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THE ENERGY TRANSITION TOWARDS A ZERO EMISSION 
ENERGY SUPPLY SYSTEM 

Giuseppe Bellussi 

Eni- Energy Transition Program R&D Via Maritano 26, 
20097 S.Donato M.se (MI), Italy 

giuseppe.bellussi@eni.com 

The temperature of the Earth has increased dramatically over the last century. However, 
even more worrying than this is the increased concentration of CO2 in the atmosphere 
that has recently exceeded 400 ppm. This signal indicates the need for a reduction of the 
anthropic GHG emissions. This problem does not have a simple solution, given the fact 
that even today over 1 billion people do not have access to electricity and over two and 
a half billion do not have the means to cook healthily and safely. A great effort is 
underway worldwide to develop renewable energy sources, but the projections of some 
of the major public agencies indicate that until 2050 fossil fuels will still make a 
significant contribution to satisfy energy demand. It will therefore be necessary to 
increase the effort on renewables and at the same time reduce the carbon footprint of 
fossils. The presentation is aimed to review the contributions that the new technologies 
can make in this context. 
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ADORABLE ZEOLITES AND CATALYSTS 

Jiří Čejka 

Department of Physical and Macromolecular Chemistry, Faculty of Science, 
Charles University, Hlavova 2030/8, 128 43, Prague, Czech Republic 

cejkaji@natur.cuni.cz 

Zeolites are currently the most important heterogeneous catalysts in industrial 
applications and number of the processes catalyzed by them continuously increases. 
This presentation addresses key issues and challenges of the synthesis of zeolites using 
ADOR protocol, which represents a unique synthetic tool for the preparation of new 
zeolites starting from existing germanosilicate zeolites. Manipulation of individual 
zeolite layers towards new materials is described followed by examples of adsorption 
and particularly catalytic behavior of ADORable zeolites. 
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INSPIRATION FROM RESEARCH AND TECHNOLOGY 
BY ENI AND G. BELLUSSI 

Avelino Corma 

Instituto de Tecnología Química, Universitat Politècnica de València 
Consejo Superior de Investigaciones Científicas, 

Avenida de los Naranjos s/n, 46022 Valencia, Spain 

Zeolites play a key role in the field of catalysis with well defined single isolated active 
sites. An important discovery in zeolites was when ENI Technology showed that it was 
possible to introduce isolated and tetrahedrally coordinated Ti in the framework of 
silicalite. This opened a new line of research in zeolite catalysis. I will present how the 
combination of fundamental and technical knowledge developed at ENI 
TECHNOLOGY end up with a very relevant catalytic process that uses hydrogen 
peroxide for catalytic oxidations with zeolites and how that work inspired to many of 
us. We will present our own development with other Ti-molecular sieves, using organic 
peroxides as oxidant, that also end up with another olefin epoxidation process. We will 
present how the introduction of other metals opened new possibilities for zeolites as 
oxidation catalysts.  
ENI TECHNOLOGY and the team led by Giuseppe Bellussi, came out with the 
synthesis and modifications of different zeolites and their use for catalysis. We will 
present some of that work and its implications in academic and industrial research and 
technology. 
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GIUSEPPE BELLUSSI AND ZEOLITE SCIENCE: 
A LONG HISTORY OF SUCCESS 

Carlo Perego, Roberto Millini, Paolo Pollesel 

Eni S.p.A., Research & Technological Innovation, San Donato Milanese, Italy 

Since the beginning of his scientific career in Eni in 1980’s, Giuseppe Bellussi soon 
recognized the technological importance of zeolites, devoting his interest, efforts and 
passion on zeolites and catalysis. Along with the years he contributed to intensive 
research in the field achieving important results, including the demonstration of the 
concept of isomorphous substitution in zeolites (that led to the synthesis and industrial 
applications of TS-1), the development of new industrial processes of alkylation of 
aromatics (e.g. cumene and ethylbenzene) and several others.  
For his achievements in zeolite science and technology, Giuseppe has been recognized 
with several awards: 

• 1992 Don Breck Award from IZA (Montreal), 
• Johnson-Matthey EFCATS International Award (Innsbruck), 
• 2008 Piero Pino Gold Medal from Industrial Chemistry Division of Italian 

Chemical Society (Genova), 
• 2008 International Zeolite Association Award (Beijing), 
• 2013 Eugene Houdry Award from North American Catalysis Society (Louisville, 

Kentucky), 
• 2013 Giacomo Fauser Lecture from Italian Interdivisional Group of Catalysis 

(Riccione), 
• 2014 Emanuele Paternò Gold Medal from Italian Chemical Society (Rende). 

The presentation will briefly review the main achievements and results of the huge 
contribution of Giuseppe on this exciting subject. 
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CONTRIBUTION OF SPECTROSCOPIES TO ZEOLITES 
AND MICROPOROUS MATERIALS SCIENCE 

Adriano Zecchina 

Department of Chemistry, University of Torino 
adriano.zecchina@unito.it 

This talk is intending to briefly summarize the contributions of the Turin Group in the 
study of surface interactions by means of a variety of spectroscopic methods including 
infrared, diffuse reflectance in the UV-Vis NIR, resonant Raman and XAS. As the 
Turin group is operative in this field since the second half of the XX century, also the 
contributions and innovations of other research groups active in the field will be 
mentioned and discussed. The great impulse given to XAS by Carlo Lamberti will be 
also emphasized. 
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KEY ROLE OF ZEOLITIC TECHNOLOGIES IN MEETING 
CURRENT AND FUTURE SOCIETAL NEEDS 

Suheil F. Abdo 

Honeywell-UOP, 25 E. Algonquin Rd. Des Plaines, IL 60017, USA 

Zeolite-based catalytic and separation technologies play a critical role in meeting 
today’s consumer demands and the evolving needs of society to develop new 
approaches to fulfill these needs in the future in an environmentally friendly and 
responsible manner. The great versatility of zeolites and other microporous materials 
form the underlying basis for the many of today’s key conversion technologies. An 
overview of key zeolite-based processes in refining and petrochemical applications will 
be presented from a perspective that demonstrates the great value derived from applying 
improved knowledge of their fundamental properties in enabling critical and successful 
process developments. 
 
