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Characteristics analysis of hybrid ZSM-5 zeolite catalyst with nano La,;Zr,07 for
ammonia-selective catalytic reduction (NH3-SCR) of NOy
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The characteristical effects of ZSM-5 by doping La,Zr,O; nanoparticle was investigated
based on the application of ammonia-selective catalytic reduction (NH;-SCR). The hybrid
ZSM-5 zeolite catalyst was synthesized by the Ion exchange and wet impregnation method
to develop Cu-ZSM-5 and 5%, 10%, & 15% of La,Zr,0; based Cu-ZSM-5. The
characterization of hybrid catalyst was analysed by XRD, SEM, XPS, BET, FT-IR, & UV-
Vis. From the analysis of the characteristics, La,Zr,0; doped Cu-ZSM-5 hybrid zeolite
catalyst exhibits excellent properties towards the application of ammonia-selective
catalytic reduction (NH;-SCR) for the reduction of oxides of nitrogen to achieve EURO
VI norms.
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1. Introduction

A slew of environmental problems arises due to the increased usage of stationary and
mobile vehicles emitting a huge amount of NO, (X = 1,2), which doesn’t satisfy EURO VI norms
[1]-[3]. To achieve norms and to reduce slay of environmental problems, several researchers
developed technology for NO, disposal has been developed as selective and non-selective catalytic
reduction, and selective non-catalytic reduction, and photocatalysis, among SCR with NH; as a
reducing agent has promising results for reduction of NO, due to broadened operating temperature
window with high selectivity of N, [4]-[6].

In recent decades iron and copper doped zeolites (Cu-Z & Fe-Z) have attracted much
interest as a catalyst for reducing NO, in post-treatment technology. But, Fe-Z was not appreciable
for a low operating temperature window than Cu-Z because Cu®" occupies the ellipsoidal cavity in
the zeolite structure [7]. In addition, the preparation method also plays a vital role as ion exchange
of Cu in H-ZSM zeolite has a greater number of isolated Cu ions than precipitation of Cu in H-
ZSM. Alonhighlyu-ZSM-5 catalyst was highly influenced towards NH;-SCR activity due to
increased pair of Cu®" concentration and specific activity because Cu’" species acts as an active
species for NH3;-SCR activity [8].

CeO; has recently received much prominence because of its storage capacity of oxygen
and outstanding reduction-oxidation characteristics [9]. Ce-catalysts' NO, conversion displays over
90% NOy reduction when utilized as supports or promoters, and active species at temperatures
ranging from 250 to 450°C. This catalytic system, however, is extremely vulnerable to SO,
poisoning. Cerium oxygen species on the surface unavoidably combine with sulfur dioxide to
create Cey(SO,4); or Ce(S0y),, explains why the catalysts have decreased activity during the SO,
deactivation phase and is the most significant barrier to the industrialisation of CeO,-based
catalysts in SCR systems [10], [11]. But the combination of Cr and CeO, in ZSM-5 zeolite may
provide a broad window of operating temperature, and improved SO, resistance due to the variety
of chromium oxidation states such as Cr(VI) and Cr(Ill), providing an interaction with acidic
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strength of ZSM-5 to increase the NH;-SCR activity against CH;SH [12], [13]. Similarly, as
reported previously, a variety of Ce oxidation states Ce(IV), and Ce(IlI) entailed a reversible redox
cycle which is beneficial against CH;SH activity. So, chromium species will promote catalytic
activity due to its high redox characteristics of Cr(VI) as an active site and stable structure of the
zeolite can be held by the addition of lanthanum, and it also generates more vacancies of oxygen
which helps for catalytic activity. Zr-based materials have some practical advantages, such as non-
toxicity, acidity, high-temperature phase stability, and redox characteristics [14], [15]. On the other
hand, these catalysts have either been evaluated using particle shape or assessed almost at low
GHSV of 10,000 h'. These settings are not feasible since the shape of the catalyst and the GHSV
characteristics are two of the most crucial influencing variables on NH;-SCR performance [16].
Because of its short diffusion distance, low-pressure drop, and huge geometric surface area,
monolith catalysts are typically more proximate to actual application. As a result, it is vital to build
monolithic acidic zirconium-based composite oxide catalysts with hydrothermal stability and high
resistance to space velocity [17]. Recent research has demonstrated the feasibility of using REE
compounds in the catalyst composition [18].

