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CONFERENCE PROGRAM
 

 

 
Polish Zeolite Association 

 
XXIII Zeolite Forum 

Niepołomice, June 21-25, 2022 
 
 

 

21.06.2022 
Tuesday 

  

   

16.00-18.00  Registration 

18.00-19.00  Dinner 

   

19.15-20.30  SESSION 1 
19.15-19.30  Conference opening  

19.30-20.30 PL1 Plenary Lecture:  
Roger Gläser 
Utilizing Zeolitic Catalysts with Complex Hierarchical 
Pore Systems for Valorization of Renewable Resources 

   
22.06.2022 
Wednesday 

  

   

7.30-9.00  Breakfast 

   

09.00-10.40  SESSION 2 
09.00-10.00 PL2 Plenary Lecture: 

Joeri Denayer 
Ferromagnetic zeolite composites for Inductive Heating 
Thermal Swing Adsorption 
 

10.00-10.20 OP1 K. Kałahurska, W. Pajerski, A. Kotarba, M. Kubů, Y. Zhang, M. 
Mazur, J. Přech, G. Jajko, W. Makowski, W. J. Roth,  
Barbara Gil 
Platinum nanoparticles supported on zeolite MWW 

nanosheets prepared via homogeneous 

solution route 

 
10:20-10:40 OP2 Jolanta Kowalska-Kuś, A. Held, A. Jankowska, K. Nowińska 

Acetalization of crude glycerol with acetone on zeolites  in a 

continuous-flow process 

 

10.40-11.00  Coffee break 
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11.00-12.50  SESSION 3 

11.00-11.20 OP3 Stanisław Dźwigaj 
Chemical Engineering of Metal Single-Site Zeolite for 

application in Heterogeneous Catalysis 

 
11.20-11.40 OP4 Małgorzata Rutkowska, W. Dubiel, A. Jankowska,  

Z. Piwowarska, A. Kowalczyk, K. Maćkosz, J. Kawałko,  
L. Chmielarz 
Zeolite spheres. Do they work better in catalysis? 

 

11.40-12.00 OP5 Aleksandra Jankowska, A. Kowalczyk, M. Rutkowska, M. 
Michalik, L. Chmielarz 

Silica and silica-alumina spherical MCM-41 modified with 

copper species by template ion-exchange (TIE) method as 

potential catalysts for low-temperature NH3-SCR process 

 

12.00-12.30 SP1 Anton Paar – presentation of products 

 

12.30-14.00  Lunch break 

   

14.00-15.00  SESSION 4 
14.00-14.20 OP6 Agata Tabero, A. Jankowska, A. Ostrowski, E. Janiszewska,  

A. Held, J. Kowalska-Kuś, S. Kowalak 
Proton conductivity of molecular sieve composites based on 

imidazole and KIT-6 mesoporous materials 

 
14.20-14.40 OP7 Ardian Nurwita, M. Trejda, P. Decyk, M. Ziółek 

The Impact of 3-(trihydroxysilyl)-1-propanesulfonic Acid 

Treatment on the State of Vanadium Incorporated on SBA-15 

Matrix  

 

14.40-15.00 OP8 Agnieszka Held, N. Biereśniewicz, J. Kowalska-Kuś,  
E. Janiszewska, K. Nowińska 
Epoxidation of propane with oxygen and/or nitrous oxide 

over silica-supported vanadium catalysts 

 

15.00-15.15  coffee break 

   

15.15-16.30  POSTER SESSION  
   

16.45-18.45  General Meeting of the Polish Zeolite Association 
19.30-22.30  Conference banquet  
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23.06.2022 
Thursday 

  

   

7.30-9.00  Breakfast 

 

09.00-10.40  SESSION 5  
9.00-10.00 PL3 Plenary lecture: 

Pascal D. C. Dietzel 
Structure-property relationships in open metal site 
MOFs 
 

10.00-10.20 OP9 Damian Jędrzejowski, D. Matoga  
Tetrazine click chemistry as a gentle method of covalent 

functionalization of metal-organic frameworks: JUK-20 case 

studies 

 

10.20-10.40 OP10 Andrzej Sławek, W. Makowski 
The Influence of Crystal Size and Framework Dynamics 

on Adsorption of n-Alkanes in ZIF-8 

 

10.40-11.10  coffee break 

 
11.10-12.30  SESSION 6 
11.10-11.30 OP11 Gabriela Jajko, P. Kozyra, W. Makowski 

Influence of structural defects in UiO-66 material and air 

humidity on adsorption of toluene as a model volatile organic 

compound 

 

11.30-11.50 OP12 Patrycja Gryta, G. Jajko, P. Kozyra, W. Makowski 
Application of quasi-equilibrated temperature programmed 

desorption and adsorption for studying the water adsorption 

properties and hydrothermal stability of MIL-96(Al) 

 

11.50-12.10 OP13 Magdalena Lupa, P. Kozyra, D. Matoga 
Inducing anhydrous and water-assisted high proton 

conductivity in metal-organic frameworks by 

mechanochemical approach  

 

12.10-12.30 OP14 Monika Szufla, A. Choroś, D. Matoga 
Incorporating pendant sulfonic groups into metal-organic 

frameworks using pre-assembly chlorosulfonation strategy 

 

12.30-14.30  lunch break 
   
14.30-16.00  SESSION 7 
14.30-15.00 SP2 MS Spektrum – presentation of products 
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15.00-15.20 OP15 Łukasz Kuterasiński, A. Wojtkiewicz, M. Sadowska,  
P. Żeliszewska, B. D. Napruszewska, M. Zimowska, M. Pytlik,  
A. Biessikirski  
On the role of faujasite in the production of ANFO-type 

explosives  

 

15.20-15.40 OP16 Małgorzata Smoliło-Utrata, K. Tarach, K. Samson,  
M. Gackowski, D. Rutkowska-Żbik, K. Góra-Marek 
Oxidative Dehydrogenation of Propane over Vanadium-

Containing Faujasite Zeolite. Spectroscopic approach to study 

vanadium sites in desilicated zeolite Y  

 

15.40-16.00 OP17 Adrian Walkowiak, Ł. Wolski, M. Ziółek  
Ferrocene-containing molecular sieves as effective 

heterogeneous photo-Fenton catalysts for ciprofloxacin 

removal from water 

 

16.30-18.30  "Sitkówka" Volleyball match 
19.00  Dinner (grill party) 
   
24.06.2022 
Friday 

  

   

7.30-9.00  Breakfast 

   

9.00-10.20  SESSION 8 
9.00-10.00 PL4 Plenary Lecture:  

Jiří Dědeček 
Enzymes inspired binuclear sites for activation of 
molecular oxygen and selective oxidation of 
hydrocarbons  
 

10.00-10.20 OP18 N. Sobuś, Izabela Czekaj 
Zeolites for levulinic acid production from lignocellulosic 

biomass 
 

10.20-10.40  coffee break 

   
10.40-11.40  SESSION 9 
10.40-11.00 OP19 Izabela Kurzydym, I. Czekaj 

Comparison of mechanisms of deNOx process on Cu-Fe 

bimetallic system with OH group on bridged oxygen in FAU 

and MFI zeolites - analysis of transformation energies and 

ionicity of individual stages 
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11.00-11.20 OP20 Monika Ciszewska, A. Węgrzyn, D. Cież, S. Skórkiewicz,  
P. Miśkowiec, A. Bereziartua Unanue 
Simultaneous analysis of multiple pharmaceuticals and their 

removal using mesoporous silica SBA-15 modified with 

organic functional groups 

 

11.20-11.40 OP21 Agnieszka Szymaszek-Wawryca, U. Díaz, B. Samojeden,  
M. Motak  
Comparison of the catalytic performance of modified natural 

and synthetic layered aluminosilicates in selective catalytic 

reduction of nitrogen oxides with ammonia 
12.00-13.00  Lunch 

13.00-18.30  Excursion to the Wiśnicz castle 
18.30-19.30  Dinner 

 

25.06.2022 
Saturday 

  

   

7.00-8.00  Breakfast 

   

 

 

 

Poster presentations: 
P01. A. Birczyński, Agnieszka M. Szymocha, W. Węglarz, Z. Lalowicz 

Acetone-d6 mobility in confinement of D-ZSM-5 structure: A deuteron NMR 

study 

P02. Wiktoria Dubiel, M. Rutkowska, Z. Piwowarska, A. Kowalczyk, K. Maćkosz,  
L. Chmielarz 

Modern zeolite materials of SiO2@ZSM-5 type as catalysts for the biofuel 

synthesis 

P03. Agnieszka Held, E. Janiszewska, M. Kot, M. Pietrowski, M. Zieliński 
Silica with specified acid properties as a suport of iridium catalyst for toluene 

hydrogenation 

P04. Izabela Czekaj, N. Sobuś 

Clinoptilolite as an adsorbent of odors in gastronomy and breeding 

P05. Aleksandra Pietraszek, A. Kowalczyk, Z. Piwowarska, M. Rutkowska, L. 

Chmielarz  

Catalytic functionalization of MCM-41, MCM-48 and HMS mesoporous silicas by 

TIE method - comparison studies 

P06. Jolanta Kowalska-Kuś, E. Janiszewska, A. Held, A. Jankowska, K. Nowińska 

Modified silicalite-1 as acid or base catalysts for management of glycerol 

P07. P. J. Jodłowski, G. Kurowski, Łukasz Kuterasiński, M. Sitarz, P. Jeleń, J. Jaśkowska,  
A. Kołodziej, A. Pajdak, Z. Majka, A. Boguszewska-Czubara 
On the Application of Defective UiO-66 structure type MOF to Prevent the Onset 

of Heart Defects 
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P08. K. Tarach, K. Góra-Marek, Małgorzata Smoliło-Utrata, J. Martínez Triguero, F. Rey 
Silver sites speciation assessment in operando UV-Vis and FT-IR studies 

P09. K. Tarach, O. Rogala, Małgorzata Smoliło-Utrata, K. Pyra, J. Martínez-Triguero, F. 
Rey, K. Góra-Marek 
Ethylene Oligomerization Over Zeolite Catalysts - Coke Nature Assessment by 

Spectroscopic and Chromatographic Methods 

P10. Mateusz Rozmyślak, Ł. Wolski 
Catalysts containing CeO2 and CePO4 – synthesis, characterization and 

application in the degradation of methylene blue 

P11. Sylwia Skórkiewicz, A. Węgrzyn, M. Ciszewska, W. Gierat, A. Katarzyńska, D. Majda, 
P. Miśkowiec, E. Cela 

Recyclability of hydrotalcite-derived adsorbents for removal of selected 

pharmaceuticals in column mode 

P12. Agnieszka Szymaszek-Wawryca, U. Díaz, B. Samojeden, M. Motak 

Catalytic performance of modified MCM-22 in selective catalytic reduction of 

nitrogen oxides with ammonia 

P13. Agata Tabero, A. Jankowska, E. Janiszewka, A. Ostrowski, A. Held, J. Kowalska-Kuś,  
S. Kowalak 

Proton conductivity of imidazole composites embedded in AFI structure 

P14. Karolina Charzewska, O. Surma, G. Moskal, A. Węgrzyn, D. Majda, M. Molenda,  
Cobalt free cathode active material for more sustainable and ethical energy 

storage materials 

P15. Dominik Strojewski, A. Krupa 

State of the art in the field of nano spray dried porous drugs 
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PLENARY LECTURES

Utilizing Zeolitic Catalysts with Complex Hierarchical Pore Systems 
for Valorization of Renewable Resources  

 
  Roger Gläser
 

Leipzig University, Institute of Chemical Technology, Linnéstraße 3, 04103 Leipzig, Germany, 

e-mail: roger.glaeser@uni-leipzig.de 

 

Nanoporous catalysts are applied in a broad range of chemical conversions. Often, however, low 

catalyst effectiveness factors may result, if mass-transfer limitations exist [1]. Additional pore systems 

with larger dimensions in the macro- and mesoporous range may help to increase accessibility and 

mass-transfer to and away from the catalytically active sites. This presentation will highlight two 

examples of nanoporous catalytic systems demonstrating the beneficial effect of an additional system 

with larger pores with respect to diffusion improvements for the valorization of renewable resources. 

The first example treats titanium silicalite-1 (TS-1) for the epoxidation of unsaturated fatty acid 

methyl esters (FAMEs) of biodiesel with H2O2. Catalytically active Ti sites with enhanced accessibility 

are obtained in nanocrystals of TS-1 with an additional mesopore system to alleviate transport 
hindrances [2,3]. Also, nanosheets and pillared TS-1 catalysts provide highly accessible Ti sites [4]. The 

combination of TS-1 crystals with activated carbon beads in composite catalysts is shown as another 

way to design active epoxidation catalysts. 

The second example deals with a bifunctional Pt/zeolite Y catalyst used for the aqueous-phase 

hydrogenation of biomass-derived levulinic acid (LA). When used under reaction conditions relevant 

for biomass upgrading (hot liquid water, elevated temperatures and pressure), zeolites often 

experience structural degradation and mass-transfer limitations. For improving the hydrothermal 

stability (and the catalytic activity), a simple La3+ cation exchange was employed [5]. Moreover, the 

introduction of an additional mesopore system (� 5 nm) mitigates the influence of internal mass-

transfer limitations of the bifunctional Pt/zeolite Y catalysts and thus enhances the catalytic activity of 

the hydrogenation of LA [6]. 

 

                 
 

Fig. 1. Epoxidation of methyl oleate as one FAME with hydrogen peroxide over TS-1-based nanosheets as 

catalysts with highly accessible active Ti sites (left) and sketch of introduction of  

mesopore system into zeolite Y for the aqueous-phase hydrogenation of LA (right). 

 
References  
[1] J. Kärger, M. Goepel, R. Gläser, in: "Nanotechnology in Catalysis ", B. Sels, M. Van de Voorde, eds., Ch. 13, 

Wiley-VCH, Weinheim (2017). 

[2] N. Wilde, M. Pelz, M.; S. Gebhardt, R. Gläser, R., Green Chem. Vol. (2015), 3378. 

[3] M. Dvoyashkin, N. Wilde, J. Haase, R. Gläser, RSC Advances 8 (2018) 38941. 

[4] N. Wilde, J. Přech, M. Pelz, J. Kubů, J. Čejka, R. Gläser, Catal. Sci. Technol. 6 (2016) 7280. 

[5] H.-T. Vu, M. Goepel, R. Gläser, RSC Advances 11 (2021) 5568. 

[6] H.-T. Vu, F.M. Harth, M. Goepel, N. Linares, J. García-Martínez, R. Gläser, Chem. Eng. J. 430 (2022) 132763.
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PLENARY LECTURES

Ferromagnetic adsorbent composites  
for Magnetic Induction Swing Adsorption 

 
Mohsen Gholami, Joeri F.M. Denayer 

 

Department of Chemical Engineering, Vrije Universiteit Brussel, 1050 Brussels, Belgium, 
joeri.denayer@vub.be 
 

Temperature Swing Adsorption (TSA) is a separation technology in which the adsorbent is 

regenerated by heating of the adsorbent. It is especially useful when the adsorbate is strongly 

adsorbed, such that it cannot be desorbed easily by a decrease in pressure, such as in Pressure or 

Vacuum Swing Adsorption (PSA and VSA). TSA is for example often applied in drying applications, 

where water is strongly adsorbed by a hydrophilic adsorbent, but also in CO2 capture, Vacuum 

Temperature Swing Adsorption (VTSA) is considered as an interesting technology.  

In most TSA processes, heat is supplied to the adsorbent via a preheated gas or with steam. As a 

result, the desorbing stream is diluted, resulting in a lower product purity in case the strongly 

adsorbed component is the product of interest. Therefore, alternative heating methods in which the 

adsorbent is directly heated, without the use of a purge gas, are of great interest. In Electrical Swing 

Adsorption (ESA) for example, an electrically conductive adsorbent is heated by the process of Joule 

heating, in which an electrical potential is applied to the monolithic adsorbent. More recently, the use 

of Microwave heating (Microwave Swing Adsorption, MSA) and Induction heating (Magnetic Induction 

Swing Adsorption, MISA) for adsorbent regeneration has attracted interest. These methods have the 

potential advantage that the product can be obtained at higher purity and that heat losses should be 

reduced. 

The principle of induction heating is that a high-frequency alternating magnetic field induces eddy 

currents inside a conductive material and changes the direction of aligned domains of the magnetic 

materials. These two phenomena cause a rise in temperature either due to ohmic resistance or by 

magnetic dissipation. As a result, not all adsorbent materials can be used in MISA. The material needs 

to possess ferromagnetic properties in order to allow heating by induction heating.  