This presentation will identify the leading technology offerings in the field and 
highlight some major applications of zeolitic technologies to illustrate their versatility 
and strong potential in helping the refining and petrochemical industry to meet evolving 
societal and regulatory needs. Finally, some thoughts on how well-designed academic-
industrial collaboration programs could be the most effective paths to help meet these 
needs. 
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FACILE SYNTHESIS OF NANOSTRUCTURED COBALT PIGMENTS 
BY Co-A ZEOLITE THERMAL CONVERSION AND 

ITS APPLICATION IN PORCELAIN MANUFACTURE 

Assunta Campanile 

Applied Chemistry Labs-Department of Chemical, Materials and Industrial 
Engineering, University of Naples Federico II, Naples, Italy  

assunta.campanile@unina.it 

The use of pigments is among the most effective methods to colour a ceramic support, 
definitively. Primarily, natural pigments were the only used: these pigments were 
available in nature and for this they contained a lot of impurities and they were hardly 
reproducible. On the other hand, the synthetic ones are pure, uniform and stable, both 
chemically and thermally, but they are more expensive than the firsts, because of the 
higher cost of raw materials (very pure metallic compounds and expensive additive to 
give specific properties) and synthesis process (fine grinding, mixing, heat treatment at 
high temperatures, 1400°C). In order to be used in coloured ceramic products inorganic 
pigments have to be thermally stable at the firing temperature and toward the actions of 
molten glasses (frits and/or sintering aids).1 Blue pigments have been widely used from 
early antiquity for surface decoration of stylistically different classes of pottery, and 
also in the bulk coloration of polished, unglazed ceramics. The traditional source of blue 
in currently known ceramic pigments contains Co. The most common used in ceramic 
industry blue pigments are based on cobalt oxide or cobalt aluminate. In the present 
paper an innovative and facile synthesis of Co-pigment is proposed. It is based on easy 
and cheap process starting from easily available raw materials. In particular, the Na-A 
[LTA] zeolite was used, due to the multivalent cation selectivity,2 low cost and wide 
availability on the market. The pigment precursors were prepared by loading zeolite A 
with different Co2+ contents. The resulting powders were treated at different 
temperatures from 500 to 1100 °C for one hour with heating rate of 10 °C/min. The 
developed cobalt pigments were firstly tested in the porcelain mixture to obtain a 
coloured product. Then the efficacy, in term of colour and aesthetic effect, was proved 
in some of the most common decoration methods such as ingobbio, coloured glazes and 
“third fire decoration (Fig. 1). The pigment, applied at different percentage, was stable 
at firing temperature of porcelain mixture and its presence in the mixture did not affect 
the final product. The color rendering is high and homogeneous for all the samples  
(Fig. 1a). 
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Figure 1. Application of the zeolite based pigment in different porcelain products. 

The application in the ingobbio allowed to obtain a particular nuance, such as Sevres 
blue, a typical colour of porcelain decors (Fig. 1b). 
The pigment was added in the glazing to obtain a colored and glossy coating (Fig. 1c). 
The presence of the pigment does not affect the adhesive, gloss and fluidity properties 
of the coating, but some color centers were visible after burning. This means that a 
harder grinding is required before mixing pigment with glaze. 
Finally, the pigment was used to decorate by hand the porcelain objects. Depending of 
the décoring stabilization temperature, several colors renderings are obtained (Fig. 1d). 
All the pigments showed a good thermal stability in the typical firing temperature range 
of porcelain (1240-1280 °C depending on furnace atmosphere is oxidizing or reducing). 
Good results were obtained in the porcelain manufacture process, in terms of colour 
rendering and pigment stability. Compared to traditional pigments used in the ceramic 
industry, the novel zeolitic based pigments appear highly competitive from an 
environmental and economic point of view. 
 
References: 
1 Hudson Winbow, K.H.; Cowley, J. Ceram. Eng. Sci. Proc. 1996, 17 (1), 102-110. 
2 Liguori, B.; Cassese, A.; Colella, C. Chromophore-bearing zeolite materials as 
precursors of colored ceramics (2005) Studies in Surface Science and Catalysis, 155, 
pp. 367-374. 
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MODIFIED TiO2-BASED CATALYSTS FOR ENERGY PRODUCTION AND 
ENVIRONMENTAL PROTECTION 

Roberto Fiorenza 
Dipartimento Scienze Chimiche, Università degli studi di Catania, 

Viale A. Doria 6, 95125 Catania, Italia; 
CNR-IMM, Viale S. Sofia 64, 95123 Catania, Italia; 

rfiorenza@unict.it 

The rapid development of a global economy and the associated industrialization over 
the past century has brought about serious concerns regarding global resource 
consumption. The photocatalysis technology can be seen as a possible solution, 
including the photodegradation of either aqueous or gaseous pollutants, and the 
production of solar fuels by photocatalytic either water splitting or CO2 conversion. 
One of the most used photocatalyst is titanium dioxide (TiO2). Since its commercial 
production in the early twentieth century, TiO2 has been widely used as pigment and in 
sunscreens, paints, ointments, toothpaste, ecc. However, there are still some intrinsic 
drawbacks as the large bang-gap and the fat charge carrier recombination that limit the 
wide application of TiO2. In my work three different approaches were used to modify 
the chemico-physical properties of TiO2 investigating the effects of these changes on 
the photocatalytic performance both in the photo-oxidation and photo reduction 
reactions either under UV than solar light irradiation. The first strategy was to add at the 
commercial TiO2 another oxide as CeO2 and/or noble metals as gold or silver to exploit 
their surface Plasmon resonance effect. In particular, the Au/TiO2-CeO2 catalyst has 
showed good performance both in the photocatalytic water splitting than in the photo-
oxidation of 2-propanol (chosen as Volatile Organic Compound (VOC) model, being a 
common solvent and used also as fuel additive) in the gas-phase. The enhanced charge 
carrier separation due to the presence of gold and the redox properties of cerium oxide 
were the key factors to increase the photoactivity of TiO2 especially under UV 
irradiation. The second approach was a structural modification of TiO2 with the 
introduction of Ti3+ and oxygen vacancies through laser irradiation. The remarkable 
increase of hydrogen production by photocatalytic water splitting was related to the 
presence of defects inside the crystalline structure of TiO2. The combination (third 
approach) of a TiO2 structural modification as the synthesis of inverse opal materials, 
and chemical modifications as the addition of a host component as BiVO4, CeO2, CuO 
or doping agent as N, W or Hf can be a promising strategy to enhance the titania 
photoactivity under solar light irradiation. The contemporaneous presence of structural 
and chemical modifications of titanium dioxide could be a promising approach to 
achieve an efficient use of solar energy applied to the TiO2-based photocatalysis for 
energy production and environmental protection. 
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INFLUENCE OF ZEOLITE FRAMEWORK TOPOLOGY 
IN THE CO2/CH4 SEPARATION 

Eduardo Pérez Botella, Miguel Palomino Roca, Susana Valencia Valencia, 
Fernando Rey García 

Institute of Chemical Technology, Universitat Politècnica de València-Consejo 
Superior de Investigaciones Científicas, Avda. de los Naranjos, 46022, 