We now investigate the characteristical effects of lanthanum zirconate (La,Zr,0;) over the
doping of Cu-ZSM-5, a hybrid zeolite catalyst for ammonia-selective catalytic reduction (NH;-
SCR) of NO, by XRD, SEM, XPS, BET, FT-IR, & UV-Vis.

2. Catalyst preparation

The chemical ion exchange method and wet impregnation method were used to prepare a
hybrid ZSM-5 zeolite catalyst. Cupric nitrate was used as a precursor for Cu species, and ZSM-5
zeolite, Lanthanum oxide (La203), Zirconium (ZrO2) was purchased from ZR catalyst, Rare Earth
India, and Loba chemicals, respectively. Lanthanum Zirconate (La,Zr,0;) was synthesized by the
molten salt method with a molar ratio of 1:2 between La,05:ZrO, [19].

Initially, the ion exchange process was done to synthesize Cu-ZSM-5 catalyst by 0.02M of
320mL solution with constant stirring for a day, and then filtered and washed with deionized water
and kept at 110°C for drying a day to ensure the complete ion exchange of Cu in ZSM-5, the
process is repeated and final sample as Cu-ZSM-5 zeolite catalyst. Then, wet impregnation of
La,Zr,07 and Cu-ZSM-5 zeolite catalyst began at a wt.% of 5, 10, and 15 between them. Cu-ZSM-
5 and La,Zr,0; dispersed on ethanol separately and sonicated for 30mins and mixed for sonication
of 90 mins along with magnetic stirring for 90mins. After this, they were kept for drying at 120°C
for 150 mins and then allowed to dry at room temperature overnight. The prepared catalyst was
kept for calcination at a temperature of 500°C for 4hrs and cooled to room temperature. Prepared
catalyst was crushed and sieved for further experimentation purposes as mentioned as
5La,Zr,0,/Cu-ZSM-5, 10La,Zr,0,/Cu-ZSM-5, & 15La,Zr,0,/Cu-ZSM-5 for 5, 10, & 15 wt.% of
La,Zr,0;and Cu-ZSM-5.

3. Catalyst characterization

The wet-impregnation catalyst was characterised using the following techniques: an
ASAP2020 physical absorber was used to assess pore diameter, pore volume, and Brunauer-
Emmett-Teller (BET) surface area. X-ray diffraction (XRD) and scanning electron microscopy
(SEM) were utilised to describe XRD spectra obtained using Cu K, radiation at 40 mA and 45 kV
with a scanning angle (20) of 5° - 90°, as well as dispersion and morphological features of the
catalyst. Using Al K, radiation in X-ray photoelectron spectroscopy, catalysts were evaluated for
their chemical state and elemental composition (XPS). The functional group and absorbance of the
catalyst were determined using FT-IR (PerkinElmer Spectrum Two) and UV-Vis spectroscopy
(JASCO V-780) over a range of 4000 - 400 cm™ with a resolution of 1cm™ and 1100 - 200nm with
a precision of -0.2nm.
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4. Results and discussion

4.1 XRD analysis

Zeolite and its hybrid catalyst are analyzed for crystallinity and purity of its phases using
X-ray diffraction spectrometer analysis given in fig.1. From fig.1 indicating that diffraction peaks
of typical MFI ZSM-5 zeolite 20 = 22.5°, 24.0°, & 29.8° were observed in ZSM-5 pattern [5],
[20]. As the ion exchange process of Cu was done, the intensity of peaks gets reduced due to the
ion exchange of Cu, indicating that the molar ratio of SAR decreases [21]. The diffraction pattern
of La,Zr,0; was observed in a hybrid catalyst with no formation of hydrates and impurities. Still,
MFI ZSM-5 peak intensity gets reduced due to doping of La,Zr,05, indicating pattern reduction of
SAR ratio. In 20 = 35° to 45°, the diffraction peaks of La,Zr,O; match the ICDD pattern (ICDD:
09-8441) [19]. As the doping percentage of La,Zr,O; increases, their respective peaks' intensity
increases. As a result, the impure phase was not detected, indicating its crystallinity nature and
phase purity of the sample. All samples exhibit pure MFI ZSM-5 peaks, and all hybrid zeolites
exhibit La,Zr,O; peaks proportional as the percentage increases its intensity.
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Fig. 1. XRD pattern of ZSM-5 and its hybrid catalyst.

