engineering
proceedings

Proceeding Paper

Preparation and Catalytic Study of Mn-NaX, Cu-NaX and
Ag-/AgNPs-NaX Zeolites *

Borislav Barbov 1*, Katerina Zaharieva 1, Petya Karakashkova 2, Hristo Penchev 3, Liliya Tsvetanova !

and Silvia Dimova 3

Citation: Barbov, B.; Zaharieva, K_;
Karakashkova, P.; Penchev, H.;
Tsvetanova, L.; Dimova, S.
Preparation and Catalytic Study of
Mn-NaX, Cu-NaX and Ag-/AgNPs-
NaX Zeolites. Eng. Proc. 2023, 37, x.
https://doi.org/10.3390/xxxxx
Published: 17 May 2023

Copyright: © 2023 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC  BY) license
(https://creativecommons.org/license

s/by/4.0/).

1 Institute of Mineralogy and Crystallography “Akad. I. Kostov”, Bulgarian Academy of Sciences,
“Akad. G. Bonchev” St., Bl. 107, 1113 Sofia, Bulgaria; zaharieva@imc.bas.bg (K.Z.);
lilicvetanova79@abv.bg (L.T.)

2 Institute of Catalysis, Bulgarian Academy of Sciences, “Acad. G. Bonchev” St., Block 11, 1113 Sofia, Bulgaria;
petia.karakashkova@gmail.com

3 Institute of Polymers, Bulgarian Academy of Sciences, “Akad. G. Bonchev” St.,, BL.103A, 1113 Sofia, Bulgaria;

hpendev@gmail.com (H.P.); dimova@polymer.bas.bg (S5.D.)

Correspondence: barbov@imc.bas.bg

t Presented at the 2nd International Electronic Conference on Processes: Process Engineering —Current State
and Future Trends (ECP 2023), 17-31 May 2023; Available online: https://ecp2023.sciforum.net/.

Abstract: FAU-type zeolite NaX was successfully prepared using hydrothermal synthesis at 90 °C
for 6 h. The Mn and Cu ion exchanged NaX zeolites were obtained. After the ion exchange the zeolite
powders were thermally treated at 300 °C. As well as Ag ion exchanged zeolite NaX and zeolite
impregnated with two types of Ag nanoparticles dispersions—citrate surface stabilized (Cit@Ag
NPs) and polymer-stabilized (PVP@Ag) nanoparticles. Silver nanoparticles were synthesized by
electrochemical reduction method. The changes in phase and chemical composition and structure
of obtained zeolite powders before and after ion exchange or impregnation were investigated by
PXRD analysis, FTIR spectroscopy and XRF analysis. The results show that Mn, Cu-exchanged NaX
and impregnated with Ag demonstrated catalytic ability towards ozone decomposition in compar-
ison with pure zeolite (non-catalytic activity).
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1. Introduction

Zeolites are natural crystalline aluminosilicate materials, which possess porous and
regular structure formed by three-dimensional frameworks of SiOsand AlOs tetrahedra
[1]. Because of its large pore volume, appropriate ion exchange capability and well-de-
fined structure, the NaX zeolite find applications as ion-exchangers, absorbents and cata-
lysts [2-5].

The hydrothermal method is a liquid-phase technique used to produce high-quality
crystal materials, and its effects on the reaction parameters have been studied for the prep-
aration of FAU-type zeolites by various researcher groups [6]. These parameters include
the initial sources, molar Si/Al ratio, temperature and crystallization time [1,7-9].

The hydrothermal method was utilized to synthesize the FAU-type zeolite NaX in
this paper. Successful Mn, Cu, and Ag ion exchange of the NaX zeolites were achieved.
Additionally, two types of Ag nanoparticle dispersions, namely citrate surface stabilized
(Cit@Ag NDPs) and polymer stabilized (PVP@Ag), were used to impregnate the zeolite.
Powder X-ray diffraction (PXRD) analysis, Fourier transform infrared spectroscopy
(FTIR) and X-ray fluorescence (XRF) analysis were conducted to investigate changes in
the crystal phase, chemical composition and structure of the powders before and after ion
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exchange or impregnation. The catalytic ability of the produced samples was also exam-
ined in the ozone decomposition reaction.