Valencia, Spain 
edpebo@itq.upv.es 

Introduction. The separation of CO2 from methane is important in the treatment of 
natural gas, because CO2 is an undesired component of that reduces its heating value.1 
In the industry, this separation is done by absorption with aqueous amines, forming the 
corresponding carbamates. It is a highly energy demanding process, due to the need to 
thermally regenerate the absorbent solution.2 Alternative methods such as separation by 
adsorption could be more convenient for small-scale installations or remote wells. 
Zeolites are microporous crystalline aluminosilicates that have been widely used as 
adsorbents and catalysts since their commercialization in the 1950s.3 Various zeolites 
have been proposed as adsorbents for this application. "Traditional" zeolites with higher 
aluminium content (low Si/Al ratio) have high CO2/CH4 selectivities, while their 
working capacity is low and the energy required for their regeneration is high. This is so 
due to the strong interaction between the CO2 quadrupole and the cations present in the 
pores of the material. On the other hand, pure silica or low aluminum zeolites have 
lower CO2 adsorption heats, and, therefore, better work capacities and regenerabilities, 
although the selectivities are usually lower.4 
Apart from the polarity of the material (Si/Al ratio), the selectivity of a material also 
depends on its structure (confinement effect, molecular sieving), since the kinetic 
diameters of CO2 and CH4 (3.3, 3.8 Å, respectively) and their topology are different. 
Exploiting this, we could get pure silica materials with high selectivity and that would 
not present the problems of low silica zeolites. For this reason we are carrying out a 
study that includes different small pore zeolites of purely siliceous composition (CHA, 
DDR, IHW, ITW and LTA, see Table 1), in order to establish which pore sizes and 
topologies favour high selectivities in this separation. 
 

Table 1. Structural characteristics of the studied materials. 

 CHA DDR IHW ITW LTA 

Directionality Tridirectional Bidirectional Bidirectional Bidirectional Tridirectional 

Pore opening 
(Å) 3.8 × 3.8 3.6 × 4.4 3.5 × 4.3 2.4 × 5.4 

3.9 × 4.2 4.1 × 4.1 

View of the 
pores 
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Experimental. All materials have been synthesized according to methods previously 
reported.5-9 They have been fully characterized. Adsorption isotherms of CO2 and CH4 
have been measured up to 7 bar. Heats of adsorption vae been calculated according to 
Clausius-Clapeyron method and competitive adsorption selectivities have been 
calculated using the Ideal Adsorbed Solution Theory (IAST). 
 
Results and discussion. The data obtained so far allow us to establish which materials 
have the best CO2/CH4 selectivities. As can be seen in Figure 1, the selectivity 
calculated from the isotherms of the pure gases is much higher (> 4 over the entire 
pressure range) in the Si-ITQ-12 than in the other materials, which show nearly constant 
selectivities (ca. 3) throughout the range of pressures studied. This is possibly related to 
the confining effect that occurs in the channels of this zeolite, in which the average 
diameter of the pore is closer to its minimum opening, or, in other words, where there 
are no cavities. 

 
Figure 1. Selectivity of pure gases in the four materials measured so far. 
 
Conclusions In the choice of adsorbents for a gas separation process it is necessary to 
take into account all the parameters that differ between both gases in order to evaluate 
the different phenomena that can be exploited to maximize the selectivity. So far, there 
are still few systematic studies of the influence of structure on the CO2/CH4 separation 
in zeolites. In this case, the Si-ITQ-12 zeolite appears to have a higher CO2/CH4 
selectivity due to the confinement effect. It is necessary to measure the respective 
isotherms in the Si-DDR. The study will be expanded to include zeolites with 
unidirectional channel systems and others with smaller channel sizes that discriminate 
between CO2 and CH4. 
 
References: 
1 Tagliabue, M.; Farrusseng, D.; Valencia, S.; Aguado, S.; Ravon, U.; Rizzo, C.; Corma, 
A.; Mirodatos, C. Chem. Eng. J. 2009, 155, 553–566. 
2 Rufford, T. E.; Smart, S.; Watson, G. C. Y.; Graham, B. F.; Boxall, J.; Diniz da Costa, 
J. C.; May, E. F. J. Pet. Sci. Eng. 2012, 94–95, 123–154. 
3 Flanigen, E. M. Pure Appl. Chem. 1980, 52 (9), 2191–2211. 
4 García, E. J.; Pérez-Pellitero, J.; Pirngruber, G. D.; Jallut, C.; Palomino, M.; Rey, F.; 
Valencia, S. Ind. Eng. Chem. Res. 2014, 53 (23), 9860–9874. 
5 Díaz-Cabañas, M.-J.; Barrett, P. A. Chem. Commun. 1998, 29 (17), 1881–1882. 
6 Provenzano, J. University of Cincinnati, 2011. 
7 Cantín, A.; Corma, A.; Leiva, S.; Rey, F.; Rius, J.; Valencia, S. J. Am. Chem. Soc. 
2005, 127 (33), 11560–11561. 
8 Barrett, P.; Boix, T.; Puche, M. Chem. Commun. 2003, 2114–2115. 
9 Corma, A.; Rey, F.; Rius, J.; Sabater, M. J.; Valencia, S. Nature 2004, 431, 287–290.  
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ON THE ROLE OF La2O3 AND SiO2 IN THE FORMULATION OF 
Ni/Al2O3 BASED CO2 METHANATION CATALYSTS 

Gabriella Garbarino1,4, Tullio Cavattoni2, Paola Riani3, Maria Flytzani-
Stephanopoulos4, Guido Busca1 

1Università degli Studi di Genova, DICCA, Via all’Opera Pia 15, 16145, Genova, Italy 
2Università degli Studi di Genova, DCCI, Via Dodecaneso 31, 16146, Genova, Italy 
3Università degli Studi di Genova, DIFAR, Viale Cembrano 4, 16148, Genova, Italy 

4 Tufts University, ChBE Department, 4 Colby Street, 02155 Medford (MA), USA 
gabriella.garbarino@unige.it 

Introduction. The development of new and efficient catalysts for the conversion of 
renewable feedstock claims the need to design materials with suitable characteristics, 
improved stability and, in many cases, with tailored acido-basic properties. The aim of 
this work is to have a better understanding on lanthanum addition to alumina and 
commercial silica-alumina supports in order to produce Ni-based catalysts applicable to 
CO2 methanation. In fact, this reaction has been recognized as a promising one in 
Carbon Capture and Utilization technology (CCU), even if the bottleneck could be the 
availability of renewable hydrogen. 

Lanthanum addition to γ-Al2O3 allows the stabilisation of alumina with respect to 
sintering and loss of surface area and it has been found to reduce coke amount and to 
increase ethylene yield in the production of (bio)ethylene through (bio)ethanol 
dehydration in both home–made and commercial formulations.1,2 As well, it has been 
found to act as a promoter for Ni/Al2O3 catalysts in hydrogen production through 
ethanol steam reforming and tar abatement.3 
To go deeper in our studies we investigate the role of La2O3 and silica addition to 
Ni/Al2O3 as competitive catalysts for CO2 methanation. 
 