In this work, we present the synthesis of hybrid materials for Magnetic Induction Swing 

Adsorption [1]. These composite materials consist of a binder, a ferromagnetic compound and an 

active adsorbent phase. These materials are evaluated in the separation of CO2 from gas streams. The 

effect of the adsorbent material and the fraction of the ferromagnetic compound is discussed. We 

demonstrate that the materials can be very efficiently heated, reaching temperatures above 200°C in 

minutes time scale. Cyclic adsorption-desorption experiments demonstrated the largest reported 

desorption rates. A comparison will be made with other electrified regeneration methods and 

advantages and disadvantages of the method will be discussed.  

 
References  
[1] M. Gholami, Chem. Eng. J. 431 (2022) 133380  

 
Acknowledgements: The authors would like to acknowledge VLAIO for the financial support (HBC.2019.0109) 
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PLENARY LECTURES

Structure-property relationships in open metal site MOFs 
 

P. D. C. Dietzel 
 

University of Bergen, Bergen, Norway, pascal.dietzel@uib.no 
 

Coordination polymers with exposed metal ions, so called open metal sites or coordinatively 

unsaturated metal sites, are very interesting for application in gas adsorption, separation and as 

catalysts. Deduction of structure-property relationship in such material can be achieved from a 

combination of detailed analysis of the adsorption behavior from high quality adsorption 

measurements and crystal structure determination of samples representing the host-guest 

compounds under operating conditions or carefully prepared ex-situ. 

The interaction energy between the unshielded metal cation in the coordination polymer and the 

sorbate molecule is usually significantly larger than at the other adsorption sites in the structure. 

Electron donating molecules might even form coordination bonds with the cation which are 

significantly stronger than the interaction between the open metal site and adsorptives  without free 

electron pairs. As a consequence, the heat of adsorption may vary by quite large amounts as a function 

of loading. Naturally, the strength of interaction for a given adsorptive will change with the type of 

cation. These effects can be exploited in development of materials for the removal of one or more 

strongly adsorbing components from mixtures. Materials with a large number of open metal sites may 

consequently prove to be useful for a number of separation processes, for instance carbon capture, 

hydrogen purification, hydrocarbon separation and more. CPO-27/MOF-74 and isoreticular large pore 

analogues like CPO-54 and IRMOF-74 contain among the highest high concentration of open metal 

sites in coordination polymers. They can be prepared with a number of divalent cations (M = Mg2+, 

Mn2+, Co2+, Ni2+, Zn2+) [1-9], thus enabling detailed comparative studies that elucidate the effect of the 

nature of the cation on the property of the material [10-19].  

 
References  
[1] N. L. Rosi, J. Kim, M. Eddaoudi, B. Chen, M. O'Keeffe, O. M. Yaghi, J. Am. Chem. Soc. 127 (2005), 1504 

[2]  P. D. C. Dietzel, Y. Morita, R. Blom, H. Fjellvåg, Angew. Chem. Int. Ed. 44 (2005) 6354 

[3]  P. D. C. Dietzel, B. Panella, M. Hirscher, R. Blom, H. Fjellvåg, Chem. Commun. (2006) 959 

[4]  P. D. C. Dietzel, R. E. Johnsen, R. Blom, H. Fjellvåg, Chem. Eur. J. 14 (2008) 2389 

[5]  P. D. C. Dietzel, R. Blom, H. Fjellvåg, Eur. J. Inorg. Chem. (2008) 3624 

[6] H. Wu, W. Zhou, T. Yildirim, J. Am. Chem. Soc. 131 (2009), 4995 

[7] E. D. Bloch, L. J. Murray, W. L. Queen, S. Chavan, S. N. Maximoff, J. P. Bigi, R. Krishna, V. K. Peterson, F. 

Grandjean, G. J. Long, B. Smit, S. Bordiga, C. M. Brown, J. R. Long, J. Am. Chem. Soc. 133 (2011), 14814 

[8]  M. Märcz, R. E. Johnsen, P. D. C. Dietzel, H. Fjellvåg, Microporous Mesoporous Mater. 157 (2012) 62 

[9] R. Sanz, F. Martinez, G. Orcajo, L. Wojtas, D. Briones, Dalton Trans. 42 (2013), 2392 

[10] P. D. C. Dietzel, R. E. Johnsen, H. Fjellvåg, S. Bordiga, E. Groppo, S. Chavan, R. Blom, Chem. Commun. (2008), 

5125 

[11] J. G. Vitillo, L. Regli, S. Chavan, G. Ricchiardi, G. Spoto, P. D. C. Dietzel, S. Bordiga, A. Zecchina, J. Am. Chem. 

Soc. 130 (2008), 8386 

[12] P. D. C. Dietzel, V. Besikiotis, R. Blom, J. Mater. Chem. 19 (2009), 7362 

[13] P. D. C. Dietzel, P. A. Georgiev, J. Eckert, R. Blom, T. Strässle, T. Unruh, Chem. Commun. 46 (2010), 4962 

[14] D. Yu, A. O. Yazaydin, J. R. Lane, P. D. C. Dietzel, R. Q. Snurr, Chem. Sci. 4 (2013), 3544 

[15]  M. H. Rosnes, M. Opitz, M. Frontzek, W. Lohstroh, J. P. Embs, P. A. Georgiev, P. D. C. Dietzel, J. Mater. Chem. A 

3 (2015) 4827 

[16]  B. Pato-Doldán, M. H. Rosnes, P. D. C. Dietzel, ChemSusChem 10 (2017) 1710 

[17]  P. D. C. Dietzel, P. A. Georgiev, M. Frøseth, R. E. Johnsen, H. Fjellvåg, R. Blom, Chem. Eur. J. 26 (2020) 13523 

[18]  M. H. Rosnes, B. Pato-Doldán, R. E. Johnsen, A. Mundstock, J. Caro, P. D. C. Dietzel, Microporous Mesoporous 

Mater. 309 (2020) 110503  

[19]  B. Pato-Doldán, M. H. Rosnes, D. Chernyshov, P. D. C. Dietzel, CrystEngComm 22 (2020) 4353. 

 
Acknowledgements: We thank the Research Council of Norway for financial support. 
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PLENARY LECTURES

Enzymes inspired binuclear sites for activation of molecular oxygen and 
selective oxidation of hydrocarbons  

 
J. Dedecek 

 

J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, Dolejškova 3, 
Prague 8, Czech Republic, jiri.dedecek@jh-inst.cas.cz 
 

Distant binuclear transition metal ion (TMI) sites stabilized in zeolite matrices represent new type 

of catalytic centers in zeolite matrices. These structures can be regarded as fully inorganic 

counterparts of actives sites formed by two transition metal ions present in some metallo-enzymes. 

However, binuclear TMI sites represent analogy of enzymes only by their function as their 

arrangement and mechanism of the activation of molecules over these sites significantly differ from 

enzymes [1]. 

Distant binuclear TMI sites are formed by two M(II) cations capable of the M(II)-M(II) redox cycle 

and stabilized in extra-framework cationic sites of the zeolite matrix in the distance of ca. 7 Å. This 

distance allows the cooperation of two M(II) ions in four-electron processes. The rigidity of the zeolite 

framework prevents formation of the bridge formed between two cations by interacting molecule and 

activation of the molecule by splitting can occur.  

The most important case of such molecule activation is splitting of molecular oxygen even at room 

temperature. Dioxygen splitting results in the formation of a pair of so called α-oxygens, which are 

well known by their enormous reactivity. They were reported to oxidize methane even at room 

temperature [2]. Thus, the activation of molecular oxygen over binuclear TMI sites may be the key to 
methane transformation to valuable liquid products as methanol.

In the lecture, the mechanism of the dioxygen splitting over binuclear transition metal ions sites 
and subsequent selective oxidation of methane will be discussed as well as the effect of the zeolite 
framework topology, local arrangement of the site, Al organization in the zeolite and nature of 
metal ion on the dioxygen splitting [3, 4]. 
 
References  
[1] E. Tabor, J. Dedecek, K. Mlekodaj, Z. Sobalik, P.C: Andrikopoulos, S. Sklenak Sci. Adv. 6 (2020) eaaz9776 

[2] G. I. Panov, V. I. Sobolev, A. S. Kharitonov J. Mol. Catal. 61 (1990) 85 

[3] E. Tabor, M. Lemishka, J. E. Olszowka, K. Mlekodaj, J. Dedecek, P. C. Andrikopoulos, S. Sklenak, ACS Catal. 11 

(2021) 2340 

[4] K. Mlekodaj, M. Lemishka, S. Sklenak, J. Dedecek, E. Tabor, Chem. Commun., 57 (2021) 3472 

 
Acknowledgements: This work was supported by the Grant Agency of the Czech Republic under the frame of 

projects # 19-02901S, # 21-45567L and # 22-06737S. 
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Quantachrome Instruments product line owner.  

Top class quality instruments for BET surface measurement, pore size 
distribution and measurements of active centers of catalysts using 
physisorption, chemisorption, mercury and capillary porosimetry 

 
Anton Paar Poland Sp. z o.o.   

ul. Hołubcowa 123; 02-854 Warszawa 
e-mail: pawel.wojda@anton-paar.com 

 
 

Quantachrome Instruments product line, the most famous manufacturer of apparatus for 

measuring porosity of different materials we can divide for 3 group of instruments: 

 

Physisorption and chemisorption analyzers – compact, fully-automatic apparatus for physical 

sorption and chemisorption of gases as well as measuring vapor sorption in purpose to get precise 

pore size distribution, BET surface area and specific interaction between gases and solid phase. All 

these parameters are very important to for optimization the production or selection of adsorbents, 

catalyst, pharmaceuticals, batteries and the inspection of other porous materials such as Zeolites, 

MOFs, carbons and many others. 

 

Capillary flow porometers and mercury porosimeters – easy to use and safety during work 

mercury porosimeters which describe pore size distribution and pore volume accessed on the outer 

surface of the materials in wide range of diameter from 3.6 nm up to 1100 μm. Capillary flow 

porometers designed for detail measurements of through pores in all kind of filtration materials. 

 

Skaletal (true) density analyzers of solid state and powder materials – the most advance gas 

pycnometers which can get very precise and fast results for all kind of measuring cells and wide 

variety of materials including semi-liquid and gel-like materials.  

Tap density analyzers which can use a series of graded size cylinders, which allows them to be 

adapted to the requirements of different standards and size.  
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MS Spektrum – Twój partner w spektroskopii 
 
Firma MS Spektrum to dystrybutor wysokiej klasy analitycznych urządzeń laboratoryjnych, 

akcesoriów, materiałów eksploatacyjnych i urządzeń pomocniczych, usługi serwisu i szkoleń. 

Firma MS Spektrum rozpoczęła swoją działalność w 2007 pod nazwą GBC Polska, oferując 

kompleksowe rozwiązania z zakresu chemii analitycznej. Od 2013 roku firma działa pod nazwą MS 

Spektrum i jest autoryzowanym dystrybutorem wysokiej klasy analitycznych urządzeń pomiarowych 

takich producentów jak Analytik Jena oraz Bruker. 

 

Analytik Jena jest producentem doskonałych i niezawodnych spektrofotometrów UV-Vis, AAS, ICP-

OES, ICP-MS, TOC oraz analizatorów elementarnych. Natomiast firma Bruker dostarcza swoim 

odbiorcom zaawansowane technologicznie spektrometry FTIR, FT-NIR i RAMANA, a także analizatory 

gazów atmosferycznych w systemach teledetekcji. 

 

MS Spektrum współpracuje również z szeregiem firm produkujących akcesoria, materiały 

eksploatacyjne i urządzenia pomocnicze. Dzięki temu możemy zaproponować Państwu wyjątkowo 

kompleksową i spójną ofertę z gwarancją natychmiastowych dostaw wszystkiego, co jest niezbędne do 

wykonania analiz chemicznych i uzyskania wiarygodnego wyniku. 

 

Nasi doświadczeni specjaliści nie tylko pomogą w wyborze urządzeń laboratoryjnych i dostosują 

ofertę do Państwa specyficznych wymagań analitycznych, ale również zapewnią profesjonalne 

szkolenia aparaturowe oraz rzetelną i sprawną obsługę gwarancyjną i pogwarancyjną. 

 

Niewątpliwie wyjątkowym wydarzeniem organizowanym co roku przez naszą firmę jest Sympozjum 

Analityczne, gdzie mogą Państwo zapoznać się z najnowszymi osiągnięciami polskiej i światowej 

analityki chemicznej, a także indywidualnie skonsultować swoje problemy z najwybitniejszymi 

postaciami polskiej chemii analitycznej. 

 

Zapraszamy serdecznie do współpracy! 
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Platinum nanoparticles supported on zeolite MWW nanosheets prepared 
via homogeneous solution route  

  
B. Gil1, K. Kałahurska¹, W. Pajerski1, A. Kotarba1, M. Kubů2, Y. Zhang2, M. Mazur2,  
J. Přech2, G. Jajko1, W. Makowski1, W. J. Roth1 

 
1Faculty of Chemistry, Jagiellonian University in Kraków, Gronostajowa 2, 30-387 Kraków, Poland, 
barbara.k.gil@uj.edu.pl 
2Department of Physical and Macromolecular Chemistry, Faculty of Science, Charles University, Hlavova 
8, 12840 Prague 2, Czech Republic, michal.mazur@natur.cuni.cz 
  
Zeolites are often used as supports for active components, like metals. The main  hindrance to their 

broader application are relatively small pore sizes constrained by rigid frameworks. The new class of 

2-dimensional (2D) zeolites represent layered structures that could be manipulated spatially and 

intercalated with guest molecules and particles larger than the framework pores sizes. The potential to 

produce and design new catalysts has been further expanded by the complete exfoliation, producing 

zeolite monolayers dispersed in liquids as effectively homogeneous solutions [1]. 

Platinum functionalized zeolite catalysts have been produced by mixing solutions of exfoliated MWW 

monolayers and Pt nanoparticles with initial size of ca 3 nm, and isolation of hybrid catalysts by 

freeze-drying to ensure full recovery of all components [2]. Three different levels of platinum 

incorporation were targeted: 0.2, 0.3 and 0.8% w/w.  We found that purification of the initial MWW 

layer solutions by dialysis (samples names ending with –dl) prior to mixing with the metal solution 

was beneficial for the quality of the final materials. Catalytic performance in the model reaction, 3-

nitrotoluene hydrogenation, was determined mostly by the Pt level (at least 0.3%,) and additionally  

by the available external surface of the zeolite layers, allowing for proper Pt dispersion.   
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Fig. 1. Particle size distribution in calcined and ammonium exchanged 0.3Pt-MWW (full bars) and after 

reduction with H2 (striped bars), TEM image for 0.3Pt-MWW, and catalytic test results of 3-nitrotoluene 

hydrogenation (conversion of 3-nitrotoluene vs time) for all tested materials. 

 

 

XRD data (not shown here) suggest that co-precipitation has a positive influence on  the unilamellar 

character of the final products and additional dialysis is also beneficial. Samples  that were obtained 

without purification by dialysis of the initial solution have visibly lower crystallinity, reflected also in 

lowered textural parameters. Dialyzed samples, 0.2 and 0.8% Pt, showed significant micropore volume 

and BET surface areas, comparable to the source MCM-56 material. In contrast, the undialyzed 0.3Pt-

MWW has depressed textural properties and lowered apparent crystallinity. 

The dominant size fractions in the original Pt-nanoparticles are 2.5 nm (62%) and 1.5 nm (30%). 

When they are mixed with MWW layers, their size increase to 5-10 nm for the most abundant fraction 

and the size distribution is broadened. The resultant particles have continuous crystalline structure. 

Larger amount of Pt, 0.8%, leads to bigger and more agglomerated particles, so the smaller amounts, 

like 0.3% seem optimal. 
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Table 1. Acid sites concentration based on the sorption of pyridine (total Brønsted and Lewis acid sites, BAS and 

LAS) and pivalonitrile (external Brønsted acid sites, BASext) determined by FR-IR spectroscopy, and textural 

properties calculated from nitrogen adsorption isotherms.  

 

Sample 

Surface area, 

m2/g 

Pore volume, 

cm3/g 

Acid sites concentration, 

mmol/g 

SBET Sext Vmicro BAS LAS BASext 

MWW 504 201 0.104 1.03 0.14 0.38 

0.2Pt-MWW-dl 507 291 0.092 0.83 0.16 0.20 

0.3Pt-MWW 255 329 0 0.55 0.10 0.25 

0.8Pt-MWW-dl 431 269 0.070 0.83 0.14 0.25 

 

External surface of all Pt-doped samples was significantly higher with respect to the source materials, 

while the concentration of the external BAS centers was lowered (0.38 to 0.20-0.25 mmol/g). This is 

caused by the presence of Pt nanoparticles in the interlayer region. What is also important, their 

presence does not influence the internal (intralayer) acidity. At the same time pyridine was able to 

react with all BAS present, since the intensity of the Si-OH-Al maximum after pyridine adsorption 

disappeared (spectra not shown), which indicated that interior of the layers was not blocked by the 

deposited nanoparticles. This was not important for the chosen model catalytic reaction, but may be 

useful for other processes, requiring both acidic and redox active centers.  