2. Materials and Methods

For the synthesis of NaX zeolite the following synthesis steps were carried out. Solu-
tion 1 was prepared by dissolving of 6.53 g NaOH (Merck) and 3.17 g sodium aluminate
(Sigma Aldrich) in 78.5 mL distilled water until a clear solution was obtained. A second
solution (Solution 2) was prepared by dissolving of 4.3 g NaOH in 39.3 mL distilled water
and 0.8 g highly dispersed SiO2 (Merck). A third solution (Solution 3) was prepared by
mixing 4.2 g highly dispersed SiO: and 62.2 mL of Solution 1. The remaining of Solution
1 is mixed with Solution 2 obtaining a new solution (Solution 4). Solution 3 was trans-
ferred into a polypropylene bottle and was kept at room temperature for 20 h. Solution 4
was transferred into a polypropylene bottle and placed in an oven at 35 °C for 20 h. After
that Solution 3 and 26 mL distilled water were added to the warm Solution 4 to obtain
Solution 5 with resultant molar composition was 9.5Na20:55i02:A1203:480H:0. The hy-
drothermal synthesis using Solution 5 was carried out at 90 °C for 6 h in closed polypro-
pylene vessel. Finally, the polypropylene bottle was cooled with tap water to room tem-
perature, the precipitate was filtered and washed several times with distilled water until
pH~7 was achieved. After drying at 90 °C for 1 h the precipitate was collected from the
filter paper.

The ion-exchanged forms of synthesized NaX zeolite were obtained by the following
procedure: 100 mL aqueous solutions of 0.4 M MnClz (Valerus Co), 0.05 M CuClz (Valerus
Co) or 0.05 M AgNO:s (Sigma-Aldrich) were added to 2.5g zeolite. The mixtures were
stirred on a magnetic stirrer. The copper and manganese ion exchange process was per-
formed for 4 h at 40 °C and silver exchange for 5 h at 50 °C. The obtained precipitates were
filtered and washed several times with distilled water until neutral pH. The prepared cop-
per and manganese exchanged NaX zeolites (Cu-NaX, Mn-NaX) were dried at 120 °C for
1 h and then activated for 4 h at 300 °C in ambient atmosphere. The silver exchanged
zeolite (Ag-NaX) was dried at 50 °C for 2 h.

The synthesized NaX zeolite was also impregnated with two types of Ag nanoparti-
cles dispersions—citrate surface stabilized (Cit@Ag NPs) and poly(vinyl pyrrolidone), sta-
bilized (PVP@Ag NPs) nanoparticles. Silver nanoparticles were synthesized by electro-
chemical reduction method. The impregnation of synthesized FAU-type zeolite NaX was
performed by stirring 2 g zeolite and 30 mL AgNPs colloidal dispersion (400 ppm) for 5 h
at 50 °C using a magnetic stirrer. After that Ag impregnated NaX zeolite was filter washed
several times with distilled water until neutral reaction and dried for 2 h at 50 °C.

The prepared samples were characterized by PXRD analysis, FTIR spectroscopy and
XRF analysis. The PXRD analysis was carried out on a X-ray powder diffractometer “Em-
pyrean” within the range of 20 values between 4° and 70° using Cu Ka radiation (A =
0.154060 nm) at 40 kV and 30 mA. FTIR spectra were taken on a Bruker Tensor 37 spec-
trometer in the region 4000-400 cm™!, using KBr pellet technique. The XRF analyses were
performed by Supermini 200 spectrometer-Rigaku, Japan.

The ozone conversion has been studied by monitoring of change on the ozone con-
centration. The experiment was carried out in tubular glass reactor filled with 0.15 g cata-
lyst. Ozone was obtained by passing dried oxygen (99.99%) through a 4-9 kV discharge
in a self-made design, tubular type of ozone generator. An ozone-oxygen mixture with
inlet ozone concentration within 6000 ppm was passed through the reactor at a flow rate
of about 6.0 Lh™! at ambient temperature. The ozone concentration at the reactor inlet and
outlet were measured spectrophotometrically by BMT model 964 ozone analyzer.

3. Results and Discussion

Powder X-ray diffractograms of the synthesized zeolite samples are shown on Figure
1. The PXRD results determined that initially synthesized zeolite powder is crystalline
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and all the recorded diffraction positions correspond to the NaX zeolite (Ref.Code 00-038-
0237) e.g., the initial powder is pure NaX. The powder diffraction data do not detect sig-
nificant changes for registered positions of the diffraction peaks between the pure NaX
zeolite, ion exchanged Mn-NaX, Ag-NaX or Cu-NaX and Ag NPs impregnated zeolite
powders. This fact suggests that the zeolite structure is preserved after ion-exchange pro-
cess and impregnation. On the other hand, a decrease in the intensity of peaks after ion
exchange process with Mn?, Ag* and Cu?* ions is observed. Similar changes in intensities
of characteristic peaks of FAU-type zeolites are also registered by [10,11]. The additional
reflexes associated with the copper chloride hydrate (Ref.Code 01-074-1052) is registered
in nonthermally treated Cu ion exchanged NaX zeolite. After activation procedure the
CuClz(H20)2 phase disappeared.
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Figure 1. PXRD patterns of (A) NaX zeolite; ion-exchanged zeolites: (B) Cu-NaX, (C) Mn-NaX, (D)
Ag-NaX and (E) Cit@Ag NPs-NaX, (F) PVP@Ag NPs-NaX; thermally treated ion-exchanged zeolites:
(G) Cu-NaX and (H) Mn-NaX zeolites. ® NaX Ref.Code 00-038-0237, ¢ CuCl2 (H20)2 Ref.Code 01-
074-1052.