Experimental. Ni/La-Al2O3 catalysts and Ni/La-SiO2-Al2O3 catalysts have been 
prepared by incipient wetness impregnation of the prestabilised supports at 1023 K with 
the usage of nitrate precursors for both nickel and lanthanum according to the 
preparation previously described1. The nickel loading has been kept constant (13.6 wt. 
%), while the effect of increasing lanthanum loading (4, 14 and 37 wt. % as La2O3) has 
been investigated. The starting materials are Al2O3 and SiO2-Al2O3 produced by Sasol, 
Puralox Sba 200 and Siralox 10/360, respectively. The samples have been extensively 
characterized by means of XRD, FE-SEM, IR, UV-vis-NIR and H2-TPR. Catalytic 
experiments were conducted in fixed bed flow reactors at atmospheric pressure with a 
total flow rate of 80 Nml/min and the following gas composition 6% CO2, 30% H2 and 
64% N2. Temperature has been varied in-between 523-773 K and product have been 
monitored by an online IR spectrometer. 
 
Results and discussion. Ni/La-Al2O3 catalysts are very active for CO2 methanation. 
The addition of La strongly improves catalytic activity in CO2 methanation at low 
temperature and the best methane yield arises at 573 K at 55000 h-1 for Ni14La-Al2O3 
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(71%) followed by Ni4La-Al2O3 and Ni37La-Al2O3 (53% and 52%, respectively) and 
Ni-Al2O3 (39%). These results suggest together with the extensive characterization 
performed that lanthanum provides more sites to absorb CO2 and that it could activate 
Ni in CO2 hydrogenation.4 By looking at the catalytic results obtained on silica 
containing Ni/La-Si-Al2O3 (NixLSA, with x La2O3 wt. %), the same promoting effect 
was found upon increasing lanthanum loading but with a noticeable difference on the 
optimum lanthanum content. In fact, for silica containing catalysts methane yield at 573 
K follows the order Ni/0LSA (17%) < Ni/4LSA (31%) < Ni/14LSA (61%) < Ni/37LSA 
(86%), thus suggesting that the interaction of both nickel and lanthanum with the 
support might have a crucial role in CO2 methanation and metal support interaction is 
very important for this reaction. The unpromoted Ni0LSA have similar CO2 conversion 
and methane yield as the commercial Ni/Al2O3 catalyst reported in the literature.5 
Spectroscopic data suggests the small presence of 2D NiO species similar to the ones 
reported for 16%Ni/Siralox that show a high activity with a lower CO yield.6-8 
 
Conclusions. The effect of SiO2 and/or La2O3 in the methanation of CO2 has been 
investigated. The addition of SiO2 to catalysts formulation reduced the activity at low 
temperature (below 623 K) but it allows to achieve the thermodynamic prediction at 
higher temperatures (i.e. 723 and 773 K). The optimum amount of lanthanum is rather 
determined by the nature of the support and is 14% wt. La2O3 for alumina catalysts and 
37 wt. % for Ni/LSA series. However, Ni37LSA allows to achieve the thermodynamic 
equilibrium at already 623 K, but it allows a CO2 conversion of 86% selectively to CH4 
at 573 K that is slightly lower than the one obtained at higher contact times for 
commercial Ru/Al2O3 catalyst. 
 
References: 
1 Garbarino, G.; Wang, C.; Valsamakis, I.; Chitsazan, S.; Finocchio, E.; Riani, P.; 
Flytzani-Stephanopoulos, M.; Busca, G. Appl. Catal. B: Environ. 2017, 200, 458-468. 
2 Garbarino, G.; Prasath Parameswari Vijayakumar, R.; Riani, P.; Finocchio, E.; Busca, 
G. Appl. Catal. B: Environ. 2018, 236, 490-500. 
3 Garbarino, G.; Wang, C.; Valsamakis, I.; Chitsazan, S.; Riani, P.; Finocchio, E.; 
Flytzani-Stephanopoulos, M.; Busca, G. Appl. Catal. B: Environ. 2015, 174-175, 21-34. 
4 Garbarino, G.; Wang, C.; Cavattoni, T.; Finocchio, E.; Riani, P.; Flytzani-
Stephanopoulos, M.; Busca, G. Appl. Catal. B: Environ. 2019, 248, 286-297. 
5 Garbarino, G.; Bellotti, D.; Riani, P.; Magistri, L.; Busca, G. Int. J. Hydrogen Energy 
2015, 40, 9171-9182. 
6 Garbarino, G.; Riani, P.; Magistri, L.; Busca, G. Int. J. Hydrogen. Energy 2014, 39, 
11557-11565. 
7 Garbarino, G.; Riani, P.; Infantes-Molina, A.; Rodrìguez-Castellòn, E.; Busca, G. 
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A particularly valued feature of aluminosilicate zeolites is their perceived stability under 
mild conditions. The presence of relatively strong Si-O and Al-O bonds in the materials 
lead to the perception that zeolites are static compounds. Here we demonstrate that even 
at room temperature zeolites show significant, fast lability of their bonds when in 
contact with liquid water. 
NMR spectra have been acquired at three field strengths: 9.4 T, 14.1 T, and 20.0 T, 
using Bruker Avance III spectrometers, all equipped with wide bore magnets. All 
spectra were recorded using conventional MAS NMR probes, with samples rotated at a 
MAS rate of 10 kHz. Calculations were performed using density functional theory 
(DFT) with the Perdew, Burke and Ernzerhof exchange-correlation functional 
augmented with dispersion correction. The structures of reactants and products were 
determined by equilibrium ab initio molecular dynamics simulations in the NVT 
ensemble at 300 K. Metadynamics simulations employed Gaussian biasing potentials 
(0.05 eV) with a deposition period of 50 fs. 
Hydrolysis of zeolite CHA in liquid water was investigated for the zeolite channels fully 
loaded with water. Calculations predict that under such hydration conditions, both Al-O 
and Si-O bonds are susceptible to hydrolysis even at room temperature. A novel 
reaction mechanism was found for Si-O bond hydrolysis, with free energy barriers as 
low as 63 kJ mol–1. This reaction mechanism, denoted “axial”, starts with interaction of 
a water molecule directly to silicon through its oxygen atom, resulting in a five-
coordinate Si (Fig. 1a). The formation of a chain of solvent water molecules between 
this interacting water and the adjacent framework oxygen in an axial position to silicon 
is essential for the reaction to proceed. A proton is shuttled, in a Grotthuss-type 
mechanism through the water chain to the axial framework oxygen, which breaks the 
Si-O bond, inverting the SiO3OH tetrahedron, and forming two silanol groups that are 
in anti positions to each other. Consequently, such products are only 1-20 kJ mol–1 
higher than reactants on the free energy surface in sharp contrast to the products reached 
via the equatorial mechanism proposed in literature. Even lower free energy barriers 
were found for hydrolysis of the Al-O(H) bond (30 kJ mol–1) and reaction is slightly  
endergonic (17 kJ mol–1). 
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Figure 1. The reaction mechanism for: (a) Si-O bond breaking proceeding via non-dissociative water 
adsorption on Si, proton transfer via the Grotthuss mechanism and Si-O bond breaking in anti-position to 
adsorbed water, with inversion of the SiO3OH tetrahedron; (b) Al−O(H) bond breaking occurring 
simultaneously with the non-dissociative water adsorption on Al in anti-position to the Brønsted acid site 
followed by inversion of AlO3 H2O tetrahedron. 
 