4.2. SEM analysis

The morphological characteristics of ZSM-5, Cu-ZSM-5, and La,Zr,0,/Cu-ZSM-5 were
shown in fig.2. Fig 2 a) shows the morphology of ZSM-5, which exhibits cubic structure and as
doping of Cu i.e., Cu®" ion over ZSM-5 exhibits as a same cubic structure without any high
modification in its morphology which shows Cu doping doesn’t ZSM-5 crystalline structure and
stability shown in fig.2 b). Fig.2c) shows the morphology of La,Zr,O; nanoparticles, exhibiting
both irregular and regular polyhedral structures. The particle size is directly influenced by the
growth mechanism [19]. The morphology of the hybrid catalyst La,Zr,07/Cu-ZSM-5 is shown in
Fig.2 d), which exhibits both cubic and regular & irregular polyhedral shapes. It indicates that all
the species, such as Cu and La,Zr,0; were well dispersed over the ZSM-5 zeolite. Fig.2 indicates
that there is no formation of agglomeration and ZSM-5 structure exhibited in all the catalysts i.e.
in Cu-ZSM-5 and La,Zr,0,/Cu-ZSM-5.



Fig. 2. SEM images of a) ZSM-5, b) Cu-ZSM, ¢) La,Zr,0;, & d) La,Zr,0,/Cu-ZSM-5 catalyst.

4.3. BET analysis

Zeolite and hybrid zeolite catalyst analysis for pore volume, pore size, and surface area
shown in table 1. The BET surface area of ZSM-5 zeolite was 415.231m?*/g. In addition of Cu
species over ZSM-5 zeolite, the surface area gets reduced without affecting crystallinity to
illustrate the SCR activity. The surface area for hybrid zeolite catalyst was reduced inversely as the
percentage of doping of nanomaterial La,Zr,0O;. As increasing La,Zr,0; weight percentage with
ZSM-5 zeolite, the surface area gets reduced due to doping over the surface of ZSM-5. But, still,
the reduction of surface area was not influenced much by the catalytic activity of SCR [3], [6]
because catalytic activity was highly influenced by the strength of active sites and nature of active
sites, which can be influenced by doping of Cu, and La,Zr,0; over ZSM-5 to increase the activity
of SCR.

Table 1. Properties of catalyst.

Sample SgET Pore Volume | Average Pore Size
m’/g) | (cm¥/g) (nm)

ZSM-5 415.231 0.187 2.09

Cu-ZSM-5 349.721 0.133 2.11

5La,Zr,0,/ Cu-ZSM-5 | 271.414 0.109 2.19

10La,Zr,0;/ Cu-ZSM-5 | 268.635 0.104 2.23

15La,Zr,0;/ Cu-ZSM-5 | 259.263 0.101 2.25

4.4. FT-IR analysis
FT-IR spectra for both ZSM-5 and its hybrid zeolite catalyst were analysed to define its
functional groups shown in fig.3. From fig.3, a range 1100cm™ and 540cm™ refers to a typical MFI
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ZSM-5 [22] structure due to asymmetric vibration of stretching and bending of insensitive internal
tetrahedron. In contrast, characteristical band of MFI ZSM-5 at 620cm™ was observed in all the
catalyst prepared represents the degree of crystallinity [23]. Structure sensitive and insensitive
exterior and internal tetrahedron symmetric stretching vibrations are responsible for the band at
800 cm™. MFI ZSM-5 zeolite catalyst has sub nanocrystal in primary structure at 620cm™, which
is weak. For Cu-ZSM-5 catalyst, characteristic band intensity gets reduced than ZSM-5 due to
addition of Cu which influence in SAR ratio and then band in-between 2500-2000cm™ refers to
vibration of Zr-O due to stretching of C=C refers high stable Zr-O and band between 1500-
1000cm™ refers to La-O ionic vibrations due to bending band of C-H at 1481cm™. Finally, the
band < 1000cm™ refers to La-O-Zr because of the bending of C-H [19]. From these bands, hybrid
zeolite catalyst exhibits excellent crystallinity with no impure phase formation with ZSM-5 tends
to a wide application in SCR catalytic activity.
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Fig. 3. FT-IR spectra of ZSM-5 and its hybrid catalyst.