Pt-MWW materials were tested in a model catalytic reaction of 3-nitrotoluene hydrogenation. The top 

conversion was comparable to a commercial catalyst, 1%Pt-Al2O3, with much higher Pt content. The 

three studied samples showed differences in activity (with 100% selectivity to 3-aminotoluene), which 

do not correlate fully with determined physical characteristics and acidity, except for the similar 

external surface area. Since maximum conversion is reached at 0.3% Pt and above that the 

performance levels off, while Pt-MWW catalyst with lower Pt content (0.2% Pt) is less active, therefore 

it can be deduced that there is a minimum level for Pt, around 0.3%, to achieve the best catalytic 

activity.   

The obtained results show that the general synthetic methodology and approach of using exfoliated 

zeolite monolayers in solution may be a way to produce competitive catalyst with lowered noble metal 

content. 
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Acetalization of crude glycerol with acetone on zeolites 
 in a continuous-flow process 

 
J. Kowalska-Kuś*, A. Held, A. Jankowska, K. Nowińska 
 

Adam Mickiewicz University, Faculty of Chemistry, Uniwersytetu Poznańskiego 8, 61-614 Poznań, Poland, 
email: jolakow@amu.edu.pl 

 

Biodiesel is produced by means of transesterification of vegetable oils or animal fats with methanol, in 

the presence of acidic or basic catalysts. Besides methyl esters of fatty acids, a by-product, called the 

glycerol phase, in the amount of 10% in relation to the main product, is fabricated. The glycerol phase 

comprises usually from 60 to 80 wt.% of glycerol [1], while the residue encloses a small amount of 

water, the rest of catalyst, and MONG (matter organic non-glycerol). Purification of glycerol phase to 

obtain clean glycerol is an expensive process and it results in the growing price of glycerol, and in a 

consequence, of biodiesel [2]. Considering that, the application of crude glycerol for direct 

transformation to valuable products seems to be very actual and important task. One of these attempts 

is the use of crude glycerol for production of acetals or ketals, which may be applied as potential 

gasoline additives [3]. 

A processing of crude glycerol to solketal (2,2-dimethyl-1,3-dioxolane-4-methanol), by the reaction 

with acetone, was developed using zeolites (BEA, MFI, FAU) as catalysts. Crude glycerol of defined 

chemical composition was kindly delivered by ADM Malbork Company. The acetalization reaction of 

crude glycerol with acetone was carried out at the temperature of 323 K in a continuous-flow reactor. 

The reaction products were analysed by GC. 

BEA zeolite and hierarchical zeolite of MFI structure exhibited a high catalytic activity in solketal 

production for 3 hour on stream. The initial glycerol conversion over these samples was equal to 85% 

of and it decreased to 50-60% after the third hour on stream. In turn, the USY zeolite, showed clearly 

lower initial activity (69%), when compared to Beta and ZSM-5 zeolites. On the other hand, further use 

of catalysts, resulted in their deactivation, despite the zeolite structure. However, the regeneration of 

spent catalysts by means of calcination with the following ionic exchange restored the initial activity of 

the applied samples.   

The effect of particular impurities (alkaline cations, water, and MONG (matter organic non glycerol)) 

present in crude glycerol was checked to answer the question about the deactivation process of 

catalysts. What is interesting, water or NaCl introduced separately into pure glycerol slightly 

influenced activity of ZSM-5 and Beta zeolites. Only the addition of NaCl with water caused some 

decrease in activity (from 90% to 78% after 8 hour on stream). Even though the contribution of MONG 

presented in crude glycerol was not very high (2.5 wt.%), the amount of carbon residues (confirmed 

by elemental analysis) cumulated on the surface of catalysts after 8 hour of reaction with crude 

glycerol was significantly higher, compared to that recorded as a result of the reaction with pure 

glycerol. What is more, the carbon deposition, results in the decreasing surface area and total pore 

volume of used catalysts, estimated from low-temperature nitrogen adsorption/desorption 

measurements.  

This results indicate that inorganic impurities has less harmful effect, while MONG shows the most 

detrimental influence on glycerol acetalization. 
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Chemical Engineering of Metal Single-Site Zeolites for  
Application in Heterogeneous Catalysis 

  
Stanislaw Dzwigaj 

 
Sorbonne Université, UMR 7197, Laboratoire de Réactivité de Surface 
 

The incorporation of metal ions into zeolites as isolated tetrahedral sites appears to be the important 

task because such sites are considered to be active sites of several catalytic processes. We have earlier 

shown that the incorporation of transition metal ions into vacant T-atom sites of framework zeolite is 

strongly favored when, in the first step, zeolite is dealuminated by treatment with nitric acid solution 

and then, in the second step, the incorporation of transition metal ions results in the chemical reaction 

between the cationic metal species of the precursor solution and the SiO-H groups of vacant T-atom 

sites created by dealumination of zeolite. During my keynote talk the chemical engineering of single-

site zeolites with transition metal will be described and characterized by different physical techniques 

both at the macroscopic and molecular levels. The application of metal single-site zeolites in 

heterogeneous catalysis will be discussed. The post-synthesis method applied in this work allowed 

obtaining metal single-site zeolite catalysts active in different catalytic processes such as oxidative 

dehydrogenation of propane into propene, selective catalytic reduction of NOx to N2, production of 1,3-

butadiene from renewable sources, including ethanol obtained from biomass. Their catalytic activity 

strongly depended on the speciation and amount of metal incorporated into zeolite structure as well 

as their acidity.  
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 Zeolite spheres. Do they work better in catalysis? 
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Zeolites have been known in catalysis since the 1960s and have been successfully applied in 

industry, especially in catalytic cracking and other crude oil related processing reactions. Today, the 

development in zeolite science is connected with the modification of porous structures, the synthesis 

of layered, so-called 2D zeolites and zeolites in different morphologies, such as core-shell, spheres, 

hollow-shell or dandelion-like, or even 3D printing of complex structures [1]. It is expected that the 

new morphologies and porous structures will enhance the applications and activity of zeolites in 

catalysis. Improved diffusion, accessibility to active sites, more open and available surface, or 

moderate strength of acid sites may reduce the formation of tar and extend the lifetime of the catalyst. 

In the studies presented, ZSM-5 zeolite in the spherical form was obtained with the use of 

commercial mesoporous silica spheres (MSS) as reactive hard templates [2]. During hydrothermal 

treatment in the presence of isopropylamine (IPA, micropore template), MSS was consumed in favor of 

the formation of ZSM-5 crystals on the outer surface of the spheres. In the presented studies, various 

crystallization times were applied, which resulted in different crystallization levels (Fig. 1). For 

comparison as a reactive hard silica template, MCM-41 material in the form of spheres and nanorods 

was also included in the presented studies [3]. 

 

 
 

Fig. 1.  SEM images of MSS material (spheres reactive template), and spherical S-ZSM-5 zeolite crystallized for 

11 and 12 days (S-ZSM-5_11d and S-ZSM-5_12d, respectively). Images were taken at different magnifications. 

 

 The obtained samples were tested as catalysts in the synthesis of dimethyl ether (DME) from 

methanol. DME, due to the similar properties to diesel fuel, can be used as a green fuel additive, 

reducing the emission of CO2 and particulate matter [4]. The activity of spherical ZSM-5 zeolite was 

compared with that of conventional commercial ZSM-5 zeolite, supplied by Clariant company. The 
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methanol conversion obtained over conventional and spherical ZSM-5 zeolite was similar; however, 

stability tests revealed significant differences in the deactivation of the samples caused by carbon 

deposit formation at higher temperatures. The samples after the catalytic tests were examined by 

thermogravimetric analysis (TG) and low-temperature nitrogen sorption to determine the quantity 

and nature of the deposited tar and to establish the changes that occur in the textural parameters. 
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Silica and silica-alumina spherical MCM-41 modified with copper species 
by template ion-exchange (TIE) method as potential catalysts for low-

temperature NH3-SCR process 
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Nowadays, despite the development of appropriate technologies dedicated to the removal of 

nitrogen oxides emitted from stationary sources (e.g. NH3-SCR), there is still a need to improve the 

economic aspects of the NOx treatment [1]. The current issue related to the rearrangement of 

installations for gas purification in industrial boilers and thermal power plants is based on the 

installation of a SCR converter down-stream of the dust removal system. Thus enabling monolithic SCR 

unit to work with a low-dust flue gas stream, which protects its channels against excessive plugging by 

particles present in exhaust gasses. However, due to the relatively low temperature of flue gasses 

behind the electrostatic precipitator (ESP), about 250°C, the application of commercial V2O5–TiO2 

oxide system in this temperature regime is limited, taking into account the narrow window of its 

effective work (300-400°C). In this regard, the development of the NH3-SCR catalysts operating in the 

low-temperature range is essential to meet the requirements of retrofitting industrial installations.[2] 

The very promising SCR catalysts are based on mesoporous silica sieves, such as MCM-41, modified 

with transition metals, e.g. Cu, Fe or Mn. In order to achieve the high catalytic performance in terms of 

both, activity and selectivity of the studied porous systems, it is important to deposit of active phase in 

the form of well-defined and uniform metal species. In the case of mesoporous silicas, the introduction 

of a homogenously dispersed metal phase is difficult because such supports do not exhibit ion-

exchange properties. An alternative method of ordered silicas functionalisation is based on the 

extraction of an organic pore-forming matrix with simultaneous deposition of the catalytically active 

phase. Such method, so-called template ion-exchange (TIE), allows to introduce the relatively high 

content of metal. Its form and aggregation can be adjusted at the stage of catalyst synthesis, by 

selecting an appropriate solvent/active phase precursor or by the application of the post-synthesis 

modifications.[2] 

 

 In this context, the presented studies are focused on the analysis of the low-temperature NH3-

SCR activity of Cu-modified spherical MCM-41 composed of pure silica [3] or silica-alumina framework 

[4]. Copper was deposited into mesoporous supports using TIE method, as well as its extended version 

that involves treating the samples with an aqueous ammonia solution, immediately after  TIE 

procedure (TIE-NH3). The obtained samples were physicochemically characterised with respect to 

their structure (P-XRD), chemical composition (ICP-OES), texture (low-temperature N2 sorption), 

morphology (SEM-EDS), form and aggregation of deposited metal species (UV-vis DRS), reducibility of 

Cu-species (H2-TPR), and surface acidity (NH3-TPD). 

 

The modification of porous supports with Cu by the TIE method resulted in the introduction of 

copper in various forms, differing in the degree of aggregation. In the case of both, pure silica and Al-

containing MCM-41 highly dispersed copper species, as well as copper oxide nanorods located outside 

of the porous structure, were detected. The formation of CuO nanostructures was more noticeable 

with increasing copper loading in the samples. The TIE-NH3 technique, involving ammonia treatment, 

caused deposition of highly dispersed monomeric copper species, without formation of CuO 

crystallites. Thus, the procedure of post-synthesis NH3-treatment prevents the formation of more 

aggregated oxide species, consequently improving the degree of active phase dispersion [3,4]. SEM 

images of the samples obtained in the series of Si-Al-MCM-41 modified by TIE, 60Cu-Al,  and TIE-NH3, 

100Cu-Al-A, methods are presented in Fig. 1. A and B, respectively. 

 

All of the obtained Cu-doped samples, from the series of pure silica and Si-Al-containing spherical 

MCM-41 materials, were found to be active and selective catalysts of the NH3-SCR process. In general, 
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the copper-modified porous nanospheres can be considered as catalysts working in the low-

temperature range. In the case of Si-MCM-41, the most active sample - 100Cu-A, the NO conversion 

above 90% was obtained in the range of 200-325°C, while for the copper modified Al-containing 

porous silica the same level of the NO reduction with NH3 was achieved between 225-375°C (100Cu-

Al-A sample). It is worth noticing, that in the series of Cu-loaded Al-containing MCM-41, the window of 

effective catalytic operation was shifted towards higher temperature. Such effect is possibly related to 

the protective function of aluminium incorporated into silica walls, acting against NH3 oxidation [2]. 

The results of the NH3-SCR catalytic tests over the selected most active samples from the Cu-modified 

Si- and Si-Al-MCM-41 are presented in Fig. 1. C. The differences in the form and aggregation of the 

copper active phase had a direct impact on the catalytic activity of the obtained materials in the NH3-

SCR process. The materials characterised by the presence of more aggregated Cu-species (60Cu and 

60Cu-Al) were less active in the studied reaction in comparison to the samples of the TIE-NH3 series 

(100Cu-A and 100Cu-Al-A). The enhanced catalytic performance of the 100Cu-A and 100Cu-Al-A 

samples is correlated with the presence of larger number of highly dispersed copper species deposited 

on the large surface area of spherical MCM-41, indicating their higher activity in the studied NH3-SCR 

reaction [3,4]. It is worth to mention, that selectivity to N2, being the desired product of NO conversion 

with NH3
,
 was on the level above 93% during the NH3-SCR test. 

One empty line 
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Fig. 1. SEM images of the 60Cu-Al (A) and 100Cu-Al-A (B) samples, as well as results of the NH3-SCR tests over 

the most active samples from Cu-modified spherical Si- and Si-Al-MCM-41 (C). 
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Along with the growing demand for energy, the interest in the development of the eco-friendly 

PEMFC (Proton Exchange Membrane Fuel Cells) is growing. The most frequently used electrolyte in 

such a cell is Nafion, whose operation, however, is limited to temperatures not exceeding 80 °C, which 

is caused by the dependence of the proton conductivity of the system on the presence of water. In 

response to these difficulties, a lot of research is devoted to electrolytes that could operate at 

temperatures exceeding 100 °C. Among the tested materials are porous materials [1-3]. 

As part of the presented research, mesoporous materials with the KIT-6 structure and with the 

diverse Si/Al ratio were synthesized. Some of the materials were subjected to ion exchange with 

cerium ions or the introduction of sulfonic acid groups (-SO3H). The resulting materials were 

impregnated with imidazole (Fig. 1.) solution in order to get molecular sieve composites further 

subjected to impedance spectroscopy measurement. Additionally, the physicochemical characteristics 

of both matrices and composites were conducted, inter alia using IR spectroscopy method. The 

composites show high proton conductivity in a wide range of temperatures (20-120 °C) increasing 

with temperature and imidazole loading. It was observed that the obtained composites show proton 

conductivity several orders of magnitude higher than for the matrix (KIT-6), and some even higher 

than for the imidazole melt, which confirms that the separation of imidazole molecules in mesoporous 

matrices is an effective method of obtaining materials with high proton conductivity. 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Imidazole 
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Introduction 

Recently, bifunctional catalysts have been widely studied to facilitate of variety of reactions.  An 

important example is a bifunctional catalyst for oxidative dehydration of glycerol to acrylic acid, which 

present both Brønsted acid sites and redox sites. The Brønsted acid sites favor the generation of 

acrolein, whereas the redox sites convert acrolein to acrylic acid. For the generation of Brønsted acid 

sites on the silica surface the (3-mercaptopropyl)trimethoxysilane is commondy used and such 

catalysts are widely descirbed in literature. In this study, we have investigated the interaction of 

dispersed vanadium species supported on mesoporous silica with different ogranosilane, i.e. (3-

sulfonopropyl) trihydroxysilane (TPSA). The state of vanadium species loaded on mesoporous ordered 

silica of SBA-15 type was investigated before and after treatment with TPSA.  

 
Eksperimental 

SBA-15 support was prepared according to the procedure described in [1]. Vanadium species 

(assumed value - 2 wt.%) were incorporated by wetness impregnation using vanadyl sulfate (VS) or 

ammonium metavanadate (VM) precursor and materials were calcined. The vanadium-containing 

samples were then treated with the water solution of TPSA (molar ratio of Si/TPSA = 10). The 

materials obtained were characterized using the following techniques: X-ray diffraction (XRD), low 

temperature N2 adsorption/desorption, ICP-OES, X-ray photoelectron spectroscopy (XPS), electron 

spin resonance (ESR), UV-vis spectroscopy, and FTIR spectroscopy followed by pyridine adsorption. 

 

Results and Discussion 
Two series of V/SBA-15 catalysts were obtained on the basis of different vanadium precursors. 

