, could be
assigned to ammonia desorption from copper sites (Fig. 8B).
Thus, the re-adsorption of ammonia molecules desorbing from
weaker Ti-acid sites on stronger Cu-sites cannot be excluded. In
general, desorption of ammonia from the acid Al-sites in Cu-Al-
FER, Cu-Al-ITQ-6 occurred at temperatures higher by about 20–
35 �C for the samples with higher aluminium content and
moreover signicant part of ammonia desorbed above 300 �C.15

For the samples with lower aluminium content low temperature
maximum of ammonia desorption is located at temperatures
similar to that of the Ti-FER and Ti-ITQ-6 samples but signi-
cant amount of ammonia is desorbing above 300 �C.15 Thus, the
differences in the low-temperature activity of Ti- and Al-zeolites
in NH3-SCR are possibly related to different acid strength of
titanium and aluminium sites and therefore deferent range of
ammonia molecules desorption and possible re-adsorption and
activation on the Cu-sites.

Another question is related to the role of porous structure of
the zeolite samples in the NH3-SCR process. It was observed that
in the case of the microporous Ti-FER samples copper was
deposited mainly in the form of aggregated copper oxide
species. Copper cations present in an aqueous solution, used in
ion-exchange procedure, exist in the form of octahedral aqua
copper(II) complex, [Cu(H2O)6]

2+, with the size of about 0.57–
0.66 nm. Such complexes are too large to be accommodated into
the ferrierite channels (diameter of about 0.52 nm) and there-
fore are deported mainly on the outer surface of the zeolite
grains. Calcination of such samples possibly resulted in the
sintering of copper species loosely bounded to the zeolite
surface with the formation of aggregated copper oxide species.
On the other hand, interlayer spaces in the Ti-ITQ-6 samples are
large enough to accommodate octahedral aqua copper(II)
complexes. Possibly the main driving forces of copper species
deposition are coulombic interactions of octahedral aqua cop-
per(II) complexes and framework Ti3+ cations formed e.g. by
charge relocation (O2�Ti4+) / (O�Ti3+).33 However, the
comparison of copper loadings in the Cu-Ti-ITQ-6 samples and
the Si/Ti molar ratios in these zeolites (Table 1) shows that apart
10856 | RSC Adv., 2021, 11, 10847–10859
from coulombic interactions also other mechanisms of copper
species deposition cannot be excluded.

The NO conversion achieved at temperature of 250 �C over
various zeolitic catalysts active in the process of NH3-SCR are
compared in Table 2. As it can be seen the most active catalyst
from our studies, Cu-Ti-ITQ-6, belongs to the most effective low-
temperatures catalysts reported in literature.19,20 Of course, this
is only rough comparison because of signicantly different
catalytic test conditions, such as various gas hour space velocity
(GHSV) and composition of reaction mixture, as well as
different copper loadings and its deposited forms. However, it
seems that high dispersion of copper species deposited into the
zeolite with open porous structure is a very benecial for its
high activity in the low-temperature NH3-SCR process.

For the most active catalyst, Cu-Ti-ITQ-6-100, additional
isothermal stability test with the periodical exchange from dry
(gas mixture of the same composition as in polythermal tests) to
wet (reaction mixture with addition of 3.5 vol% of water vapour)
reactionmixture was done (Fig. 10). For the rst 1 h of the test in
a ow of dry reaction mixture at 250 �C, the NO conversion and
selectivity to N2 was on the stable level of about 93–94% and
96.5%, respectively. Exchange from dry to wet reaction mixture
aer rst hour of the test resulted in a drop in the NO conver-
sion to 92% and during next hour to 86.5%. Exchange for wet to
Fig. 10 Results of NH3-SCR isothermal (250 �C) stability test for Cu-
Ti-ITQ-6-100 catalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Results of NH3-TPD profiles obtained for the Cu-Ti-ITQ-6-
100 sample with and without pre-treatment with water vapour prior to
the ammonia adsorption.
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dry reaction mixture caused an increase of the NO conversion to
the level about 90%. Similar effects were observed during the
subsequent changes from dry to wet and then from wet to dry
reaction mixture. The nal level of the NO conversion was about
85.5%, so decreased by about 8% in comparison to the initial
conversion level. The selectivity to nitrogen increased by about
1.5–2.0% in a ow of wet reaction mixture. Probably, the main
reason of the decreased NO conversion observed in the ow of
wet reaction mixture is competitive adsorption of ammonia and
water molecules on these same surface sites, possibly copper
cations. To verify this hypothesis additional NH3-TPD studies
for the sample pre-treated with water vapour were done. In this
case, the Cu-Ti-ITQ-6-100 catalyst was saturated in a ow of
water vapor (3.5 vol%) in helium (20 mL min�1) for 30 min and
then NH3-TPD run was done (under this same conditions as in
earlier presented studies). As it was shown in Fig. 11 the
ammonia desorption prole obtained for the sample pre-
Fig. 12 Results of AMOx catalytic tests for copper modified Ti-FER (A) a