4.5. UV-Vis analysis

Absorbance spectra of UV-Vis for the catalyst ZSM-5, Cu-ZSM-5, and La,Zr,0,/Cu-
ZSM-5 were shown in fig.4. The band of adsorption as 210nm & 280nm refers to ZSM-5 zeolite
catalyst [24], [25]. The intensity of the ZMS-5 zeolite band gets reduced for Cu-ZSM-5 due to
doping of Cu species over the ZSM-5 catalyst. Initially, band can be assigned to isolated Cu®" ion
due to O to Cu transition in coordination with lattice oxygen, whereas later Cu*" ion is assigned to
d-d transition due to CuO crystalline distribution in an octahedral coordinate on the catalyst
surface [26]. When La,Zr,0; was added to Cu-ZSM-5, another band was observed.
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Fig. 4. UV-Vis spectra of ZSM-5 and its hybrid catalyst.
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The observed band at 300nm illustrates the presence of two groups La’” and Zr*", which is
more advantageous for SCR activity [27]. Similarly, the ZSM-5 absorbance band was observed in
La,Zr,0,/Cu-ZSM-5, which illustrate that lanthanum zirconate nanoparticle doesn’t affect the
crystalline structure of ZSM-5 zeolite and attributes to phase purity of ZSM-5 with well disperse
over the surface of Cu-ZSM-5 catalyst.

4.6. XPS analysis

The spectra of Cu*’, La*", and Zr*" doped on ZSM-5 catalyst were observed by XPS
spectra in fig.5. Fig.5 A) shows XPS spectra of Cu®" for Cu-ZSM-5 catalyst, which Cu®" exhibits
in two forms as Cu 2p3» & 2pi, with their bending energies of 932.5 & 952.3 eV respectively
[28]. Then fig.5 b) shows XPS spectra of La’" and Zr*" of La,Zr,0,/Cu-ZSM-5 catalyst. The
binding energy values for Zr 3ds, & 3d;, are 181.7 & 185.2 eV, respectively, in the Zr 3d
spectrum [29]. These findings show that Zr*" ions replace in the ZSM-5 catalyst structure. Peaks in
the La 3d spectrum have binding energies of 835 and 852 ¢V for La 3ds, and La 3d;.
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Fig. 5. XPS spectra of the hybrid catalyst a) Cu-ZSM-5, & b) La,Zr,0,/Cu-ZSM-5.
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According to the La 3d spectrum results, lanthanum resides in the +3 state in La’" doped
ZSM-5. Furthermore, when compared to the conventional XPS energy peak of La 3d in La,0;, the
peak for La 3d spectrum in La’" doped ZSM-5 shows a modest chemical shift to low binding
energy. When compared to pure La,O;, this is due to changes in the chemical environment of La*"
and the distance between lanthanum and oxygen [30]. Because of their high oxidation and
reduction properties, these existing states of catalyst Cu-ZSM-5 and La,Zr,0,/Cu-ZSM-5, such as
Cu*", La’", and Zr*" will have a greater influence on SCR catalytic activity [31].

5. Conclusion

The characteristics effects of hybrid catalyst such as Cu-ZSM-5 and La,Zr,0;/Cu-ZSM-5
was analysed with reference to ZSM-5 catalyst in which Cu-ZSM-5 was prepared by ion exchange
of Cu with ZSM-5 catalyst and La,Zr,0;/Cu-ZSM-5 catalyst was prepared by wet impregnation of
La,Zr,0; and Cu-ZSM-5 with wt.% of 5, 10, and 15%. The prepared catalyst was analysed by
XRD, SEM, BET, FT-IR, UV-Vis, and XPS characterization. As a result from characterization it
states that La,Zr,0,/Cu-ZSM-5 has wide application in ammonia-selective catalytic reduction
(NH3-SCR) activity due to high crystallinity nature with no impurities and agglomeration defined
by XRD pattern along with a high surface area of 259.263 m?/g, but still, the surface area was
reduced due to doping of cu, La, and Zr species over the parental ZSM-5 defined by BET analysis
but the surface area doesn’t affect NH;-SCR activity. In addition, FT-IR and UV-Vis define their
presence and functional group of doped species without any disturbance in the original structure
and presence of impure phase in ZSM-5, and finally XPS spectra state their ionic state in which
Cu®, La’", and Zr*" exhibits in the binding energies of 932.5 & 952.3 eV as Cu 2ps;, and Cu 2p,,,
835 & 852 eV as La 3ds;, and La 3d;5, and 181.7 & 185.2 eV as Zr 3ds;, and Zr 3d;, respectively
indicates La,Zr,0O,/Cu-ZSM-5 has high application in ammonia-selective catalytic reduction
(NH3-SCR) activity due to high redox property.
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