The 17O MAS NMR spectra show evidence of water consumption throughout the 
enrichment process with the increased in intensity of the peaks from the zeolite 
framework and the loss of water resonance (centred around on 0 ppm). For all 
experiments recorded at 14.1 T with proton decoupling, only two framework 
resonances, corresponding to Si-O-Si and Si-O-Al linkages are observable. Judging by 
the relative intensities of the 17O MAS and MQMAS spectra, the 17O framework 
enrichment of Al-CHA is achieved rapidly (with signal after just a few hours). 
NMR results confirm the conclusions drawn from molecular dynamic simulations: (i) 
Both Si-O-Si and Si-O(H)-Al framework oxygen atoms are isotopically exchanged in a 
room temperature reaction with water. (ii) No degradation of the Al tetrahedral 
environment is observed, indicating that the equilibrium is on the side of the un-
hydrolyzed Si-O(H)-Al bond. (iii) Increased presence of silanols and the presence of 
isotopically exchanged Si-17OH groups indicates that under wet conditions Si-O-Si 
bonds are partially hydrolysed. (iv) Isotopic exchange of framework oxygen atoms is 
fast, it can be observed after only a few hours and it does not change significantly with 
increased reaction time. 
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EFFECT OF A MILD NH4OH TREATMENT ON LOCAL STRUCTURE 
AND ACIDIC SITES DISTRIBUTION OF Fe-MFI 
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Silicalite-type zeolites containing trivalent T-atoms such as Fe or B in alternative to Al, 
due to the tuneable weak Brönsted or Lewis acidity, are of increasing interest in many 
catalytic reactions, particularly for the catalytic upgrading in liquid phase of biomass 
derivatives.1 The introduction of a hierarchical micro- / meso-porous structure in these 
catalysts is relevant to enhance the accessibility to active sites and to reduce internal 
diffusion limitation, especially when bulky bio-derived molecules are involved. 
However, few studies have reported desilication treatments on zeolites containing 
trivalent cations different from Al, due to the low stability of these materials in highly 
alkaline conditions typically used to prepare desilicated catalysts.2 Therefore, different 
desilication procedures are necessary to introduce hierarchical structure in T-Silicalite 
catalysts, milder than the classical strong basic attack (e.g. NaOH).  
In this work we studied the effects of a mild post-synthesis treatment with NH4OH on 
the structure and acidic properties of Fe-MFI, synthesized by hydrothermal 
crystallization. The changes in the structural, morphological, textural and acidic 
properties were analyzed as function of treatment time and the effect of this treatment 
on the catalytic properties was studied in the etherification of 5-hydroxymethyl furfural 
(HMF) with ethanol, an interesting probe reaction for the great sensitivity of the 
reaction pathways to the acidic characteristics and hydrophobicity of the catalysts 
surface. Moreover, the etherification of HMF is a reaction of applicative interest for the 
production of biodiesel additives. 
We observed that the NH4OH treatment was effective to introduce mesoporosity in the 
parent Fe-MFI but for treatment time longer than 2.5 h, the formation of larger 
mesopores (> 50 nm) is observed, decreasing the sample microporosity, resulting in a 
reduction of the surface area and volume of such mesopores. XRD results evidenced 
that the crystallinity of the parent Fe-MFI (~90%) was maintained also extending the 
NH4OH treatment up to 10 h, while a progressive decrease of crystallites diameter over 
treatment time. After 6 h of treatment (Fe-MFI@6h) a more chamfered-edged 
morphology is observed by SEM analysis while clear interstitial cavities are visible 
after 10 h (Fe-MFI@10h), indicating that only for the more extended treatment times, 
the real desilication process occurs (Figure 1). For all samples, the size of the 
macroparticles remains similar (5 µm), but they clearly derive from the agglomeration 
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of crystallites with smaller dimensions, which size, instead is progressively reduced as 
indicated by XRD results. 
 
 

Figure 1. SEM micrograph of (a) parent Fe-MFI, and NH4OH-treated Fe-MFI samples for 2.5h (b), 6h 
(c) and 10h (d). 
 
 
A possible explanation is that the NH4OH treatment, through a dissolution-
reprecipitation mechanism, leads to a reassembling of this amorphous phase, which acts 
as “glue” to assemble the Fe-MFI nanocrystals with creation of mesoporosity between 
the Fe-MFI nanocrystals. This hypothesis is further confirmed by FT-IR and 29Si-NMR 
results, evidencing the gradual increase of surface defects leading to an increase of total 
acidity and strong Brönsted acid sites, following the NH4OH treatment. The 
reassembling process also reduces the distortion of Si–O–Si bridges on the surface of 
nanocrystals, decreasing the amount of strong Lewis acid sites, rather than an increase 
as usually observed in conventional desilication mechanism. The reassembling induced 
by the NH4OH treatment determines not only a change in the acidity but also in the 
hydrophobic character of the mesoporous inner cavities created in this process. The 
consequence is an improvement of the catalytic performance, in HMF etherification, for 
the Fe-MFI treated for 6 hours. At more extended treatment times, the beginning of 
desilication induces instead a loss of microporous surface area, mesoporosity and acidic 
characteristics, with a lowering of the catalytic performances.  
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SILICALITE SYNTHESIZED BY THE DUAL-TEMPLATE TECHNIQUE: 
A SOLID STATE NMR STUDY 
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The use of tetraalkylphosphonium or phosphacenes cations as Structure Directing 
Agents (SDAs) is attracting much attention because this new family of SDAs has 
allowed the synthesis of new zeolitic materials.1 
Fluoride present in the synthesis media is incorporated into the zeolite crystals 
compensating the positive charge of the SDA cations. Quantification of the 19F NMR 
signals allow estimating the amount of defects required to keep the zeolite charge 
neutrality and can be used as an NMR probe to evaluate the crystallinity and the local 
order in the material.2 Tetraalkylphosphonium or phosphacenes contains 31P (I=1/2, 
100% abundant) which is suitable than 14N (I = 1/2 and 0.36% abundant) present in the 
analogous tetraalkylammonium cations, providing information about the local order of 
the SDA and the interactions between the organic and the inorganic part of the zeolites. 
In this work, we investigate pure silica MFI zeolites using tetraethylammonium (TEA), 
tetraethyl phosphonium (TEP) and mixtures of both (TEX) as SDAs. The synthesis was 
carried out using gels with the following chemical composition: 
SiO2:0.03Al(OH)3:0.4SDAP+A:0.4HF:10H2O under stirring at 175ºC. The resulting 
samples are named as SDA-MFIXX, where XX corresponds to the TEP/(TEP+TEA) 
molar ratio, in %. All samples were characterized by XRD, ICP, SEM and FESEM, 
Raman and most especially by solid state NMR spectroscopy. 
Five samples were synthesized varying the TEP/(TEP+TEA) molar ratio from 1 to 0 
giving diffraction patterns typical of MFI topology. The electron microscopy techniques 
(FESEM and SEM) show a similar coffin morphology for all samples, but the crystal 
size decreases with the amount of TEP on the sample. Punctual EDX analysis carried 
out over different crystals of the TEX-MFI42 suggest that the phosphorous (TEP 
molecule) is homogeneously distributed. Figure 1a shows the 13C NMR spectra of TEA-
MFI, TEP-MFI and TEX-MFI42 that allows the identification of signals of the two SDA 
molecules in zeolite TEX-MFI42, indicating that both SDAs are present in the samples. 
The combination of the 13C NMR results with the Raman spectroscopy allows us to 
suggesting that both SDAs present only the tg.tg conformation inside the zeolitic 
framework.3 
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Figure 1. a)13C-CP and b)19F NMR experiments of silicalite zeolites. 
19F NMR spectra shown in Figure 1b, display the F- located inside the [415262] cages of 
the MFI zeolite.2 However, both the chemical shift and the signal width depend on the 
TEP/(TEA+TEP) ratio indicating that the 19F chemical shift is sensitive to the local 
environment, which is affected by the SDA used. The 19F quantification reveals a lower 
content in the TEP-MFI material, then suggesting higher population of defects, which is 
further supported by the higher intensity of the NMR signals of 29Si at -102 ppm and of 
1H at 10.5 ppm attributed to hydrogen bonded Si-OH species. 
Figure 2 shows the 1H-1H NOESY and the 1H-31P HETCOR experiments for the TEX-
MFI42. The NOESY spectrum shows correlations between the -CH2-(N) and –CH3(P) 
species revealing the spatial proximity between the TEA and TEP. Moreover, the 
occurrence of cross peaks between Si-OH species and all the other signals indicate the 
proximity to both SDAs. The HETCOR experiment via 1H spin diffusion reveals a clear 
correlation peak between the zeolite defects and the 31P nucleus of the TEP molecule, 
and at (39.9, 3.5) ppm due to the 31P and the –CH2-(N) further supporting the close 
proximity of both SDAs. 