These samples were also treated with 3-(trihydroxysilyl)-1-propanesulfonic acid (TPSA) by 

imprgnation method. Both XRD and low temperature N2 adsorption/desorption techniques confirmed 

the well-preserved mesoporous structure of the SBA-15 material. The final vanadium concentration 

according to ICP was 1.7 wt.% and 1.0 wt.% for VM/SBA-15 and VS/SBA-15, respectively. The samples 

treated with TPSA showed slightly less concentration of vanadium. Mainly isolated or dimeric 

vanadium species were determined for dehydrated samples basing on UV-Vis measurements. The 

state of vanadium was also examined by X-ray photoelectron spectroscopy. The oxidation state and 

coordination of vanadium species was changed after TPSA treatment. The interaction with TPSA 

species resulted in the oxidation of V4+ to V5+ as it is presented for VM/SBA-15 sample befor and after 

interaction with TPSA (Figure 1). This was also confimed by ESR measurements. The ESR signal from 

V4+ in VM/SBA-15 material, after treatment with TPSA, becomes two times smaller than the original 

one. The acidic properties of samples obtained were determined by pyridine adsorption followed by 

FTIR. The presence of both Lewis and Brønsted acid sites was detected on the surface of SBA-15 

materials modified with vanadium species.   
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Figure 1. XP spectra of materials obtained VM/SBA-15 and TPS/VM/SBA-15 

 
 
Conclusions 
In this work the treatment of vanadium species loaded on mesoporous SBA-15 silica with 3-

(trihydroxysilyl)-1-propanesulfonic acid was investigated. The oxidation state and coordination of 

vanadium species was changed after TPSA treatment. It resulted in the oxidation of V4+ to V5+ and the 

decrease of amount of penta-coordinated vanadium species, as evidenced by UV-Vis spectroscopy. The 

interaction of vanadium species with TPSA should be taken into account, if one consider to use this 

organosilane species as a modifier for incorporation of Brønsted acidity into vanadium containing 

silicas. 
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Propene oxide (PO) belongs to the most important intermediates applied for polyurethanes 

synthesis and for many other consumer goods production and it is the third largest propene 

derivative. Its annual worldwide production capacity exceeds 7.5 million tons. Currently used PO 

production technologies (mainly chlorhydrine method and process based on organic peroxides) are 

multi-stage processes and fabricate a large amount of by-products and cause environmental problems. 

Therefore, the direct synthesis of PO is one of the most desirable reactions. Recently, vanadium-

supported silica catalysts have been reported as an attractive catalytic system for propene to PO 

oxidation with nitrous oxide as an oxidant [1]. Furthermore, the V-SBA-3 catalysts with nitrous oxide 

show also relatively high initial activity in direct propane epoxidation, however fast deactivation of 

catalysts was observed [2]. We have considered vanadium reduction as a reason of catalyst 

deactivation since N2O ability to reoxidise of reduced V-species is much lower than that of molecular 

oxygen [3].  

In the presented study, the mixed oxidants (N2O with oxygen) were applied in the reaction of 

propane to propylene oxide direct transformation, performed over silica supported vanadium catalyst. 

The influence of different oxidants (oxygen and/or N2O) as well as the nature of the silica support 

(amorphous SiO2, SBA-3, SBA-15, MCF, and MCM-41) on the vanadium oxidation state, and, in a 

consequence, on propane to propylene oxide processing, has been explored. The catalysts containing 

2, 5, and 8 wt. % of vanadium have been prepared by means of impregnation of silica supports with 

aqueous solution of respective amount of VOSO4 or NH4VO3. Furthermore, various technics: UV-vis and 

XPS spectroscopies and also XRD, H2-TPR, and low temperature N2 adsorption/desorption have been 

applied to characterize the used catalysts. 

The catalytic activity tests in direct propane epoxidation evidenced that the use of mixed oxidants, 

comprising nitrous oxide and oxygen allows to stabilize the vanadium valence on a high level (near 

V5+), and to obtain a high and relatively stable activity in the studied reaction. If oxygen was applied as 

the only oxidant of propane, CO2 was a main product. In turn, the use of exclusively nitrous oxide as an 

oxidant brought about visible vanadium reduction and in a consequence, resulted in a very fast 

deactivation of catalyst. The introduction of molecular oxygen into the oxidative mixture, visibly 

improved reoxidation of vanadium species, which resulted in relatively high and stable activity.  

Both, the structure of vanadium species as well as catalysts activity were affected by nature of the 

support and vanadium precursor. In the presented studies, STY of propylene oxide of about 15 g kgcat
-1 

h-1 have been obtained, which is comparable to literature data, calculated for only propylene 

epoxidation. However, it is worth to underline, that the use of propane as a regent eliminates the 

additional stage of propylene production. Moreover, on the basis of the obtained results, the tentative 

reaction pathways of one-step propane epoxidation with N2O/O2 mixture on silica supported 

vanadium catalyst have also been proposed. 
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Modern research in the chemistry of metal-organic frameworks frequently focuses on the 

multifunctionality of these materials. It is often desirable to combine several properties in one 

material, allowing it to be used in industry, and in sensor technology in particular [1]. One of the ways 

to obtain a multifunctional material is to modify the previously obtained frameworks. Among the 

known classes of post-synthetic modifications, covalent modifications deserve special attention [2]. 

The variety of functional groups, the possibility of influencing the chemical environment of the pores, a 

gentle interference with the crystal structure and other features of these modifications make us 

particularly interested in using them in our work. 

 

 
 

Fig. 1. Inverse-electron-demand Diels-Alder reaction on 3,6-disubstituted 1,2,4,5-tetrazine ligand built in 

a metal-organic framework, carried out on a single crystal. 

 

The inverse-electron-demand Diels-Alder reaction (iEDDA) is a type of well-known organic 

reaction that has the advantages of mild synthesis conditions, no (or negligible) byproducts, and high 

selectivity of the diene in the reaction with the dienophile. At the same time, this reaction has so far 

been explored to a very small extent for ligands embedded in metal-organic frameworks.  

This work is a compilation of research on a series of new metal-organic frameworks to apply the 

iEDDA reaction as an underexplored area of covalent post-synthetic modifications of MOFs. The work 

includes research on fine-tuning of the flexibility of the JUK-20 material, which is possible on single 

crystals, and monitoring the reaction using SC-XRD techniques [3]. The topic is extended to pioneering 

attempts to perform post-synthetic mechanochemical modifications with the iEDDA reaction in order 

to introduce a specific functional group while maintaining flexibility, and to obtain a functional water 

vapor sensor with a luminescent response [4]. 
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Due to its exceptional chemical and thermal stability, ZIF-8 is one of the most promising 

representatives of microporous metal-organic frameworks. We investigated adsorption properties of 

this material both experimentally and with molecular simulations [1]. The experiments were carried 

out on 8 preparations differing in morphology of the crystals, with sizes ranging from nanometre (0.04 

μm) to almost millimetre (100 μm). Adsorption was studied in isothermal approach using standard N2 

or CO2 adsorbates, as well as in isobaric regime with C5–C9 linear alkanes. The latter were performed 

with the novel quasi-equilibrated temperature-programmed desorption and adsorption (QE-TPDA) 

technique [2]. The QE-TPDA measurements showed that a complexity of the n-alkanes adsorption 

mechanism in ZIF-8 depends on the nature of the adsorbate. Unexpectedly, a two-step process was 

found for adsorption of C7–C9 n-alkanes (Fig. 2a). QE-TPDA yielded high quality adsorption isobars, 

which were successfully reproduced by Grand-Canonical Monte Carlo molecular simulations (Fig. 2b). 

The calculations showed that the specific adsorption behaviour of ZIF-8 is due to the fact that its 

structure undergoes conformational changes in order to adapt to the guest molecules. The QE-TPDA 

measurements with n-nonane were performed at conditions close to the saturation of the adsorbate. 

This allowed to observe surface-related adsorption on the ZIF-8 crystals, which was correlated with 

their size. 

 

 

 
 

 
  

Fig. 1. Crystal size distribution of the studied 

ZIF-8 samples estimated based on SEM images. 

Fig. 2. a) QE-TPDA profiles, and b) adsorption 

isobars of C5–C9 n-alkanes in commercial ZIF-8. 
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VOCs are volatile or low-boiling organic substances that belong to the gaseous air pollutants [1]. They 

can be formed naturally, e.g. through volcanic eruptions; and anthropogenic, through energy 

production, or the chemical industry. They are harmful to human health and also to the environment 

because they have a negative impact effect on woody vegetation, especially conifers. There are many 

ways to remove VOCs from the atmospheric air, however, the most commonly used method is 

adsorption capture [2]. The adsorption method is based on the capture of harmful substances from the 

gas phase through the contact of polluted air with the surface of the adsorbent. The presence of water 

vapor in the adsorption stream has a detrimental effect on the performance of the adsorbents. This is 

because water vapor can compete with VOCs for adsorption sites, reducing the adsorbent's ability to 

adsorb VOCs, especially at high RH [3]. Such adsorbents include, for example, MOF-177 [4], although 

this MOF material should not be exposed to air of high humidity for a long time, and furthermore, the 

gas should be pre-dried in order to inhibit competitive adsorption of water and, consequent 

decomposition of the MOF-177 skeleton.  

 

The UiO-66 material [5], unlike MOF-177, is highly resistant to contact with water vapor [6]. It consists 

of metallic Zr6O4(OH)4 clusters in which a zirconium ion is present, and terephthalic acid (BDC) 

linkers. This material consists of two types of cages: tetrahedral (7.5 Å) and octahedral  

(12 Å), with 6 Å entrance windows. The cages differ from each other in their position in relation to the 

metallic clusters, and thus in the orientation of the linkers to the interior.  

 

In this work, we investigate the influence of structural defects and the effect of pre-adsorbed water on 

the adsorption of toluene in UiO-66 material. For this purpose, the Monte Carlo method was used with 

an appropriately modified force field. After fitting the toluene adsorption isotherm on UiO-66 material, 

it was shown that the adsorbate accumulates within the organic linkers in tetrahedral cages (Fig. 1a). 

This is due to the orientation of the organic linkers which makes the aforementioned cages favorable 

for toluene. The efficient ring-ring interactions are responsible for additional toluene stabilization. 

Only at higher pressure, the adsorption of toluene takes place in octahedral cages around the metal 

clusters oxides. To confirm the mechanism of preferential adsorption, Radial Distribution Functions 

(RDF) were modeled (Fig. 1b). At low pressure, toluene is 3.5 Å and 4.3 Å from the organic linkers, and 

5.4 Å and more from the metallic cluster, which is precisely within the tetrahedral cage. With 

increasing pressure, the distance to the linkers does not change, but the distances to the zirconium 

clusters at higher pressures vary significantly, which corresponds to the adsorption in octahedral 

cages.  The introduction of defects in both the low and high-pressure region increases the ability of 

UiO-66 to adsorb toluene. The simulations provided additional information related to the adsorption 

process for the structures with various defectivity levels, e.g. adsorption preference, the dependence of 

uptake/sorption capacity, or heat of adsorption on the concentration of defects. 
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Fig. 1. (a) Average occupation profiles of toluene adsorption in UiO-66_0 structure in the xy direction for 

pressures of 1, 100, 500 Pa respectively. For easier interpretation, the UiO-66 structure model has been 

superimposed; (b) Radial distribution functions of toluene adsorption at a pressure of 1 (left), 100 (middle), and 

500 (right) Pa. 
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Nowadays, there is a growing interest in metal-organic frameworks due to their potential applications 

as water sorbents. For water harvesting, heat-pumps, adsorbent-based chillers, etc., typical operating 

conditions involve exposure to water vapor at relatively high temperatures [1]. Aluminum-based 

metal-organic frameworks (Al-MOF) have shown promise as suitable materials for applications due to 

considerable sorption capacity as well as excellent thermal, hydrothermal and chemical stability.  

 

Our recent research is focused on water adsorption characterization of the aluminum trimesate MIL-

96 (Al12O(OH)18(H2O)3(Al2(OH)4)[btc]6·24H2O) [2]. In this work, a novel experimental technique called 

quasi-equilibrated temperature programmed desorption and adsorption (QE-TPDA) [3] was employed 

for studying the water adsorption properties and hydrothermal stability of this material. This 

innovative technique has several advantages, including relatively inexpensive equipment, the use of 

small sample size, and shorter measurements than those performed with alternative experimental 

techniques. QE-TPDA of n-alkanes has been extensively used in studies of zeolites, ordered 

mesoporous silicas, and metal-organic frameworks [4-6]. A QE-TPDA profile represents changes in the 

partial pressure of the adsorptive present as small admixture in the carrier gas flowing through a tube 

containing the sample. It consists of desorption maxima observed during heating and adsorption 

minima observed while cooling the sample. In the case of stable adsorbents, the individual QE-TPDA 

profiles obtained in cyclic experiments may be averaged, thus improving the quality of the adsorption-

desorption data. 

 

The adsorption-desorption isotherms and the QE-TPDA profiles of water observed for MIL-96 (Fig.1A-

B) confirm the hydrophilic nature of this material and its high affinity to water vapor. Both the 

isotherms and thermodesorption profiles indicate high reversibility of water sorption in MIL-96. A 

hysteresis observed in the QE-TPDA data is intrinsic to this method and decreases with the decreasing 

heating/cooling rate. The results shown in Fig.1A-B indicate that sorption of water in the MIL-96 

framework proceeds via a two-step mechanism. The origin of such behavior is not clear and further 

studies aimed at its elucidation are being carried out.  

 

The QE-TPDA measurements were also applied for probing the hydrothermal stability of MIL-96. The 

sample was placed in the flow of carrier gas saturated with water vapor at room temperature (2.6 kPa 

at 22°C) and subjected to a complex cyclic temperature change program. In each cycle, apart from 

being slowly heated up to 130°C for the purpose of recording the thermodesorption profile, the sample 

was hydrothermally treated by heating at a high temperature (starting from 290°C) for 20 min. After 3 

cycles, the temperature of hydrothermal treatment was increased by 20°C. The results of 84-hour 

experiment consisting of 21 cycles (Fig. 1C-D) show that MIL-96 retained its stable porosity-related 

sorption capacity for water after hydrothermal treatment at 290°C. However, gradual changes in the 

thermodesorption profiles due to the increased hydrothermal treatment temperature, with decreasing 

the HT maximum and increasing the LT one, indicate structural changes occurring in this material. 

Interestingly, these changes initially lead to an increase (up to 10%) of the water sorption capacity, 

with the maximum observed for 330°C. Only after the hydrothermal treatment at 410°C fast 

degradation of the sample was observed.  
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   Fig. 1. A) Experimental adsorption (filled points) and desorption (empty points) isotherms of water in MIL-96 

measured at 20°C.  

B) QE-TPDA profiles of water vapor measured at a heating/cooling rate of 1°C and 2°C /min and at the 

inlet water vapor partial pressure of 2.6 kPa. 

  C) QE-TPDA desorption branches of water vapor obtained in cyclic QE-TPDA experiment with increasing 

temperature of hydrothermal treatment (290-410°C). 

D) Hydrothermal stability of MIL-96 represented as the dependence of water sorption capacity (calculated 

by integration of the thermodesorption profiles from Fig.1C) on the temperature of hydrothermal 

treatment. 

 

The results presented reveal that MIL-96 exhibits unique adsorptive properties toward water. The 

reversible sorption and desorption of water as well as extraordinary hydrothermal stability of this 

material suggest its applicability in adsorption technologies. Moreover, these results illustrate that the 

QE-TPDA of water is well suited for characterization of metal-organic frameworks as water 

adsorbents.  
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Metal-organic frameworks (MOFs) are organic-inorganic hybrid crystalline porous materials.1 

They can be functionalized for many applications including electrochemical energy storage and 

conversion devices. Proton-conducting MOFs, for instance, have been gaining increasing attention for 

their role as solid-state electrolytes in fuel cells.2,3 In the literature, several competing methods could 

be found for inducing proton conductivity in MOFs which generally fall into two main categories – the 

de novo synthesis from non-polymeric building blocks and post-synthetic modifications (PSM) of pre-

assembled framewroks.4 

The aim of the research was to extend our original PSM method of inducing proton conductivity in 

MOFs, involving thiocyanate-assisted mechanochemical approach, into several cationic proton 

carriers.5 In order to  achieve stable high proton conduction under anhydrous conditions, we carried 

out  numerous mechanochemical post-synthetic modifications of  

the CPO-27/MOF-74 frameworks, which led to dense pore filling  by coordinated thiocyanates 

and  extraframework methylammonium or formamidinium counterions.  

 

 
 

Fig. 1. Inducing anhydrous and water-assisted high proton conductivity in CPO-27. 

 

The presence of extraskeletal Brønsted acids (methylammonium or formamidinium cations) in 

the formed CPO-27-NCS systems makes them highly proton-conducting with the conductivity values 

reaching 10-4 S cm-1 at 140oC (under anhydrous conditions) and 10-2 S cm-1 at 60oC and 70% relative 

humidity. Interestingly, proton conductivities of CPO-27-NCS can also be controlled 

by mechanochemical stoichiometric dosing of thiocyanate ions within the 6:1 to 6:6 metal-to-

thiocyanate ratio range. 
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Metal-organic frameworks are porous materials, constructed of metallic nodes and organic 

linkers. One potential application of MOFs is proton conducting membranes in fuel cells. Good proton 

conducting MOFs should have Brønsted acid groups that are essential elements of a conduction 

pathway. Sulfonic groups can be used for this purpose, however, they show strong coordination 

ability, which makes their intact incorporation into a framework difficult.[1,2] While these groups can 

be introduced into frameworks by post-synthetic modifications,[3] this approach is usually energy 

consuming, generates additional waste and requires harsh conditions. 