© 2021 The Author(s). Published by the Royal Society of Chemistry
treated with water vapour is signicantly less intensive
comparing to the prole of this same catalyst but without pre-
treatment with water vapour. Thus, under condition of the
catalytic tests with the wet reaction mixture part of acid sites,
which are possibly also active sites of NH3-SCR, is blocked by
adsorbed water molecules. Of course, it resulted in the
decreased NO conversion, what was observed in our studies
(Fig. 9). Water molecules possibly also blocked some sites active
in ammonia oxidation to N2O and therefore increased selec-
tivity to N2.

The efficiency of the NH3-SCR process is limited from the
side of higher temperatures by the side reaction of direct
ammonia oxidation (AMOx). The results of ammonia oxidation
in the presence of Cu-Ti-FER and Cu-Ti-ITQ-6 catalysts as well as
selected zeolites non-modied with copper, as reference cata-
lysts, are shown in Fig. 12. The zeolitic samples non-modied
with copper presented only very poor catalytic activity in
ammonia oxidation process (Fig. 12A and B). Deposition of
copper very signicantly activate zeolites in the AMOx process,
indicating that copper species are responsible for their activity
in this reaction. Ammonia oxidation started over Cu-Ti-FER
(Fig. 12A) and Cu-Ti-ITQ-6 (Fig. 12B) catalysts at about 275
and 225 �C, respectively. Assuming that the form of deposited
copper determines catalytic activity of the studied samples it
could be supposed that monomeric copper cations, present in
the series of Cu-Ti-ITQ-6 catalysts, are more catalytically active
in ammonia oxidation than aggregated copper oxide species,
dominating in the Cu-Ti-FER samples (cf. Fig. 5B). This
hypothesis is supported by the slightly higher catalytic activity
of Cu-Ti-FER-25 in the AMOx process than the other samples of
this series (Fig. 12A). This difference is possibly assigned to the
presence of monomeric copper cations in Cu-Ti-FER-25, what
was shown by UV-vis-DRS analysis (Fig. 5B). The decrease of the
NO conversion due to direct ammonia oxidation in the NH3-SCR
process stared from about 300 �C (Fig. 9), while ammonia
oxidation in the absence of NO started at about 225–275 �C
(Fig. 12). Thus, the reduction of NO with ammonia is
nd Ti-ITQ-6 (B) catalysts.

RSC Adv., 2021, 11, 10847–10859 | 10857
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Fig. 13 Results of catalytic NO to NO2 oxidation in the presence of
copper modified Ti-FER and Ti-ITQ-6 catalysts.
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preferential over direct ammonia oxidation at temperatures
below 300 �C.

Low-temperature NH3-SCR is oen assigned to so called fast-
SCR, which can be described by the reaction: 2NH3 + NO + NO2

/ 2N2 + 3H2O. NO2, which is needed for this reaction, can be
formed by oxidation of NO (2NO + O2 / 2NO2). Thus, the
effective catalysts for low-temperature NH3-SCR should be also
active in the NO to NO2 oxidation. The results of the NO to NO2

oxidation in the presence of the studied catalysts are shown in
Fig. 13. The normalized intensity of the FTIR band at 1593 cm�1

was used for the analysis of NO2 formation. The NO2 evolution
started at about 220 �C and increased to about 405 �C for the
series of Cu-Ti-FER catalysts. Decrease in efficiency of NO to
NO2 oxidation at higher temperatures is assigned to thermo-
dynamical restriction of this reaction.34 The oxidation of NO to
NO2 in the presence of Cu-Ti-ITQ-6 started at about 145 �C, so at
temperature lower by 75 �C than in the case of Cu-Ti-FER
catalysts. The maximum of NO2 evolution for the Cu-Ti-ITQ-6-
50 and Cu-Ti-ITQ-6-100 samples is at about 370 �C, while for
Cu-Ti-ITQ-6-25 at about 385 �C. The maximal NO to NO2