 
Figure 2. a)1H-1H NOESY and b)1H-13C HETCOR experiments of TEX-MFI42. 

 
In conclusion, silicalite has been successfully synthesized using TEP, TEA and 
mixturesog them as SDA. The presence of TEP produces smaller crystals with higher 
population of defects. The coexistence of both SDAs in the same crystals is proved by 
Electron Microscopy and NMR experiments. 
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The incorporation of organic groups into the silica framework of zeolites is highly 
desirable because it would lead to the formation of hybrid organic-inorganic materials, 
which combine the high structural, thermal and mechanical stability of the inorganic 
component with the flexibility and easy functionalization of the organic groups. The 
early attempts at preparing hybrid zeolites were performed by incorporating the simple 
–CH2– group in the framework; whereas, the definite proof supporting the possibility to 
obtain hybrid zeolites was given by the synthesis of Eni Carbon Silicates (ECSs). These 
constitute a family of crystalline hybrid organic-inorganic metallosilicates obtained by 
direct synthesis, starting from bridged bis-(trialkoxysilyl)-organosilanes [(R′O)3Si–R–
Si(OR′)3] and NaAlO2 as Si and Al sources, respectively.1 This led to the obtainment of 
several crystalline hybrid aluminosilicates, whose crystal structures reveale their 
peculiar characteristics.2-4 Usually the scaffolding structure consists of stacked inorganic 
layers covalently bound by the organic component. The aluminosilicate layers are made 
of aluminum tetrahedrons [AlO4] bound to four silicon tetrahedrons [CSiO3]. The 
former acts as a spacer among silsesquioxane units originating low density structures. In 
order to evaluate other elements than aluminum as spacers, while modifying the nature 
of acid sites at the same time, it was evaluated initially the use of boric acid in synthesis. 
This resulted in the obtaining of a new material called ECS-14.3 It must be pointed out 
that though boron does not replace aluminum in the framework, a succeeding detailed 
investigation evidenced that the addition of boric acid to the basic slurry procedure for 
the synthesis of ECS results a general improvement in the crystallinity and phase 
purity.4,5 When the same ECS phase is obtained in both binary Si/Al and ternary Si/Al/B 
system, a significant increase in the crystallization rate was observed with H3BO3; in 
particular, the crystallization time decreases from weeks to a few days. The next step 
consisted in the full replacement of Al by Ga during ECS synthesis. The choice of Ga 
was dictated by its easy incorporation into the framework of zeolites, imparting them 
interesting catalytic properties as in the case of the gallosilicate with the MFI topology 
used as catalyst in the Cyclar process for the transformation of alkanes C3-C5 into 
aromatics.6 These exploratory syntheses planed the use of 1,4-bis-(triethoxysilyl)-
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benzene, gallium tri-isopropoxide, boric acid, sodium aluminate, NaOH and KOH and 
was very prolific.  As a matter of fact, in addition to the crystallization of previously 
reported ECS materials (ECS-3 and ECS-17), the direct synthesis of a Ga-ECS-17 
contracted phase, previously obtained only by the dehydration of the parent ECS-17, 
has been achieved.7 Moreover, more interesting, three never reported materials referred 
to as ECS-20, ECS-21 and ECS-22 were crystallized adopting the conditions in Table 1. 
Table 1. Molar ratio of reagent mixtures and crystallization time for ECSs syntheses 

 SiO2/Ga2O3 SiO2/B2O3 NaOH/Si H2O/SiO2 Cryst. Time (days) 