Here, we present a strategy that relies on incorporating pendant sulfonic groups by using sulfonyl 

chloride precursors of organic linkers (Fig. 1a). 

 

 
  

Figure 1. a) Linkers used for the synthesis of MOFs with pendant SO3H groups, b) Crystal structure of JUK-13-

SO3H and JUK-14, c) Proton conductivity of the discussed materials. 

  

The strategy is represented by MOFs based on cadmium and zirconium (JUK-13-SO3H [4] and 

JUK-14 [5], Fig, 1b). They were obtained by a concerted deprotonation-metalation-hydrolysis reaction 

and contain a mono or doubly sulfonated linker, respectively. These materials are capable of proton 

conduction and achieve conductivity values on the order of 10−5
 and 10−4 S∙cm−1

. JUK-14 also shows 

high hydrothermal stability, even in boiling water for several dozen hours. Moreover, it can be 

modified by imidazole infiltration (Him@JUK-14), which increases the proton conductivity to 

10-3 S cm-1 (Fig. 1c) and enables conduction under anhydrous conditions.   
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ANFO (Ammonium Nitrate Fuel Oil) is one of the most commonly used explosives (especially in 

the mining industry). ANFO is manufactured by the mixing of ammonium nitrate (AN) (oxygen-bearing 

component) with fuel oil (FO) (combustible component) in a suitable mass ratio (ca 94:6) providing a 

zero oxygen balance needed for the production of maximal energy as a result of explosion with 

simultaneous low toxicity of the post-blast fumes [1]. 

So far, in the present works dedicated to ANFO, only results concerning physicochemical and 

blasting properties of the systems consisting of AN mixed with oils, as well as with other organic and 

inorganic modifiers mainly in the form of dust and inorganic salts were reported. However, the use of 

additives acting as carriers for inorganic modifiers has not been published. An example of this type of 

additive could be zeolite due to the presence of, among others, silicon and aluminum in the zeolite 

framework and due to the possibility of introducing a wide range of other elements to this group of 

minerals. 

In the current research, we investigate faujasite of low silicon to the aluminum ratio (2<Si/Al<5), 

due to its high ion exchange capacity in comparison with the majority of zeolites of other structures. 

Relative high aluminum content (connected automatically with a high amount of introduced metals to 

the zeolite) allows the use of faujasite as representative support for inorganic ANFO modifiers. The 

introduced metal into FAU-type zeolite will be magnesium due to the beneficial effect of this element 

on the blasting properties of ANFO, which has been published in one of our previous works [2].  

We also studied the influence of the introduction of magnesium to zeolite skeleton technique 

(impregnation, ion exchange, and ultrasonic irradiation) on the usefulness of faujasite as a carrier of 

inorganic modifiers in ANFO.  

Analysis of either X-ray diffraction patterns or infrared spectroscopy spectra revealed no changes 

in the structure of ANFO as a result of the addition of FAU-type zeolite to the bare ANFO sample. 

Nevertheless, the use of variously modified faujasite influenced slightly thermal properties of such 

prepared explosives.  

Significant changes were found in the case of morphology and surface of the studied ANFO. Both 

Scanning Electron Microscopy micrographs and Atomic Force Microscopy images showed that the 

modification of ANFO with faujasite caused the appearance of numerous grains of irregular shapes 

assigned to the zeolite phase.  

From the analysis of both blasting tests and thermodynamic models of blasting properties, it can 

be concluded that the application of FAU-type zeolite enhanced ANFO’s detonation properties. 

Generally, the modification of ANFO with variously prepared FAU-type zeolite reduced the volume of 

post-blast toxic fumes. In all cases, the detonation pressure, temperature, and heat of explosion (being 

effects of detonation) rose. Furthermore, it was also indicated that the velocity of detonation can be 

controlled by the choice of the way of faujasite modification.  
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In recent years, the scientific community aims to exploit to the maximum compounds readily 

available or which are waste from existing industrial processes for energy and chemical production. 

One of the main objects of interest is the production of light alkanes, as they are in high demand by 

chemical industry. Oxidative dehydrogenation (ODH) of light alkanes to olefins, in particular using 

vanadium-based catalysts, is a promising alternative to the dehydrogenation process. Here, we 

investigate how the activity of the vanadium phase in ODH is related to its dispersion in porous 

matrices. An attempt was made to synthesize catalysts in which vanadium was deposited on a 

microporous faujasite zeolite (HY) and the hierarchical (HYdeSi) as supports. The phase composition of 

the catalysts was confirmed by X-ray diffraction (XRD), low temperature nitrogen sorption 

experiments resulted in their surface area and pore volumes, reducibility was measured with 

temperature-programmed reduction with hydrogen (H2-TPR) method. The nature of the introduced 

vanadium species was determined by a combination of spectroscopic techniques such as 51V NMR, in 
situ 2D COS DR UV-vis, and in situ FT-IR. The obtained samples were subjected to catalytic tests in 

oxidative dehydrogenation of propane in a fixed-bed gas flow reactor with a gas chromatograph to 

detect subtract and reaction products at a temperature range from 400 - 500 °C, with varying contact 

times. The sample containing 6 wt% of vanadium deposited on the desilicated zeolite appeared the 

most active.  

The modification of zeolite via caustic treatment can be an effective method of adjusting zeolite 

surface basicity - a key parameter that plays a particularly important role in the ODH process. The 

significantly developed mesopore surface ensured the effective attachment of vanadium species to 

silanol groups and the formation of isolated (SiO)2(HO)V=O and (SiO)3V=O sites or polymeric, highly 

dispersed forms located inside zeolite micropores. Higher basicity of HYdeSi, due to the presence of the 

Al-rich shell, aids the activation of the C−H bond leading to higher selectivity to propene. The 

realuminated zeolite has also a positive effect on the attachment of the V-species, influencing the 

reducibility of the catalyst, while the reduced strength of the protonic sites inhibited the 

polymerization of propene and the formation of coke compounds. 

 
Fig. 1. The catalytic performance of V-HYdeSi faced with in situ DR UV-vis spectra and 2D COS map indicating V5+ 

to V4+ reduction upon the contact of the catalyst with propane at 400 °C 
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The increasing population, along with the rapid expansion of human activities, has led 

to a depletion of freshwater resources. Consequently, extensive research has been launched to assess 

methods for the purification of wastewater from various contaminants. Currently, pharmaceutical 

waste, especially antibiotics, is considered a major concern. Antibiotics are used in many fields, 

including medicine, agriculture, and veterinary [1,2]. An example of a ubiquitous antibiotic is 

ciprofloxacin (CIP), which is the most widely used second-generation fluoroquinolone [1]. It is an 

important agent for the treatment of infections caused by both Gram-negative and Gram-positive 

bacteria. The presence of antibiotic residues in water poses a threat related to the development of 

bacterial resistance. Therefore, the removal of these compounds from wastewater is deemed a priority 

in a modern society. [1] 

 

The effectiveness of conventionally used wastewater treatment methods, such as biodegradation, 

filtration, or reverse osmosis, is limited, either due to their high cost or incomplete elimination 

of pollutants [1]. To overcome these limitations, the so-called advanced oxidation processes (AOPs) 

have been used to degrade different contaminants. AOPs involve the in-situ generation of highly 

reactive oxygen species (ROS) such as hydroxyl radicals (HO•) [3]. In the well-known Fenton process, 

ROS are generated very effectively through the reaction between ferrous ions and hydrogen peroxide 

(H2O2) in homogeneous medium under highly acidic conditions. However, the original Fenton process 

also has some inherent disadvantages, which limit its application, in particular the accumulation of 

ferric sludge during the reaction [3,4]. Therefore, in view of these inconveniences, it is necessary to 

develop more stable and re-usable heterogeneous systems active in these processes via i.e. deposition 

of iron species on various supports. Ferrocene is an organometallic iron compound that is 

characterized by high stability and good redox reversibility. Moreover, it shows strong absorption in 

the solar spectrum [4]. All of these features make ferrocene an interesting candidate for designing 

heterogeneous visible-light-driven photo-Fenton-like systems addressed to organic pollutants 

removal.  

 

In this study, ferrocene (or its derivatives) was deposited on the surface of selected molecular 

sieves (Beta and MCM-36 zeolites, as well as SBA-15 silica) previously modified with organosilanes 

containing various functional groups (–NH2, –Cl, –N3). As-prepared samples were characterized using 

commonly used techniques such as XRD, DR-UV-Vis, FT-IR, ICP-OES, and N2 adsorption. Ferrocene-

based catalysts showed significant activity in the degradation of ciprofloxacin as a model antibiotic 

with the use of hydrogen peroxide in the presence of visible light. It was found that the choice of the 

synthetic procedure had a significant impact on the efficiency of ferrocene introduction, as well as on 

the activity and stability of the obtained catalysts. The role of the structure of the molecular sieves and 

the active centers in the ferrocene supports was also considered. Further details will be delivered 

during the talk. 
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Levulinic acid (LA) has been identified as a promising biocompound derived from biomass. It is a 

platform molecule that is used as a precursor for pharmaceuticals, plasticizers and various other 

additives (Figure 1) [1,2]. LA arises as a result of depolymerization and dehydration of the cellulose 

fraction [3]. It can be obtained through hydrolysis/dehydration of aldohexoses such as glucose and 

fructose, or hexose-containing polymers such as starch and cellulose.  

 

The production of levulinic acid to date has not been significant, which comes from historical reasons 

relating to expensive precursor usage almost seventy years ago. Additionally, the yields and 

separation/purification processes lacked industrial product quality [4]. The maximum yield of LA from 

cellulose was 71.5%, because of the co-production of formic acid. The claimed LA yields, based on the 

theoretical yields [5], are significantly lowered due to the formation of soluble polymeric by-products 

and other undesired products cumulating during the process. 

 
 

Figure 1  
Reaction pathways of biomass into glucose and levulinic acid, as well as its further derivatives. 

 

We present the results of the conversion of biomass-based glucose to levulinic acid (LA) with the use 

of Na-BEA commercial zeolite catalyst. For this purpose, synthetic zeolite BEA was used as a matrix 

[5]. The glucose conversion process with the participation of Na-BEA zeolite allowed the following 

acids to be obtained: levulinic acid, lactic acid, pyruvic acid and formic acid. The highest yield of 

levulinic acid was achieved when processed for 1–5 h at 200–250 °C with 0.1 g and 0.6 g of Na-BEA 

catalyst.  

 

Catalytic tests were conducted by one-pot method using 0.125 M aqueous glucose solution. Glucose 

conversion in homogeneous conditions was performed in the temperature 220 °C for 2 h using H2SO4 

(0.1, 0.2, 0.5 and 1 M solutions). Glucose conversion in heterogeneous conditions was carried out in 

the temperature range of 200–250 °C for 1–5 h using Na-BEA (0.1 g and 0.6 g). The prepared samples 

were analyzed by HPLC-RID system (isocratic elution, SUPELCOGEL™ H, 6% Crosslinked HPLC 

Column, 30 cm × 7.8 mm, Rezex Organic acid ROA H+ 300 × 7.8 mm, column temperature 40 °C, eluent 

H2SO4). The analysis of the obtained products during glucose conversion was performed using the 

HPLC technique on the Prominence Modular HPLC-RID Shimadzu. In chromatographic method, the 

retention times of the obtained products were compared with the retention times of the pure standard 

components. 
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Figure 2  

Summary of results analysis for Na-BEA during glucose conversion. The results are related to the 

selectivity to the given production. 

 

In Figure 2, the chemical pathways that may arise during glucose conversion with the participation of 

the Na-BEA zeolite, are presented in graphic form. When the process is carried out at 220 °C for 2 h, 

products such as levulinic acid and lactic acid are produced. The conversion of glucose at 250 °C for 1 

h, regardless of the amount of Na-BEA used as a catalyst, gives three products: levulinic acid, lactic acid 

and formic acid. From the collected data, it can be seen that conducting heterogeneous catalysis with a 

smaller amount of Na-BEA under mild conditions gives lactic acid with an efficiency of 100%. 

Our results show that Na-BEA catalyst at a relatively lower temperature of 200 °C, low zeolite content 

(0.1 g) and 5 h of process, the process is 100% efficient at succeeding in the very selective production 

of levulinic acid. Such a result is interesting from a practical point of view due to lower energy 

consumption. 
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Anthropogenic nitrogen oxides (NOx) are major air pollutants that cause serious environmental 

problems and millions of premature deaths [1]. Selective catalytic reduction SCR with ammonia as the 

reducing agent is a particularly important process in advanced nitrogen oxide exhaust gas treatment 

systems [2]. An important part of finding more efficient catalysts is to consider the different steps in 

the mechanism of the deNOx process. 

 

Based on previous publications [3-5], a study of the deNOx process with NO and NH3 was carried out. 

Structure of the zeolite FAU and MFI used for calculation contains  Cu-Fe bimetallic dimer,  where the 

metal atoms bond via bridging oxygen which is also bonding to the H atom and create OH group in 

dimer (Fig. 1). Ab initio theoretical calculations based on DFT density functional theory were used in 

this study. Exchange and correlation functions were calculated using the Perdew-Burke-Ernzerhof 

(PBE) method.  

 

 
 

Fig. 1. Zeolites structure with bimetallic dimer Cu-ObH-Fe use to calculations: a) FAU (Al2Si22O66H36), b) MFI 

(Al2Si18O53H26). 

 

Studies have shown that the process is different depending on the zeolite. Energy barriers appear at 

different stages of the process. The mechanism presented on the MFI zeolite is energetically more 

favourable than that on the FAU zeolite (lower energy barriers). 
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Pollution of surface waters with Emerging Contaminants (EC) presents a serious threat to the 

human health, animals' development and safe environment. The aim of this research work was to 

determine the effectiveness of the drug adsorption process with the use of mesoporous SBA-15 silicas 

modified with organic functional groups (Fig. 1 a).  

Selected pharmaceuticals from different therapeutic groups were adsorbed: carbamazepine, 

ibuprofen, ketoprofen, diclofenac and triclosan. SBA-15 was modified with organic groups, incl. 

prolinol derivatives (Fig. 1 b) and acetylacetone. Adsorption isotherms were performed in order to 

study the sorption capacity. The column technique for the most effective sample was used to 

investigate the cyclability of the adsorption process. Additionally, FTIR measurements were 

performed to check whether there were changes in the structure of the tested adsorbents after a series 

of experiments. 

 

a) b)  

 
Fig. 1. a) Modification of SBA-15 mesoporous silica, b) prolinol-derived organic functional group. 

 

Emerging Contaminants (ECs) are the so-called group of new pollutants. This term is used to 

describe substances that are common in water, but have only recently been identified as a class of 

compounds that make water unfit for reuse. Until recently, their content was not monitored. Currently, 

their concentration in waters is defined in the range of ng/L - mg/L. Each year, more substances 

included in the ECs are identified. Several groups of compounds can be listed here, including: 

pharmaceuticals and personal care products (PPCPs), hormones (Endocrine Disrupting Compounds - 

EDC), pesticides, ionic liquids, siloxanes1, but also nanomaterials, polychlorinated biphenyls (PCBs) or 

polybrominated diphenyl ethers (PBDEs)2. On March 11, 2019, the document "Strategic approach of 

the European Union to pharmaceutical substances in the environment" was prepared. It states the 

potential causes of the release of pharmaceutical substances into the environment, i.e. treated 

municipal wastewater, fertilization with manure or improper storage of pharmaceuticals. It was 

agreed what actions will be taken to limit these phenomena. This includes, for example, supporting the 

development of biosphere-friendly pharmaceuticals, creating guidelines for healthcare professionals 

on the rational use of drugs, improving waste management and reducing waste, or extending 

environmental monitoring by considering potential hazardous pharmaceuticals for the environment3.  

So far, to remove that kind of contaminants from water, mechanical, physical and chemical 

processes have been used, such as: adsorption (e.g. with the use of magnetic nanoparticles), 

desorption, reverse osmosis, ion exchange, photodegradation, microfiltration, UV radiation, ozonation. 
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In addition, water treatment technologies are divided into three categories: phase change processes 

(processes capable of transferring pollutants from one phase (eg, liquid) to another), advanced 

oxidation processes (AOP)4, and biological treatment. Adsorption is widely and commonly used to 

purify water from pharmaceuticals, but also other substances. For the sake of simplicity, the costs of 

the process are not too high, but most of all the purification efficiencies achieved are significant. 