The results obtained from XRF analysis are presented in Table 1. The content of cop-
per, manganese or silver in the ion-exchanged and impregnated zeolite samples is regis-
tered. The Si/Al ratio in the prepared Cu, Mn or Ag ion-exchanged and Ag NPs impreg-
nated samples are similar with synthesized NaX zeolite.
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Table 1. Chemical composition of the Cu, Mn or Ag exchanged NaX zeolites and Ag impregnated
NaX zeolites determined by XRF analysis.

Sample Si/Al Si/Al Na Al Si Cu Mn Ag
Molar Ratio  Mass Ratio Mass % Mass % Mass % Mass % Mass % Mass %
NaX zeolite 1.77 1.84 16.49 29.22 53.91 - - -
Cu-NaX 141 1.48 5.10 25.39 37.46 29.62 - -
Mn-NaX 1.55 1.62 2.24 24.80 40.18 - 32.67 -
Ag-NaX 1.53 1.61 11.37 23.67 38.04 - - 26.85
Cit@Ag NPs-NaX 1.90 1.98 12.44 29.08 57.51 - - 0.53
PVP@Ag NPs-NaX 1.82 1.89 15.54 28.99 54.66 - - 0.52

Transmittance, (a.u.)

The FTIR spectra of the studied zeolite powders in the range 4000—400 cm™ are illus-
trated on the Figure 2. The pure NaX zeolite; Mn?, Ag* or Cu* exchanged zeolites and Ag
NPs impregnated zeolite samples show similar FTIR spectra. The absorption bands at
wave numbers 3466-3408 cm™ and 1645-1639 cm™ are associated to the stretching vibra-
tions of the physically adsorbed water and bending modes of OH groups [8]. The peaks
located at 1002-983 cm™ and 462451 cm™! attributed to the T-O-T stretching vibrations
and T-O bending modes (T assign to Si or Al atom), respectively. The symmetric stretching
of O-T-O (external tetrahedra) are observed at 757-754 cm™. The absorption band posi-
tioned in the region 571-559 cm™ due to the vibrations of double six rings (D6R) in FAU
type zeolites [12].
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Figure 2. FTIR spectra of (A) NaX zeolite; ion-exchanged zeolites: (B) Cu-NaX, (C) Mn-NaX, (D) Ag-
NaX and (E) Cit@eAg NPs-NaX, (F) PVP@Ag NPs-NaX; thermally treated ion-exchanged zeolites:
(G) Cu-NaX and (H) Mn-NaX zeolites.

The data obtained by PXRD and XRF analyses, FTIR spectroscopy are in agreement.
The obtained samples were tested for the catalytic efficiency in decomposing ozone
at ambient temperature. As shown in Figure 3 the time-conversion degree dependence
has been measured in the course of 60 min time interval over the studied samples. The
activity of the catalysts was calculated on the basis of the following equation:
G-
O,conversion = c x100% 1)
0

where Co and C are inlet and outlet concentrations of ozone, respectively.
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Figure 3. Ozone conversion reaction over Mn or Cu exchanged NaX and Cit@Ag NPs-NaX zeolite
catalysts.

The samples exhibit different activities toward ozone decomposition (17-65%). It can
be seen that a conversion degree of about 65% over Mn-NaX zeolite was achieved after 7
min, and then decrease was observed. It has to be noted that catalyst Mn-NaX zeolite pos-
sesses higher activity in ozone decomposition than the others zeolite catalysts loaded Ag
and Cu. The pure NaX zeolite has no catalytic ability. The similar results about ozone
conversion degree using ion-exchanged natural clinoptilolite zeolite catalysts with Mn
and Cu were determined by Boevski et al. [13]. The citrate stabilized Cit@AgNPs-NaX
demonstrates the higher catalytic activity in comparison with Ag exchanged NaX,
PVP@Ag NPs-NaX zeolites. The possible reason for this could be the active surface of na-
tive silver nanoparticles which is not partially passivated by surface coordination of PVP
macromolecules.

4. Conclusions

The preparation of Cu, Mn or Ag ion-exchanged and AgNPs surface impregnated
hybrids of hydrothermally synthesized NaX zeolites were successfully obtained. The
highest conversion degree of ozone was achieved using Mn-loaded NaX zeolite. The bet-
ter adsorption ability and active surface of Ag NPs was achieved by using high effective
electrochemical method. The prepared NaX zeolite impregnated with Ag NPs possesses
the higher catalytic ability towards ozone decomposition than that of Ag ion-exchanged
zeolite.