ECS-20 2.3 ∞ 0.8 20 14 

ECS-21 2.3 ∞ 1.5 20 14 

ECS-22 4.6 4.6 1.25 20 7 
 

All these new phases were deeply characterized, in particular NMR spectroscopy 
confirms the Si-C bond integrity, SEM-EDS microscopy shows the crystal shape and 
gave the chemical composition, thermogravimetric analysis indicates the thermal 
stability and the amount of water stoked in the porosity. The crystal structure 
determinations of ECS-20 and ECS-21 were achieved by using high resolution 
synchrotron X-ray diffraction data, differently from ECS-22 whose crystal structure 
were determined starting from high resolution laboratory data. The direct methods as 
implemented in the software EXPO were applied. The scaffold of these phases possess 
very interesting features that will be discussed. 
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β-Pinene oxide (BPO) rearrangement is an important reaction producing fine chemicals, 
such as myrtenol, myrtanal and perillyl alcohol, utilized in the chemical industry, 
perfumery, food industry etc. The first two products are formed by opening the epoxy 
ring of the molecule and perillyl alcohol by both epoxy and carbon ring opening. This 
work is aimed at products obtained by epoxy ring opening only, such as myrtenol ((6,6-
dimethylbicyclo[3.1.1]hept-2-en-2-yl)methanol) and myrtanal (6,6-
dimethylbicyclo[3.1.1]heptane-2-carbaldehyde). Both of these compounds can be 
hydrogenated to a food additive myrtanol ((6,6-dimethylbicyclo[3.1.1]heptan-2-
yl)methanol). Opening of the epoxy ring in β-pinene oxide can be catalyzed by basic or 
acidic catalysts, such as NaOH modified alumina,1 lithium diethylamide,2 
aluminosilicate,3,4 modified MCM-41 (Sn, Ti, Zr, Al, Si)),5 zeolites,6 Lewis,5,7 and 
Brønsted acids.5 This work was focused on comparison of Lewis acids (AlCl3, FeCl3, 
ZnBr2, ZrCl4, SnCl2 and their hydrates) and Brønsted acids (H2SO4, HNO3, HCl, 
pTsOH, H3PO4, HCOOH a CH3COOH) used in BPO rearrangement. Use of either 
Lewis or Brønsted acid as the catalysts resulted in different product composition 
(Fig.1).  
It has been also reported,5-7 that the type of solvent has an effect on the course of α- or 
β-pinene oxide rearrangement in the presence of other types of acid catalysts than tested 
ones in this study. The solvent can interact with the catalyst and enable easier access of 
the catalyst to the substrate, provide better desorption of the product from the active site 
of the catalyst, or stabilize the reaction intermediates. Therefore, several solvents such 
as acetonitrile (ACN), tetrahydrofurane (THF), toluene and 1,4-dioxane were tested in 
combination with different Lewis acids, namely FeCl3, AlCl3, SnCl2, ZnBr2 a ZrCl4.  
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Figure 1. Identified β-pinene oxide rearrangement products catalyzed by Lewis acids (a-g) or Brønsted 
acids (a,b,d-f): a myrtenol, b myrtanal, c myrtanol, d perillyl alcohol, e perillyl aldehyde, f anthemol, 
g 1,5-methadien-7-ol 
 
It has been found that 1,4-dioxane is a suitable solvent for the rearrangement of β-
pinene oxide in the presence of Lewis acids. The highest selectivity (90 %) to the 
desired products at the total conversion was achieved using SnCl2 (5 mol% to the 
substrate) after 5 minutes of reaction. 
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Noble metal clusters have attracted increasing attention due to their unique properties 
and capabilities as heterogeneous catalysts. Behavior of noble metal clusters is not 
similar to single atoms or nanoparticles, however stability of metal clusters is still 
challenging. Aggregation on the surface is one the most important disadvantage of 
ordinary pathways to generate stable clusters, like impregnation, ion exchange and etc. 
Therefore, encapsulation of the metal nanoparticles within zeolite framework can 
protect such species against aggregation and sintering. Recently, transformation of 2D 
zeolites to 3D form have been found as an efficient method for generation of stable Pt 
subnanometric clusters.1 
In this contribution, reactivity of noble metal clusters encapsulated in different zeolite 
has been reported. Noble metals (Pt, Pd) were encapsulated within zeolites by 
transformation of 2D zeolite into 3D zeolite (MWW) or by the ADOR process that is 
based on the 3D-2D-3D transformation of zeolites (IPC-2, IPC-4).2 Catalyst were 
characterized by powder XRD, SEM/TEM imaging, N2 adsorption/desorption 
isotherms, IR spectroscopy of adsorbed CO and H2-TPD to achieve information about 
crystallinity, morphology, textural properties, surface chemistry and the amount of 
noble metals. To test the catalytic properties of the encapsulated nanoparticles, we have 
chosen hydrogenation of propene and (O)DH of ethanol. 
Hydrogenation of propene was carried out in plug-flow fixed-bed U-shape tubular 
reactor at atmospheric pressure in reaction mixture consists of C3H6/H2/He = 2/6/37.2 
cm3·min-1 with a total flow of 40.7 cm3·min-1 STP at room temperature. 
Dehydrogenation, or oxidative dehydrogenation, of ethanol was carried out in the same 
reactor as propene hydrogenation. Reaction mixture consisted of 5 vol. % of ethanol in 
helium (dehydrogenation) or 5 vol. % of ethanol and 2.5 vol. % of oxygen in helium 
with a total flow rate of 100 cm3 min-1 STP. Prior to reactions, the catalysts were 
activated by heating in the flow of helium (ethanol ODH) or 10 vol.% of H2 in helium 
at 400°C for 2 h (propene hydrogenation and ethanol dehydrogenation).  
Structural and textural analysis proved no significant changes after the metal 
nanoparticles encapsulation. Size of the particles is usually below 1 nm. All catalysts 
exhibit significant catalytic activity in all studied reactions except IPC-4 catalysts due to 
size restrictions. Propane formed upon hydrogenation of propene is not able to diffuse 
into and from IPC-4 channels, as confirmed by measurement of propane adsorption 
isotherms. Zero activity of IPC-4 catalysts also prove that all noble metal clusters are 
localized inside the zeolite channels and not at external surface of zeolite crystals.  
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Hydrogenation of propene exclusively led to formation of propane, whereas 
dehydrogenation of ethanol resulted in production of acetaldehyde and ethane as a main 
products. In the case of oxidative dehydrogenation of ethanol, in addition to 
acetaldehyde and ethylene, a certain amount of carbon oxides was also formed. 
Selectivity toward individual products varies depending on the type of noble metal 
particles and zeolite matrix. Catalytic activities and selectivity in all investigated 
reaction will be compared with information on catalyst physico-chemical properties and 
noble metal particles size.   
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AQUEOUS PHASE REFORMING OF SUGAR-BASED 
BIOREFINERY STREAMS: FROM THE SIMPLICITY OF MODEL 

COMPOUNDS TO THE COMPLEXITY OF REAL FEEDS 
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Lignocellulosic biomass can be exploited in bioethanol plants as it does not compete 
with the food market and it can be available at low cost. In the conventional process, 
after a pretreatment in which the lignin fraction is removed, both cellulose and 
hemicellulose are subjected to hydrolysis and fermentation to produce bioethanol.1 
Nevertheless, pentoses are not effectively fermented by the conventional yeasts and the 
research is interested in finding alternative pathways.2 Kaparaju et al. suggested the 
anaerobic digestion of the hemicellulose to produce biohydrogen.3 However, this option 
has some disadvantages related to the long reaction time and large necessary area. In the 
present work, we studied the valorization of C5 and C6 sugars and sugar alcohols 
through the aqueous phase reforming (APR) process (Fig. 1). 

 
Figure 1. Block-flow diagram of a bioethanol plant with valorisation of the C5 sugars via APR. 