In this work, the adsorption method was used. Studied SBA-15 mesoporous silicas were modified 

with the following organic groups: 2-aminopyridine, 2-aminothiazole, 2-aminobenzothiazole and 

prolinol derivatives. Adsorption isotherms were determined in order to compare the sorption 

capacities of different materials. Six models of adsorption isotherms were adjusted to the obtained 

results: Langmuir, Freundlich, Langmuir-Freundlich, Khan, Hill and Sips. Different isothermal models 

were compared to determine which best describes the process under study. The sorption capacity of 

the selected adsorbent was tested using the column flow technique. After each saturation cycle, the 

system was rinsed with deionized water and desorption was performed with methanol. 

SBA-15 mesoporous silicas modified with organic groups make it possible to purify water from 

pharmaceuticals. Prolinol-derived functional group supported in silica was the most effective sample 

of 19 tested adsorbents. In the case of four tested drugs the adsorption capacity is high. Triclosan and 

diclofenac are most efficiently removed from the solution. On the other hand, carbamazepine does not 

undergo an adsorption process with the use of the materials used. The structure of the samples does 

not change during the tests which enables multiple saturation-desorption cycles. As the next cycle 

progresses, the adsorbed amount of the pharmaceutical increases. 
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Selective catalytic reduction with ammonia (NH3-SCR) is currently the most efficient commercial 

method to abate the emission of nitrogen oxides. However, since the industrial vanadium-based 

catalyst causes significant operating problems, alternative materials are in search [1]. Unique 

structural features of natural layered clays and layered zeolites of MWW family make them very 

promising precursors of new catalysts of NH3-SCR [2, 3]. However, it has not yet been established 

whether it is better to use natural, cheaper materials with some contamination, or the synthetic and 

pure, but considerably more expensive ones.  

 

Therefore, our study aims to clarify if natural or synthetic aluminosilicate exhibit better catalytic 

performance in NH3-SCR reaction. In our work, we compared the catalytic features of pillared 

bentonite (as the representative of natural materials) and pillared layered zeolite, MCM-36 (as the 

representative of synthetic materials), both modified with copper. The choice of these materials was 

motivated by their analogous, pillared structure. 

 

Our findings demonstrated that the catalytic activity of the aluminosilicates was influenced by the 

support and temperature range of the reaction. Cu-modified MCM-36 exhibited higher NO conversion 

below 350 °C, while Cu-modified bentonite above that value. This effect can be ascribed to the 

aggregation of copper oxide in the channels of Cu-MCM-36, which implied side reaction of NH3 

oxidation, thus, consumption of the reducing agent. On the contrary, this phenomena has not been 

observed for Cu-bentonite. The results of our research confirmed significant impact of the type of the 

active phase and the origin of the suppport on the catalytic performance of aluminosilicates in NH3-

SCR. 
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There are two typical ranges of temperature observed in mobility of molecules in confinement of eg. 

zeolite structure: translational mobility above Ts, and localized molecules below Ts. NMR spectra and 

relaxation for acetone–d6 in D-ZSM-5 were obtained in a wide temperature range. NMR results were 

analyzed and compared with previous results for acetone–d6 in NaX and NaY zeolites. A lot of attention 

was dedicated to internal rotation of methyl groups, both above and below Ts. An evidence was given 

for existence of acetone dimers in confinement of D-ZSM-5 in the temperature range 267 K–151.5 K. 
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Introduction 
 

The progressive degradation of the environment caused by natural and anthropogenic factors 

contributes to the strong development of environmental education and greater public awareness of 

the pollution consequences . In recent years, a significant increase in interest of new alternative fuels 

has been observed. The excessive use of conventional oil-based fuels provokes to environmental 

degradation due to the high emissions of air pollutants, such as nitrogen oxides, sulphur oxides and 

carbon monoxides. [1][2] Dimethyl ether (DME) is considered as a potential substitute for diesel fuel 

as its combustion results in no particulate matter and  lower toxic gas emissions. It represents one of 

the most promising environmentally friendly fuels, and its production in an industrial scale, can 

partially stop the excessive consumption of oil.[1][3] 

The reaction products of methanol dehydration are determined by accessibility and distribution 

of acid sites in the catalytic material. However, one of the features that contributes to other, 

undesirable reaction paths is strong acidity, leading to coke deposition. Thus, catalyst for this process 

should be characterized by an appropriate surface acidity. The synthesis of a core-shell zeolite 

material is one of the methods that allow overcome some limitations  of classical zeolites and 

obtain catalysts with desirable morphology, porosity and surface acidity.[4][5] 

 

Experimental 
 

ZSM-5 zeolite was synthesised in the spherical core-shell form by hydrothermal treatment with 

use of amorphous mesoporous silica spheres (MSS) as a template and isopropylamine (IPA) as a 

structure directing agent. In consequence a series of materials with different crystallization times of 

7-15 days were obtained. The surface structure and morphology were examined by X-ray diffraction 

(XRD) and scanning electron microscopy (SEM) methods. Textural parameters of the samples were 

determined by low-temperature nitrogen sorption, their surface acidity by temperature-programmed 

ammonia desorption (NH3 -TPD), while inductively coupled plasma - optical emission spectrometry 

(ICP-OES) was used for chemical analysis of the zeolitic samples. 

The obtained materials were tested as catalysts in indirect synthesis of dimethyl ether. The 

carbon deposit formed during the catalytic tests was examined by thermogravimetric analysis (TG). 

 

Results and discussion 
 

The aim of the conducted study was to optimize the synthesis process of spherical ZSM-5 zeolite 

materials and to investigate their activity in the process of methanol dehydration to dimethyl ether. 

The extension of the crystallization time of the synthesized materials changes the structure from 

amorphous to highly crystalline. As a result, materials in the form of spheres ((S)ZSM-5_12d and 

(S)ZSM-5_13d) and larger crystals similar to conventional ZSM-5 zeolite ((S)ZSM-5_15d) were 

obtained.  
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Results of catalytic tests and post-reaction carbon deposit analysis of the obtained samples are 

presented in Figs 1 and 2. The highest activity in the dehydration of methanol to dimethyl ether 

presented (S)HZSM-5_12d, (S)HZSM-5_13d and  conventional ZSM-5 zeolite (Si/Al=13, as reference 

sample). These spherical zeolites are characterized by a slightly lower selectivity to dimethyl ether at 

275°C compared to classical zeolite. However, it was found that despite of the similar activity of 

(S)HZSM-5_12d and ZSM-5 materials, the spherical material accumulates lower amount of carbon 

deposit and are more promising for the large-scale application. 

 

 
Figure 1. Temperature dependence of CH3OH 

conversion and DME selectivity for of (S)HZSM-5 

samples. 

Figure 2. DTG profiles for (S)HZSM-5 samples after 

methanol dehydration to DME. 
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From an industrial point of view, hydrogenation reactions are very important processes [1]. They 

are applied for many important fields of technology, like hardening of fats, pharmaceutical industry, 

synthesis of fine chemicals, quality improvement of motor fuels, production of solvents. 

Hydrogenation processes are a basic step in synthesis of many organic compounds, e.g. aniline or 

cyclohexane. Catalytic activity in hydrogenation reaction depends on the type of active phase as well as 

the properties of the support used. The most important features of the support in this respect are its 

crystalline structure, surface properties and porous structure, which influence the dispersion of the 

active phase and determine its reducibility. The properties of silica, such as: low price, thermal 

stability, hardness, chemical resistance and non-toxicity make it one of the most frequently applied 

catalyst support. We have shown that modification of silica with solutions of ammonium compounds 

generate acidic properties of its surface [2]. It was also shown that noble catalysts supported on low 

acidic supports are more active for hydrogenation reaction than catalysts supported on inert supports 

[3, 4]. 

The presented study investigates the catalytic behaviour of iridium catalysts (1 wt.% of iridium) 

supported on SiO2 (modified with solutions of different concentration of ammonium fluoride) in gas-

phase toluene hydrogenation. The influence of acidity of the support on the activity of catalysts was 

studied. The prepared catalysts and supports were characterized by powder X-ray diffraction (XRD), 

X-ray photoelectron spectroscopy (XPS), low-temperature adsorption of nitrogen (BET), temperature-

programmed reduction (TPR-H2), and temperature-programmed desorption of ammonia (NH3-TPD). 

The amount of chemisorbed hydrogen allows to determine the number of Ir surface atoms that is 

required for the calculation of turnover frequency (TOF) of toluene hydrogenation. The effects of 

temperature and support type on the activity of the metal catalysts were analysed. 

The amorphous silica after modification with ammonium fluoride agents (NH4F) are characterized 

with higher pore volume and diameter than initial silica. These values increases with the 

concentration of modification agent. The modification leads also to decrease in surface area, although 

the decrease does not exceed 20% while the average pore diameter increases almost twice – Table 1.  

 
Table 1. Textural and chemical properties of the supports. 

 

Sample 

code 

Surface area, 

m2�g-1 

Total pore 

volume, 

cm3�g-1 

Average pore 

diameter, 

nm 

SiO2 381 0.69 5.6 

SiO2-F-0.1 387 0.73 6.2 

SiO2-F-0.5 355 0.77 7.2 

SiO2-F-1.0 337 0.77 7.6 

SiO2-F-2.0 334 0.95 10.0 

 

The catalysts supported on modified silica are more active in hydrogenation of toluene to 

methylocyclohexane than the catalyst supported on unmodified silica – Figure 1. An increase in the 

concentration of the modifying agent leads to an increase in the activity of the catalysts, reaching the 

maximum for the Ir/SiO2-F-1.0 catalyst. Although the NH3-TPD profiles for SiO2-F-1.0 and SiO2-F-2.0 

supports looks almost identical, the decrease in activity for Ir/SiO2-F-2.0 may be a result of decrease in 

the specific surface area of the support. Additionally, the Ir/SiO2-F-1.0 catalyst is characterized by the 

highest dispersion of iridium, with increasing of acidity of the support – Figure 1. 
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Fig. 1. The effect of concentration of ammonium fluoride, as a support modifying agent, on the iridium 
dispersion (○) and the apparent rate, rt (□) of hydrogenation of toluene. 

Reaction: cTl=0.70 μmol·cm-3, H2= 50 cm3·min-1, T=125oC; activity after 20 min. 

 

The combination of iridium active phase and chemically modified amorphous silica as a support 

enabled to obtain new catalysts of high activities for toluene hydrogenation, greater than that of 

iridium supported on unmodified SiO2. The modification of silica with ammonium fluoride solutions 

have a significant impact on the porous structure of the support and the dispersion of the iridium 

active phase. The catalytic activity is a result of the combination of acidic and structural properties of 

iridium catalysts. 
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The ability of clinoptilolite to adsorb enables the use of this natural mineral to capture contaminants 

from soil or water, drying materials, absorbing noxious odors. The adsorption capacity of clinoptilolite 

in activated form during the removal of organic compounds (phenol, chlorophenol) from wastewater 

was studied [1]. The our studies focuses on two industries: catering and breeding (on the example of 

pigs farms) and analyzes the composition of odor mixtures in both these industries, followed by a 

comparative analysis of the chemical structure of substances and particle size, which are important for 

the adsorption process in porous materials such as zeolites. The catering processes, where the 

products are quickly processed at high temperatures, can be a source of organic compounds including 

n-alkanes, polycyclic aromatic hydrocarbons (PAHs), fatty acids, as well as aromatic amines (AA) and 

the already mentioned heterocyclic aromatic amines (HAA) [2]. Of these, formaldehyde, acetaldehyde, 

acrolein, dimethylamine, and volatile organic compounds (VOCs) including acetone, toluene, or octane 

appear to be the most significant. Numerous odorants - such as hydrogen sulfide, ammonia, thiols, 

sulfides and aromatic amines, heterocyclic organic compounds with sulfur or nitrogen content, 

aliphatic alcohols or phenols, ketones, aldehydes, aliphatic acids, esters, as well as toluene or xylene - 

are present in the farm premises and in the air surrounding poultry farms. 

 

In the present study we are interested in designing theoretical and experimental approach for the 

odors adsorption processes over natural clinoptilolite CLI zeolites modified with various metals (Sn 

and Fe).  Dried natural zeolites of different granularity (clinoptilolite, CLI) and using different binders 

and synthetic ones (ZSM-5MFI and FAU), which were subjected to different modifications (alkali 

metals leaching, metal, Sn and Fe subsidization, hierarchization in acidic medium), were investigated, 

and the adsorption process of selected odorants (acetaldehyde, dimethylamine, propionic, pentanoic 

and octanoic acids) was studied. The metals were introduced during hydrothermal ion exchange with 

and without an ammonium exchange step in order to determine the adsorption capacity. In the 

theoretical studies the metal centers were found to be stable above oxygen bound with aluminum 

centres of CLI zeolites. 

 

The electronic structures of natural clinoptylolite (CLI) zeolites were calculated using ab initio density 

functional theory (DFT) methods (program StoBe) with the non-local generalized gradient corrected 

functionals according to Perdew, Burke, and Ernzerhof (RPBE), in order to account for electron 

exchange and correlation and cluster model according to our previous studies on zeolites modeling 

[3]. The adsorption of ammonia, dimethylamine and propionic acid in a clinoptilolite supercell in the 

presence of Brønsted centers and metals (Na, Fe, and Sn) was modeled. Figure 1 presents adsorption 

of ammonia and dimethylamine as example of obtained results.    

 

Summarizing results we could conclude that:  

- Stabilization of all groups of odorous substances on clinoptilolite supercell walls occurs near 

Brønsted-type acid centers (-Al-OH), so increasing the number of acid centers will increase the 

sorption properties of clinoptilolite (Ea<0) 

- The presence of alkali metals and transition metals (Sn or Fe) does not favor the adsorption of most 

odorous substances (Ea>0) 

- It is possible to trap long odorants (e.g., octanoic acid with a chain length of 11.1 Å) in clinoptilolite 

supercells (about 12 Å in size). 
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Figure 1  

Adsorption of ammonia (left column) and dimethylamine (right column) in a clinoptilolite chamber (middle 

column): top adsorption on Brønsted acid centers, bottom adsorption on metallic centers (Na, Sn or Fe). 

 

Summary of adsorption efficiency: 

- Used fraction of CLI most favors removal of acidic odors 

- Hierarchization of  CLI with hydrochloric acid are favorable for removal efficiency of actaldehyde and 

octanoic acid 

- CLI without further modifications has sufficient stability for dimethylamine removal 

- Transition metals and modified synthetic zeolites should absolutely not be introduced into the zeolite 

mixture for odor adsorption purposes. This is because they deteriorate the removal efficiency of most 

of the tested odorous substances and may cause unfavorable processes (e.g.e.g., catalytic), which may 

lead to the formation of new unfavorable substances (including odorous substances). 

 

The possibility of using clinoptilolite with a larger granulation (above 2 mm) as an adsorbent is 

important due to the economics of production of anti-odor filters, and the temperature stability of the 

odor adsorption process compared to the metal-modified material makes it advisable to use this 

particular material in actual anti-odor filters. 
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Introduction 
Mesoporous silica materials show great potential in catalysis because of various unique properties, 

such as homogeneous porous structure, very large specific surface area and porosity. [1,2] However, 

high-surface mesoporous silica materials do not naturally exhibit an ion-exchange ability, which 

makes deposition of catalytically active components on their surface in highly dispersed forms very 

difficult. [3] In order to overcome this limitation, the template ion-exchange (TIE) method can be used 

for catalytically active species deposition o the surface of mesoporous silicas. Cationic surfactants, 

used in the synthesis of mesoporous silicas, form ionic bonds with the negatively charged silica walls. 

[2] The TIE method is based on exchange of cationic surfactants in freshly prepared samples of 

mesoporous silica (non-calcined) for metal cations.  In this studies the methanol solutions of CuCl2 or 

FeCl2 were used in TIE method. [3] TIE method results in deposition of catalytically active metal 

cations on the surface of mesoporous silica materials in a highly dispersed form. The TIE method is 

also relatively cheap, quick and simple. [2,3]  

 The interaction of cationic surfactants (CTACl) with the walls of MCM-41 and MCM-48 is shown in 

Figure 1a. Such interaction makes possible to modify them using the TIE method. Even though an inert 

surfactant (HDA) is used in the synthesis of HMS silica, this material can also be functionalized by the 

TIE method. It is possible because presence of  hydrogen bonds, which are formed between the silica 

surface and organic matrix (Figure 1b). However, HDA can be protonated  and form ionic bonds with 

silica similar to that  shown in Figure 1a. 

The aim of this work is to examine the possibility of MCM-41, MCM-48 and HMS mesoporous 

silicas functionalization with transition metals using TIE method .The motivation of these studies are 

very promising results of catalytic reduction of nitrogen oxides (NOx) with ammonia to nitrogen (NH3-

SCR) and catalytic oxidation of ammonia to nitrogen (NH3-SCO) over MCM-41 modified with copper. 

[1] 

 

Experimental 
Mesoporous silicas of MCM-41, MCM-48 and HMS type were modified by TIE method using 

CuCl2·2H2O as the copper source. 