Author Contributions: Conceptualization, K.Z., B.B. and H.P..; methodology, K.Z, B.B. and H.P,;
validation, K.Z., H.P. and B.B.; formal analysis, L.T. and B.B.; investigation, B.B., K.Z., P.K. and H.P.;
data curation, K.Z., B.B. and P.K.; writing —original draft preparation, K.Z., B.B., P.K. and H.P.; writ-
ing—review and editing, K.Z., B.B. and H.P.; visualization, K.Z., B.B. and S.D.; supervision, K.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable

Data Availability Statement: Data are included in the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

1. Zhang, X; Tang, D.; Zhang, M.; Yang, R. Synthesis of NaX zeolite: Influence of crystallization time, temperature and batch
molar ratio SiO2/Al:Os on the particulate properties of zeolite crystals. Powder Technol. 2013, 235, 322-328.
https://doi.org/10.1016/j.powtec.2012.10.046.



Eng. Proc. 2023, 37, x FOR PEER REVIEW 6 of 6

10.

11.

12.

13.

Al-Jubouri, S.M.; Al-Batty, S.I; Senthilnathan, S.; Sihanonth, N.; Sanglura, L.; Shan, H.; Holmes, S.M. Utilizing Faujasite-type
zeolites prepared from waste aluminum foil for competitive ion-exchange to remove heavy metals from simulated wastewater.
Desalin Water Treat. 2021, 231, 166-181. https://doi.org/10.5004/dwt.2021.27461.

Shakur, H.R.; Rezaee Ebrahim Saraee, Kh.; Abdi, M.R.; Azimi, G. Selective removal of uranium ions from contaminated waters
using modified-X nanozeolite. Appl. Radiat. Isot. 2016, 118, 43-55. https://doi.org/10.1016/j.apradiso.2016.08.022.

Beauchet, R.; Magnoux, P.; Mijoin, J. Catalytic oxidation of volatile organic compounds (VOCs) mixture (isopropanol/o-xylene)
on zeolite catalysts. Catal. Today 2007, 124, 118-123. https://doi.org/10.1016/j.cattod.2007.03.030.

Zhang, X.; Tong, D.Q.; Zhao, J.J.; Li, X.Y. Synthesis of NaX zeolite at room temperature and its characterization. Mater. Lett.
2013, 104, 80-83. https://doi.org/10.1016/j.matlet.2013.03.131.

Shen, S.-h.; Zhang, S.-g.; Wang, D.-w.; Fang, K.-m. Hydrothermal preparation and crystal habit of X-zeolite powder. J. Cent.
South Univ. Technol. 2005, 12, 315-319.

Ansari, M.; Aroujalian, A.; Raisi, A.; Dabir, B.; Fathizadeh, M. Preparation and characterization of nano-NaX zeolite by micro-
wave assisted hydrothermal method. Adv Powder Technol. 2014, 25, 722-727. https://doi.org/10.1016/j.apt.2013.10.021.

Anbia, M.; Bandarchian, F. Optimization of nanocrystals NaX zeolite synthesis with different silica sources. J. Appl. Chem. Res.
2015, 9, 71-80.

Ahmadon, A.; Mohd Nazir, L.S.; Yeong, Y.F.; Sabdin, S. Formation of pure NaX zeolite: Effect of ageing and hydrothermal
synthesis parameters. IOP Conf. Ser. Mater. Sci. Eng. 2018, 458, 012002. https://doi.org/10.1088/1757-899X/458/1/012002.
Mokrzycki, J.; Fedyna, M.; Marzec, M.; Szerement, J.; Panek, R.; Klimek, A.; Bajda, T.; Mierzwa-Hersztek, M. Copper ion-ex-
changed zeolite X from fly ash as an efficient adsorbent of phosphate ions from aqueous solutions. |. Environ. Chem. Eng. 2022,
10, 108567. https://doi.org/10.1016/j.jece.2022.108567.

Kulawong, S.; Artkla, R.; Sriprapakhan, P.; Maneechot, P. Biogas purification by adsorption of hydrogen sulphide on NaX and
Ag-exchanged NaX zeolites. Biomass Bioenergy 2022, 159, 106417. https://doi.org/10.1016/j.biombioe.2022.106417.

Yao, G; Lei, ].; Zhang, X.; Sun, Z.; Zheng, S.; Komarneni, S. Mechanism of zeolite X crystallization from diatomite. Mater. Res.
Bull. 2018, 107, 132-138. https://doi.org/10.1016/j.materresbull.2018.07.021.

Boevski, I; Genov, K.; Boevska, N.; Nikolov, P.; Sarker, D.K. Low temperature ozone decomposition on Cu?, Zn?* and Mn?*-
exchanged clinoptilolite. C. R. Acad. Bulg. Sci. 2011, 64, 33-38.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