conversions, determined from the normalized intensity of
1912 cm�1 band (characteristic of NO), are about 20–27% for
Cu-Ti-FER catalysts, 34% for Cu-Ti-ITQ-6-25 and about 48% for
both Cu-Ti-ITQ-6-50 and Cu-Ti-ITQ-6-100. The catalytic activity
of the studied zeolitic samples in the NO to NO2 oxidation
(Fig. 13) correlates very well with the low-temperature activity of
these catalysts in NH3-SCR (Fig. 9). Oxidation of NO to NO2

started at lower temperatures in the presence of Cu-Ti-ITQ-6
catalysts, which presented better activity in low-temperature
NH3-SCR than Cu-Ti-FER catalysts. The Cu-ITQ-6-25 sample,
that was the least active in the series of Cu-ITQ-6 catalysts, was
also the least active in the NO to NO2 oxidation in this group of
the samples. Thus, it seems that the NO to NO2 oxidation plays
an important role in the activation of the low-temperature NOx

conversion over the studied catalysts. Comparison of the results
of UV-vis-DRS studies (Fig. 5B) and NO to NO2 oxidation
(Fig. 13) suggests that monomeric copper cations are more
catalytically active in NO oxidation than aggregated copper
10858 | RSC Adv., 2021, 11, 10847–10859
oxide species. Similar conclusion was reported by Shan et al. for
Cu-SSZ-13 35 and Liu et al. for ZSM-5/SAPO-34 composite cata-
lysts.36 Moreover, it was shown that NO2 can be adsorbed and
therefore also stabilized on the zeolite surface or may dispro-
portionate (2NO2 / NO+ + NO3

�) with the formation of nitrosyl
and nitrate species.35,36 Important role of titanium in stabiliza-
tion of NO2 was also reported in literature. Raj et al.21 suggested
that the NO2 molecules can be attached to the surface ^Ti–O�

groups with the formation of surface nitrates, which can easily
react with ammonia. On the other hand, it was postulated by Raj
et al.21 and Roberge et al.37 that reaction of ammonia with such
surface nitrates results in reduction of Ti4+ cations to Ti3+,
which could be active sites in the NH3-SCR reaction.

Conclusions

Copper modied titanium-ferrierites (Ti-FER) and their
delaminated forms (Ti-ITQ-6) presented very promising cata-
lytic activity in the low-temperatures NH3-SCR process. Depo-
sition of copper into the Ti-FER samples resulted mainly in
aggregated copper oxide species, while copper in the Ti-ITQ-6
catalysts was present mainly in the form of monomeric
cations. This difference in deposited copper species has been
attributed to a very limited mobility of octahedral aqua cop-
per(II) complexes in micropores of titanium ferrierites during
ion-exchange process and, on the other side, no such internal
diffusion limitations in the case of much larger interlayer pores
in delaminated Ti-ITQ-6. Different forms of deposited copper
species resulted in different properties of the catalysts in the
NH3-SCR process. Monomeric copper cations were found to be
more effective in the low temperature NO conversion comparing
to the more aggregated copper oxide species. The studies of the
NO to NO2 oxidation showed higher activity of monomeric
copper cations in this reaction, proving that fast SCR reaction
plays an important role in the low-temperature nitrogen oxides
reduction with ammonia. It is postulated that dispersed copper
species, active in NO to NO2 oxidation, determines activity of the
studied catalysts in the low temperature NH3-SCR process. The
selectivity to nitrogen in the NH3-SCR process, both for the Cu-
Ti-FER and Cu-Ti-ITQ-6 catalysts, was above 94% in the studied
temperature range. Moreover, the Cu-Ti-ITQ-6-100 catalyst, that
was found to be the most active in the standard catalytic test,
presented relatively good catalytic stability in the ow of dry and
wet reaction mixtures. Comparison of the Cu-Ti-ITQ-6-100
catalyst with other very active copper modied zeolites re-
ported in scientic literature shows its great potential in the
low-temperature NH3-SCR process.
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