The parent silica materials and copper modified samples were characterized by thermogravimetric 

analysis, CHN analysis, X-ray diffraction (XRD), low temperature nitrogen sorption, TPR-H2 

measurements and UV-Vis-DR spectroscopy. 

The obtained copper-modified materials were tested as catalysts in the NH3-SCR and NH3-SCO 

processes. 
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Figure 1. Types of interactions between surfactant and silica material. S represents the surfactant and I the 

surface of the silica. [4] 

 
Results and discussion 

Silica materials of MCM-41, MCM-48 and HMS types were efficiently modified with copper by TIE 

method. These results prove that interaction of neutral surfactant (HDA) with the silica surface occurs 

both by the formation of hydrogen bonds and ionic bonds. The studies showed that the porous 

structure of catalytic supports influenced results of catalytic tests, and the porous system of MCM-48 

silica is favourable for the effective for the NH3-SCR process. It was also shown that in copper-doped 

MCM-41 and HMS materials, with similar morphology, different types of interactions are present, and 

therefore different types of copper species were formed.   
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Amorphous silica and crystalline silicalite materials from the zeolite group (e.g. silicalite-1) show 

very low acidity, which limits their use as acid catalysts. Silicalite-1 is used only in reactions involving 

very weak acid centers, e.g. Beckmann rearrangement or propionic acid ketonization. The role of 

active sites plays silanols groups on its surface. It was shown that treatment of silicalite of MFI 

structure, with an aqueous solution of ammonium salts and at least one basic compound (e.g. aqueous 

ammonia solution, alkylamines, allylamines, or alkylammonium hydroxide) generates additional acid 

sites in form of H-bonded silanol defect groups of a different kind causing an increase in the activity 

[1]. 

Regarding the above, in the presented study we modified silicalite-1 (MFI) with solutions of 

ammonium compounds (NH4NO3, NH4Cl, NH4F, NH4OH) but without any additional alkaline agent in 

order to induce the generation of the acidic sites. We also attempted to modify the silicalite-1 with 

alkaline compounds (NaF, NaCl, NaOH, KF, KCl, KOH) to generate basic centers by creating defects in 

their structure. The influence of the nature of anion in the applied compound on the number and 

strength of resulting sites was investigated. The modified silicalite-1 materials were characterized by 

XRD, SEM, TEM, BET, NH3-TPD, CO2-TPD, FTIR (pyridine). The materials modified with ammonium 

compounds were examined as acid based catalysts for acetalization of glycerol with acetone to 

produce solketal. Samples modified with alkaline compound were tested as catalysts in the 

transesterification of glycerol with dimethyl carbonate which takes place in the presence of basic 

centers.  

The XRD analysis indicated that both used procedures of modification allowed to maintain the 

MFI structure. The treatment of silicalite-1 with ammonium salt or alkaline compound solutions at 

elevated temperature results in a change in its textural properties (increase in specific surface area 

and the pore volume). The increasing volume of the hysteresis loop at p/p0 ~ 0.2 for modified 

materials is caused by a generation of framework defects upon the modification. The increase in the 

total pore volume (Vt) for modified samples at the unchanged volume of micropores (Vmicro) compared 

to the initial sample indicates a generation of new mesopores during the modification procedures. This 

is confirmed by the enhanced mesopore area (Sext) and growing the second loop in N2 sorption 

isotherms of modified samples. The generation of mesopores was also confirmed by TEM analysis. 

NH3-TPD measurements confirmed the formation of new acid sites by modification with ammonium 

compounds whereas CO2-TPD measurements generation of basic sites by modification with alkaline 

compounds. The number and the strength of generated acid sites depend on the type of ammonium or 

alkaline agents used for modification. Samples modified with NH4Cl and NH4F indicate the highest 

overall acidity and higher contribution of stronger acid centers in comparison to the other samples. In 

the case of samples modified with alkaline modifier, the highest basicity show samples obtained by 

treatment with hydroxide solutions. All the modified silicalite-1 materials of the MFI structure showed 

considerable activity for glycerol acetalization with acetone with high selectivity to solketal or in the 

transesterification of glycerol with dimethyl carbonate to glycerol carbonate. The activity of the 

studied catalysts increases simultaneously with the growth of their acidity or basicity. 
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Metal−organic frameworks (MOFs) are attractive and widely used chemical compounds in 

modern material engineering due to their high degree of freedom in the design of the high specific 

surface area and well-defined structures. MOFs belonging to the porous solids undergo intense 

research concerning adsorption, catalysis, medical applications, and sensing. Among the numerous 

applications of MOFs, a drug delivery system (DDS) has been widely studied [1].   

One of the MOF’s structures meeting the requirements for drug carriers is Zr-based UiO-66 

(Universitetet i Oslo) composed of octahedron clusters [Zr6O4(OH)4] and 1,4-benzene dicarboxylic acid 

ligands. Due to its high surface area, apparent thermal stability, high multiplicity in synthesis and post-

synthesis treatments, as well as its high susceptibility to modification, UiO-66 has attracted 

considerable attention in terms of its potential as a drug delivery carrier [1]. 

In the undertaken study, we present a modulated synthesis nanocrystalline defective UiO-66-

structure type MOF as a potential chloroquine diphosphate (CQ) delivery system. The UiO-66 defect 

optimization in the UiO-66 structure allowed the introduction of 20 wt % chloroquine diphosphate.  

The rising concentration of defects in UiO-66 during the modulated synthesis caused a significant 

growth of pore volume, which enhanced the CQ loading in CQ@UiO-66 composites. Drug release tests 

for CQ@UiO-66 composites indicated a prolonged CQ release in respect to pure CQ. In vivo tests on a 

Danio reiro model organism indicated that CQ released from CQ@UiO-66 25% demonstrated lower 

toxicity and fewer cardiotoxic effects manifested by cardiac malformations and arrhythmia in relation 

to analogous doses of CQ. Cytotoxicity tests evidenced that the CQ loaded on the defective UiO-66 

cargo resulted in increased viability of cardiac cells (H9C2) in comparison with incubation with pure 

CQ. The presented experimental results could be a step towards reducing the cardiotoxicity CQ [2]. 
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The reduction process of Ag+ cations to various forms of Ag0, clusters or nanoparticles, can occur 

upon the thermal treatment with CO, alcohols and alkylobenzenes [1]. Further, the thermal treatment 

itself plays an important role in the control of Ag species nature in zeolites. An isolated Ag+ cations are 

the most favoured at temperatures below 400 °C while higher temperatures facilitate their 

aggregation [2]. Silver ions incorporated to zeolite can serve as active sites in numerous catalytic 

reactions as the aromatization of alkanes, alkenes and methanol. The status of Ag species in zeolites 

and their interaction with reactant molecules are of high imporantce [1]. 

The evolution of Ag species in the oxidative and reductive atmosphere was tracked in operando 

UV-vis studies. The temperature was increased gradually from RT to 500 °C with rate of 10 °C/min, and 

over 10 min stabilization every 50 °C. It is well known fact that during oxidation at elevated 

temperatures the reduction of Ag+ to Ag0 can take place even in pure oxygen atmosphere. This is our 

case as the bands placed at 255 and 280 nm (Agm
+ and Agn

+ clusters, where m<n<8) as well as 367 nm 

(Agp
0, y>8) increased significantly upon the thermal treatment in synthetic air flow when the 

temperature was raised from RT to 500 °C. Also AgNPs can be identified at 430 nm and 550 nm on UV-

vis spectrum (Fig. 1A). On the other hand, the reduction under H2 atmosphere with gradual increase of 

temperature to 500 °C leads to the formation of new kind Agx
+ with lower atomicity degree ( 4<x<8, 

300 and 320 nm) accompanied by development of AgNPs (418 nm) (Fig.1B). The status of silver sites in 

zeolites will influence the process of catalytic oligomerization of ethylene and methane activation 

because of the Ag+ cation itself can serve as the reaction site. Further, the activity of protonic sites 

present in reduced sample can be moderated by charged silver cluster presence. This aspect of the 

oligomerization activity influenced by the co-presence of Ag+ cations was studied by means of 2D COS 

FT-IR spectroscopy of ethylene transformation over Ag-ZSM-5 and H-ZSM-5 zeolites at 375 °C over 10 

h. The first period of reaction over HZSM-5 zeolite the ethylene is immediately transformed to linear 

hydrocarbon products with conjugated C=C bonds (1660 cm-1) (Fig. 2). The positive correlation 

between the 1660 cm-1 band and 1445 cm-1 band (indicative for ethylene) confirms that both species 

in overall reaction time serve as substrates. Thus it can be found that  ethylene and hydrocarbons with 

conjugated C=C bonds are transformed to aromatic compounds represented by 1590 cm-1 band. This 

aromatic character is confirmed by the negative correlation of 1590 cm-1 band with the alkyl vibration 

bands of the CH3/CH2 groups represented by the 1365 and 1375 cm-1 bands. The AgZSM-5 zeolite 

presents distinctly different selectivity of the process: conjugated linear species are not formed and 

the main products of the ethylene oligomerization process are aromatic compounds, e.g. 1,2,4-

trimethylbenzene (1505 cm-1) and bulky aromatics seen as 1590 and 1570 cm-1 bands. Homogenous 

nature of the oligomerization products is reflected in the maps as well-resolved high intensity 

correlation peaks. The participation of Ag+ cation in ethylene transformation is also confirmed by 

selectivity of AgZSM-5 catalyst when compared to protonic HZSM-5 zeolite.  
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Fig. 1. UV-vis spectra of Ag-ZSM-5 zeolite upon thermal treatment in oxidative (A) and reductive (B) atmosphere 

synthetic air and hydrogen during 

 
 

Fig. 2. 2D COS maps of FT-IR spectra registered during ethylene oligomerizaiton over HZSM-5 (A) and AgZSM-

(B) zeolites at 375 °C for 10 h. 
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Ethylene oligomerization has become one of the major research fields of petrochemical industry 

worldwide aiming at achieving high activity and selectivity to even number atom products. The 

heterogeneous catalysts used zeolites with proper acidity have demonstrated promising performance 

in practical applications. ZSM-5 is characterized by a series of channels with two directions and with 

the diameter of 5.5 Å, which control the shape and size of the product molecules. In addition, the 

protonic acid sites within the catalyst facilitate the reactions. Conversion of light olefins to 

transportation fuel products was gaseous olefins in the range of ethylene to pentene were converted 

into an olefinic gasoline blending stock by contacting the olefins with a catalyst bed made up of a ZSM-

5 type zeolite1.  In order to obtain high activity of ethylene oligomerization, the catalyst should 

possess acidity. However, if the acidity is too strong, there would be side reaction such as cleavage, 

alkylation, isomerization, or polymerization.  Both Brønsted acid and Lewis acid can affect the 

performance of the catalyst, Lewis acid can cause the catalyst coking, while strong Brønsted acid can 

promote oligomerization as well as eliminate coking or reduce aromatization reaction. The 

carbonaceous species plug the zeolite micropores and inhibit the diffusion of reactants and products 

to and from active sites or even lead to poisoning of the active sites. In this respect, defining the 

relationship between the coke speciation and zeolitic catalysts properties which determines the 

carbonaceous deposit formation is important research objective. To meet this specific objective, a 

comprehensive approach allowing to unwrap the correlations between the coke formation process 

and zeolitic catalysts parameters need to be addressed. Our studies showed that the type of zeolite 

structure, their acidity and size of channels have huge influence for catalytic results.  

The experimental studies were based on the spectroscopic properties of the preparations. The 

reactions were carried out in a flow-through quartz reactor, all catalytic results were recorded by a gas 

chromatograph with FID detection. Carbonaceous species over the catalysts with acidic property are 

rapidly formed during the transformation of ethylene into higher hydrocarbons (ZSM-5, CBV2314E, 

Zeolyst, 325 °C, 5000 ml/(g٠h), 18 hours) Assessing the nature of such carbonaceous species was 

evaluated using operando FT-IR and UV-vis spectroscopic methods. The TPO experiments of coke 

removal from spent catalysts were performed from 200 to 550 °C in flow of synthetic air and followed 

by FT-IR and UV-vis spectroscopies. The information on the nature of the coke precursors was derived 

from monitoring CO2 evolved during TPO of coke followed by FT-IR spectroscopy and mass 

spectrometry. The coke species formed during the oligomerization of ethylene over a series of ZSM-5 

can be identified by the complex band around 1640-1550 cm−1. The position of the coke bands are 

indicative of its nature itself. In the zeolitic catalysts the coke bands are centered at 1615 and 1575 

cm−1 suggesting that strong acid sites facilitate condensation reactions to produce C6H7
+ olefinic cation 

(CH2=CH−CH]CH=CH]CH+) or cyclic alkenyl carbenium ions C6H9
+ identified by the 1575 cm−1 band 

while the ca. 1600 cm−1 band presence points to the formation of polymethyl-benzenes as coke 

forming compounds (e.g. 1,2,4-trimethylbenzene, 1,2,3-trimethylbenzene).  

The shape of the UV−vis spectra provides information that coke on spent catalyst is consisting of 

aromatic structures containing 1-, 2-, and 3-ring aromatic compounds can be identified by the bands 

appearing only at 220 and 260 nm. Both neutral and charged aromatics species formed during 

ethylene oligomerization over ZSM-5 zeolite the zeolitic catalysts can be identified by a band between 

220-620 nm. More specifically, a complex band at 425 nm can be ascribed to 1-methylnaphthalene, in 

line with its relatively small bandwidth indicative of a narrow distribution of hydrocarbon species 

contributing to this band. The highest amounts of CO2 are formed by the oxidation of residues in ZSM-5 
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zeolite at temperatures as high as 500 and 550 °C. This further confirms the aromatic character of coke 

species formed during ethylene oligomerization. 
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Cerium dioxide (CeO2) is one of the most widely used metal oxides in heterogeneous catalysis [1]. 

Recent studies by Hamoud et al. [2] have shown that ceria can be used not only as a support for 

various metals, but also as an active component for the activation of H2O2 and the degradation of 

organic pollutants. According to the literature [3], the degradation of organic pollutants over CeO2 is 

an adsorption-triggered process. For example, methylene blue (MB) dye that cannot be adsorbed on 

CeO2 is hardly degraded in the presence of this metal oxide and H2O2 [4]. The main goal of this study 

was to increase the efficiency of MB degradation by developing new bifunctional CePO4/CeO2 

nanocomposite that combines the high reactivity of CeO2 in H2O2 activation and the strong acidity of 

CePO4 that allows efficient MB adsorption.  

 

In the present work, CeO2, CePO4, and the bifunctional CePO4/CeO2 nanocomposite were prepared 

using a facile hydrothermal method. The materials obtained were characterized by a wide range of 

research techniques, including XRD, FT-IR, UV-vis, SEM-EDS, and low-temperature adsorption-

desorption of nitrogen. The activity of the prepared catalysts was tested in the degradation of MB in 

the presence of H2O2 as an environmentally benign oxidant. 

 

As depicted in Fig. 1, the nanocomposite containing both CePO4 and CeO2 exhibited the highest 

efficiency in the discoloration of methylene blue. Detailed characterization of the catalysts with the use 

of numerous experimental techniques allowed for the conclusion that the enhanced reactivity of the 

bifunctional catalyst originated from the presence of strong interface interaction between CePO4 and 

CeO2. The close distance between these two different components of the nanocomposite enabled 

efficient degradation of the dye molecules adsorbed on CePO4 by reactive oxygen species formed in-
situ on the surface of CeO2 via H2O2 activation. 
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Fig. 1. Efficiency of methylene blue discoloration in the presence of catalysts prepared in this work. 
 
References  
[1] T. Montini, M. Melchionna, M. Monai, P. Fornasiero, Chem. Rev. 116 (2016) 5987 − 6041 

[2] H. I. Hamoud, G. Finqueneisel, B. Azambre, J. Environ. Manage.195 (2017) 195 − 207  

[3] P. Ji, L. Wang, F. Chen, J. Zhang, ChemCatChem 2 (2010) 1552 – 1554 

[4] X. Wei, Y. Wang, Y. Feng, X. Xie, X. Li, S. Yang, Sci. Rep. 9 (2019) 4964 

 
Acknowledgements: National Science Centre, Poland (Grant No. 2018/28/C/ST5/00255) is acknowledged for the 

financial support of this work. 

  

P10 



66 

POSTERS

Recyclability of hydrotalcite-derived adsorbents for removal  
of selected pharmaceuticals in column mode  

 
Sylwia Skórkiewicz1, Agnieszka Węgrzyn1, Monika Ciszewska1, Weronika Gierat1, Alicja 
Katarzyńska1, Dorota Majda1, Paweł Miśkowiec1, Ejdi Cela2  
 
1Jagiellonian University, Departament Chemistry , ul. Gronostajowa 2, Krakow, Poland 
sylwia.pasionek@student.uj.edu.pl 
2Universita degli Studi di Perugia, Piazza Università, 1, 06123 Perugia, Italy 
 

The global community is becoming increasingly aware of both the presence in the environment 

and the actual or potential environmental impact of man-made chemicals. Continuous pollution of the 

environment with chemicals and their negative impact on both ecosystems and human health are 

among the most significant contemporary environmental problems [1]. Emerging pollution presents a 

new global challenge to water quality, with potentially serious threats to human health and 

ecosystems. Pharmaceuticals constitute the main group of contaminants occurring in fresh and coastal 

waters, which pose a risk of contamination of surface waters and soils with active substances. 

Therefore, many scientists are looking for an effective method of labeling drugs and their disposal [2-

4]. For this purpose, a process such as adsorption can be used. It is a fairly simple, cheap and effective 

method compared to other available procedures.  

The subject of the research was a mixture of drugs, which included: Ibuprofen (IBU), 

Ketoprofen (KET), Diclofenac (DIC), Triclosan (TRI), Carbamazepine (CAR). The selected substances 

are drugs commonly used in human and veterinary medicine. Due to the widespread use, they pose an 

increasing threat to the natural environment. The aim of the research was to check how the above 

drugs are adsorbed with the use of hydrotalcite.  

Hydrotalcite (Fig. 1) is a magnesium-aluminum hydroxycarbonate with a brucite structure, in 

which the OH- anions are hexagonally arranged, and the magnesium cations fill the center of 

coordination octahedron. In hydrotalcite, the divalent cations are replaced by higher valent cations, 

which leads to the appearance of a positive charge on the layers. It has a "MEMORY EFFECT" where 

these materials can restore their original structure when the metal oxides formed during the 

calcination transform into hydrotalcites when in contact with a solution. 

 

 
 

Fig. 1. Hydrotalcite layered structure with intercalated mixture of anions balancing later charge. 

 

Breakthrough curves were obtained to determine the maximum sorption capacity. 500 ml of 

IKTDC solution was prepared with a concentration of each drug of 10 ppm. 0.500-0.150 g of the 

previously prepared hydrotalcite was mixed with 25.0 g of glass spheres with a size of 200-300 μm. 

The adsorbent was packed into the column. The drug mixture was pumped into the column at a flow 

rate of 0.65 mL/min. After the mixture had passed through the column, samples of appropriate volume 

were collected at the column outlet and analyzed by high-performance liquid chromatography. After 

saturation, adsorption bed bas removed and regenerated by calcination at 450°C for 6 h in air. 
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Fig. 2. Adsorption capacity for the tested mixture of IKTDC drugs in consecutive adsorption cycles. 

 

Based on the conducted research, it can be concluded that by using hydrotalcite we are able to 

purify water from pharmaceuticals (Fig. 2). The synthesis of hydrotalcite is relatively easy and cheap. 

The big advantage is also that this process can be carried out in conditions close to green chemistry - 

reducing energy consumption. Another aspect is the possibility of recovering raw materials from the 

used adsorbent. In the case of hydrotalcite, it can be easily disposed of because it is not toxic or 

dissolved and used in the next synthesis.  

Nevertheless, the product is not stable enough to be used indefinitely. Further research will be 

devoted to the reversibility of adsorption and the possibility of reusing the materials based on SBA-15 

mesoporous silica modified with organic functional groups. 
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Nitrogen oxides (NOx) are one of the most harmful air pollution and their emission significantly 

degrades the quality of the environment. Abatement of NOx production in the industrial processes can 

be realized by various methods and currently, the most efficient is selective catalytic reduction with 

ammonia (NH3-SCR). However, the commercial catalyst of the process, V2O5-TiO2 exhibits narrow 

temperature window of 300-400 °C and it can be easily deactivated, for example by metal sulfates [1]. 

 

Therefore, the industrial catalyst should be replaced with alternative material, free from the 

above mentioned limitations. One of the most promising precursors of new NH3-SCR catalysts are 

metal-modified zeolites, for example ZSM-5 or SAPO-34 [2, 3]. However, to our knowledge, only few 

studies have explored catalytic performance of the zeolites of MWW in NH3-SCR. The representative of 

this group, 3D MCM-22, exhibits very advantageous structural features, since it combines 

microporosity and high specific surface area. Besides, the zeolite can be synthesized in the wide range 

of Si/Al ratio. Thus, acidity of MCM-22 can be easily adjusted. Facilitated access of large molecules to 

the inner space of the zeolite made it especially useful in many organic catalytic reactions [4]. 

However, the issue of the application of the material in inorganic processes still remains opened. 

 

Therefore, the aim of our work was to contribute to the knowledge on the application of MWW 

zeolites in catalytic reaction involving inorganic molecules (NH3-SCR). We compared the catalytic 

features of the samples of MCM-22 modified with iron by various methods (one-pot synthesis, 

adsorption from the solution, co-precipitation, and impregnation). The obtained catalysts were 

comprehensively characterized by ICP-OES, XRD, SEM microscopy, N2 adsorption-desorption at 77 K, 

NH3-TPD, UV-vis, and FT-IR spectroscopy. The results of the catalytic tests showed that the highest 

catalytic activity was obtained for the material modified by one-pot synthesis, due to the abundance of 

isolated Fe3+ cations, incorporated into the zeolitic framework. Relatively higher N2O formation was 

observed for the material modified by impregnation. The effect was ascribed to the presence of iron 

oxide clusters, which could block the pores or catalyse the side reaction of NH3-SCR, NH3 oxidation. 
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Although the first invention of the fuel cells has been revealed by Sir William Grove already in the 

first half of the nineteenth century, their challenging practical role is coming now, when the global 

energy demand emerges as extremely urgent problem. 

The fuel cells seem to be a very promising solution because they are able to transfer directly 

chemical energy (oxidation reaction) into an electric energy without any intermediate steps, which are 

always used in conventional power stations and cause a loss of some part of energy. 

Important part of the cell system is an electrolyte conducting protons. Hydrated functionalized 

polymers (e.g. Nafion) are often applied as electrolytes and as membranes. The water molecules play a 

role of proton carrier. However, the catalytic oxidation process requires elevated temperatures (above 

100oC) to provide a perfect efficiency and to avoid a poisoning of catalyst with CO. The hydrated 

polymers lose water at these temperatures, which causes dramatic decrease in their conductivity. The 

polar water molecules could be replaced by other polar compounds with much lower volatility. 

Imidazole (Im) is a good candidate, although its proton conductivity in a solid crystalline state is very 

low. It can be substantially increased by dispersion in respective matrix. There were some attempts to 

use MOF or mesoporous materials. 

 

 
 

Fig. 1. Conductivity of selected samples. 

 

We showed that zeolites and zeotypes can play a role of very effective matrices for Im and the 

properties (i.e. conduction) of resulting composites could be markedly modified by geometry of pore 

system, chemical composition and nature of active sites inside the molecular sieves. 

We noticed the correlation between the Im condensation and conductivity. We also recorded the Im 

phase transformation effect in the case of overloaded samples, where excess part of Im was located at 

the outer zeolite surface. The presence of protonic acid sites in the host zeolite usually improved the 

composite conduction. On the other hand, the Lewis site and very strong Broensted sites reduced the 

conduction because of immobilization of Im molecules. For our composites we consider both types of 

conduction mechanisms, i.e. vehicle and Grotthuss type. 
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The replacement of fossil fuels by renewable energy sources will require batteries capable of 

storing significant amounts of energy. The effects of scientific studies on this subject are not limited to 

the research sphere, but have real economic, political and social consequences: independence from the 

supply of raw materials from distant areas or reduction of human rights violations in the case of 

conflict elements. Ethical and ecological supply of the elements is regulated by the EU and the US, 

among others – all of this must be taken into the consideration when proposing new materials for Li-

ion cells. Based on these premises, this article is focused on the production of cobalt free and low-

nickel lithium-ion cells using improved cathode material LKMNO. Its 3D spinel structure is capable of 

fast cation-mediated anionic redox reaction making it stable, reversible and efficient cathode material 

to use.  

Keywords: energy storage; Li-ion batteries; cobalt-free cathode materials; defect spinel; green 

chemistry 

 

Due to the rapid technological development in recent years, the production and demand for 

devices using portable energy sources is increasing. Consequently, there is a high demand for 

inexpensive and durable cells with stable charge/discharge cycles, high energy capacity and high 

operating potential. Recently popular Li-ion batteries are meeting those requirements. However, there 

are still many venues to explore, improving its parameters and lessening the environmental impact of 

this product. 

The energy produced by wind power, hydroelectric power or photovoltaic panels is dependent on 

the environment, and is not always delivered in a uniform and sustainable manner. In order to use its 

full potential in periods of increased production dependent on natural conditions, the energy 

produced should be stored safely so that these resources are available in case of periods of stagnation 

or reduced production. The same assumption applies to the production of green hydrogen. Its main 

advantage is that it can be produced from water or from any hydrocarbon fuel. Water electrolysis 

combined with renewable electricity is considered the most beneficial for the environment and it is 

expected to make a significant contribution to the future hydrogen production. There is continuous 

research on improving this process [1,2]. The most efficient process for providing energy to a 

hydrogen-powered grid using electrolysis assumes continuous operation of the electrolyser. As above, 

power consumption from the grid is not constant, excess of unused energy should be stored in battery 

cells to make it more sustainable.  

This green approach to battery components is our main concern. Currently, the majority of the 

elements used in the production of lithium batteries is sourced in a few limited areas, often plagued 

with military conflicts. This can have an impact on the economic dependencies and political issues, 

driving up prices and limiting material availability. The biggest problem in the production of popular 

cathode materials is the price and availability of cobalt ore [3]. Substitution of cobalt with less pricey 

metals like manganese in cathode materials is an opportunity to answer rising market demand for 

energy storages for lesser cost.  

LKMNO (Li0.98K0.01Mn1.86Ni0.11O4) is a derivative of LMO (LiMn2O4) spinel which has limited 

applications due to low specific capacity and capacity retention. Modification of its chemical 

composition with Ni and K leads to the stabilization of spinel structure, higher speed and reversibility 

of electrochemical reaction. Performance and capacity was also boosted significantly in comparison to 

LMO [4].  

In this study we were focusing on sol-gel synthesis of cobalt free cathode material 

Li0.98K0.01Mn1.86Ni0.11O4 and influence of calcination step on the structure and its function. 
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In this method aqueous solutions of lithium acetate, manganese acetate, nickel acetate, and 

potassium nitrate were combined under constant flow of argon to prevent oxidation of the mixture. 

Concentrated ammonia solution (25%) was added as an alkalizing agent. After thorough mixing, the 

suspension was left in the air oven for 3 days at 90°C. Obtained xerogel was calcined in two steps, first 

at the temperature of 300°C for 24h (heating rate of 1 °C min−1) and second at temperature of 650°C 

for 6h (heating rate of 5 °C min−1) in the air atmosphere using muffle furnace [4,5,6].The second 

sample was calcined at 800°C instead of 650°C. 

Samples before calcination (LKMNO), after calcination in 650°C (LKMNO 650), after calcination in 

800°C (LKMNO 800) were measured using Infra-Red Spectroscopy (FTIR). Additionally, cathode 

material LKMNO 650 supported on Al-foil has been characterized. Results can be seen in Fig.1.a. The 

same samples as listed above have been studied using x-ray powder diffraction(XRD). Recorded 

patterns are shown in Fig.1.b. The size of the crystallites was measured after calcination and it was 

determined as 28 nm for LKMNO 650 and 43 nm for LKMNO 800, respectively. 

Sol-gel synthesis of LKMNO allowed for the preparation of material containing very small 

amounts of K and Ni. Samples were homogenous and the method was adhering to green chemistry 

principles. The analysis of FTIR spectrum measurements after calcination showed the disappearance 

of bands representing organic ligands introduced in the precursor. The XRD method also confirmed 

the occurring change in structure of the precursor and its transformation into spinel LKMNO. The size 

of crystallites is also an important parameter that can help in choice of calcination conditions, 

providing that we wish to produce cathode material with large active surface area and lower diffusion 

limitations. Synthesis of LKMNO is effective and provides us with properly constructed 3D spinel 

structure. Calcination temperature does not have significant influence on the obtained results, so 

calcination in 650°C consumes less energy which is a preferable solution because of the environmental 

impact and maintenance cost. The size of crystallites also tells us that LKMNO calcined at 650°C has 

better properties for use as a cathode material. Lesser size of grains provides better diffusion in 

substance. 

 

a)  b)  
Fig. 1. a) FTIR results for the samples LKMNO, LKMNO 650, LKMNO 800 and LKMNO 650 electrode, b) XRD 

results for the samples LKMNO, LKMNO 650, LKMNO 800 and LKMNO 650 electrode. 
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In 2009, Büchi Labortechnik AG (Flawil, Switzerland) launched a nano spray drying technology. 

The main advantage of this method is the opportunity to produce nanoparticles with high efficiency 

and a narrow particle size distribution while using only a small amount of the sample (10 mg – 2.7 g). 

Such an approach is of particular interest, especially at early stages of drug development when only a 

small amount of a new drug candidate is available.  

The aim of this work is to provide an overview of nano spray drying technology and its 

applications for the manufacturing of porous drug delivery systems described throughout the last 

decade.  

In contrast to conventional spray drying, which is commonly used to produce microparticles in 

food, chemical, and pharmaceutical industries, in nano spray drying, the feed formulation is atomized 

into a drying chamber via a mesh vibrating upward and downwards with an ultrasonic frequency. The 

size of the droplets obtained depends on the mesh size (4 - 7 μm), viscosity, density, and surface 

tension of the fluid. Once the solvent is evaporated, the dry particles are directed in a co-current 

stream of drying gas, into the electrical field created at the bottom of the drying chamber between a 

star-shaped high voltage electrode and a cylindrical collecting electrode. The particles are deflected 

from a star electrode (cathode) and captured on the surface of the collecting electrode (anode) with an 

efficiency up to 96 % even for submicrometer particles [1]. Importantly, this separation process is 

gentle and even thin-walled particles are not broken. The scheme of a nano spray dryer (Buchi B-90) is 

shown in Fig. 1, whereas the most important differences between spray drying and nano spray drying 

are gathered in Tab. 1. 

The optimization of critical process parameters together with formulation variables, e.g. inlet 

temperature, spray mesh size, feed composition, solid load, gas flow rate, spray rate, etc. enable to 

precisely tune the morphology of nano spray dried particles [2]. From a pharmaceutical point of view, 

the preparation of porous matrices in the form of nanoparticles can ensure targeted drug delivery, 

enhanced bioavailability or can be used to control the drug release rate.  

Schafroth et al. [3] developed porous surface spherical nanoparticles loaded with cyclosporine A 

(immunosuppressant) or dexamethasone (anti-inflammatory drug) embedded in a polymeric matrix 

made of poly(D,L-lactide-co-glycolide) (PLGA) of various lactide to glycolide ratios (50:50, 85:15) and 

molecular weights (15 kDa, 40-75 kDa). They found that both the particle size and porosity could be 

tailored by optimizing the feed composition and nano spray drying parameters. The images recorded 

on the scanning electron microscope suggest that when the lactide content was reduced, the porosity 

of the particles increased [3]. Moreover, the particle size depended on the mesh size, feed rate, spray 

rate and solid concentration in the feed. 

In turn, Amsalem et al. [4] prepared nano-in-nanoparticles (double nano carriers) of porous 

internal structure as a new approach to siRNA gene therapy. During nano spray drying, the primary 

particles of 100 nm composed of siRNA and human serum albumin were encapsulated inside the voids 

created between the fibres of the PLGA matrix. As a result, spherical particles of 580-770 nm in 

diameter and with a smooth surface were formed. A gentle processing (50 °C) enabled to preserve 

activity of siRNA, while PLGA controlled its release rate.  

The opportunity to co-process small quantities of siRNA was an important advantage of nano spray 

drying. 

In conclusion, nano spray drying is a promising technology that enables the precise engineering of 

porous micro- and nanoparticles. 
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Tab. 1. Characteristic features of spray dryer and nano spray 

dryer. 
 

Characteristics Spray dryer Nano spray dryer 

Feed kind 

solution 

suspension 

emulsion 

solution 

nanosuspension 

nanoemulsion 

Solvents 
water; organic solvents,  

water-organic mixtures 

Min. sample 

volume [mL] 
30 2 

Max. drying 

temperature 

[ºC] 

220 120 

Particle size 

[μm] 
2 - 100 0.2 - 5 

Particle size 

distribution 
broad narrow 

Drying gas 

flow 
turbulent laminar 

Nozzle type 

hydraulic 

pneumatic 

ultrasonic 

piezoelectric spray 

head 

Particle 

separation 
cyclone 

high voltage 

electrode (15 kV) 

Yield [%] 50 - 70 70 – 90 

Processing 

scale 

lab (g)  

pilot (kg) 

industrial (t) 

lab (g) 

 

Fig. 1. Scheme of nano spray dryer, 

Buchi B-90. 
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