 
APR has been proposed by Dumesic and co-workers with the aim to valorise biomass 
and, in particular, carbohydrate streams.4 Despite of this, few works have been 
addressed to the study of glucose and, to the best of our knowledge, xylose has never 
been subjected to APR. This is particularly interesting because, as stated, pentoses need 
to be particularly studied to find alternatives to fermentation.  
The influence of the carbon concentration and the reaction temperature was studied on 
the model compounds and on the synthetic mixtures glucose-xylose and sorbitol-xylitol. 
Moreover, a real stream coming from the hydrolysis step of a bioethanol plant (referred 
as hydrolysate) was subjected to APR. The catalyst was also characterized before and 
after the reactions.  
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The results obtained showed higher hydrogen yields for the sugar alcohols mixture; this 
is because the increase in the carbon concentration favors first-order homogeneous 
reactions rather than fractional-order reforming reactions. For this reason, a dual 
configuration hydrogenation-APR was assessed to evaluate if a net positive hydrogen 
production was obtained, using a commercial 5% Ru/C catalyst. In the Figure 2-A it is 
reported the effective hydrogenation of the glucose-xylose mixture into sorbitol-xylitol 
at different carbon concentration (0.3 – 1.8 wt.% C), while in the 2-B the results of the 
APR of the obtained liquid phase are reported. It is important to highlight that the net 
(mmoles hydrogen produced in the APR step – mmoles hydrogen consumed in the 
hydrogenation step) production of hydrogen is much higher in the two steps 
configuration rather than in the one pot, confirming that the sugar alcohol feed is much 
more prone to hydrogen production than the sugar feed. 
Finally, the characterization of the spent catalyst showed the presence of non-polar high 
molecular weight compounds, reducing the stability of the catalyst and worsening the 
performance when the catalyst was reused. 

 
Figure 2.  Influence of carbon concentration on the hydrogenation of a glucose-xylose mixture (A) and 
on the APR of the hydrogenated feed (B). Reaction conditions hydrogenation: 0.188 g Ru/C catalyst, 1-
hour reaction time, 180 °C, 15 bar H2 pressure. Reaction conditions APR: 0.375 g Pt/C catalyst, 2-hours 
reaction time, 270 °C. 
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The emerging environmental problems have pushed modern green chemistry to produce 
energy, chemicals and materials in a sustainable way proposing new catalytic processes 
and industrial technologies that can reduce also the amount of emissions.1,2 Levulinic 
acid (LA) is considered one of the 12 bio-based molecules that could potentially replace 
petroleum-based chemical building blocks,3 and since it can be easily obtained, in a 
single-step hydrolysis process, from cellulose (the most abundant renewable 
biopolymer) – it is surely one of the most promising future building blocks of the 
biobased chemical industry.4 

In the last years, together with LA, alkyl levulinates have been successfully used as 
starting feedstocks for the preparation of GVL generally used as flavoring agent in food 
industry, as green solvent, as intermediate in the fine chemicals synthesis and as starting 
material for the production of bio-based polymers and resins. The use of alkyl 
levulinates in GVL preparation has attracted great industrial interest thanks to their 
lower boiling point and free acid characteristics, as compared to LA. Moreover, 
alcoholic groups are better leaving groups than OH, thus facilitating the reaction 
through a cyclization mechanism. 
Together with traditional hydrogenation conditions, that generally require the use of 
high-pressure molecular hydrogen, which limits the application of such a process 
because of economical and safety reasons, catalytic transfer hydrogenation (CTH) 
reactions has gained a lot of research attentions.5,6 In this regard, ZrO2 seems to be one 
of the most active and selective catalysts in the CTH of LA and its esters to GVL. 
In this context, we compare the performance of a tetragonal ZrO2 catalyst in the transfer 
hydrogenation of methyl and ethyl levulinate, in both continuous gas-flow and batch 
conditions. 
ZrO2 catatlyst was prepared by using the precipitation method and fully characterized 
by BET, XRD, NH3 and CO2-TPD, in-situ DRIFT, DTA and TGA analysis. 
XRD analysis confirmed the presence of a tetragonal phase, BET measurement showed 
a high surface area, NH3 and CO2-TPD and in-situ DRIFT analyses revealed the 
presence of both basic and acidic sites as well as Lewis acid sites (prerequisites for CTH 
via the MVP mechanism). 
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Under batch conditions, the product selectivity in liquid phase was found to be 
dependent on the choice of the H source. On using 2-PrOH as H-donor, a very high 
selectivity to GVL was observed, whereas reactions carried out in EtOH and MeOH 
were found to be by far less efficient. 
The yield in GVL can be increased on increasing the reaction temperature. After 8 
hours, the CTH of EL with iPrOH over the ZrO2 catalyst at 300°C gives a GVL yield of 
56% (72% conversion) while at 200°C a modest yield of 5% was observed (6% 
conversion). At the same time, GVL yield progressively increases on increasing the 
reaction time, reaching the highest value of 64% after 24 hours. 
The reusability and stability of the ZrO2 catalyst was also assessed under batch 
conditions based on five consecutive recycling tests at 250 °C for 24 hours and a no 
significative changes in the product selectivity were found, although, a significant 
activity reduction was registered. 
On the other hand, under continuous gas-flow conditions, high conversions and GVL 
yield can be obtained using 2-PrOH and EtOH while a poor reactivity with MeOH was 
observed. Moreover, the ZrO2 catalyst shows an excellent stability for more than 10 
hours of time of stream and can be easily regenerated in-situ by feeding air at 400°C for 
2 h allowing an almost total recovery of the initial catalytic performance.  
The competitive processes were found to be the transfer hydrogenation, ruled by the 
ability of alcohols as reducing agents, and the transesterification strongly influenced by 
the steric hindrance of the H-donor molecule. 
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Organic carbonates (OCs) are an important class of molecules with a wide range of 
applications, such as aprotic polar solvents, monomers, surfactants, plasticizers and 
electrolytes. OCs peculiarities are the non-toxicity and a good biodegradability.1 
Because of these reasons their importance as chemical intermediates for the synthesis of 
fine chemicals is continuously increasing. For instance, we recently reported the 
utilization of ethylene carbonate (EC) as innovative alkylating agent of phenol for the 
production of 2-phenoxyethanol using Na-Mordenite as suitable heterogeneous 
catalyst.2 Nowadays, cyclic carbonates (e.g ethylene and propylene carbonate) are 
synthesized from the corresponding epoxides and CO2 by a cycloaddition reaction.3 On 
the other hand, the utilization of glycidol, a toxic and carcinogenic compound, as a 
starting material for the synthesis of glycerol carbonate (GlyC) is not desirable. For this 
reason, we have recently proposed the utilisation of catechol carbonate (CC) as an 
alternative, extremely efficient carbonate source for the selective synthesis of a wide 
plethora of both cyclic alkylene or symmetric dialkyl carbonates, by the reactions with 
the parent aliphatic alcohols or polyols. In particular, starting from a stoichiometric 
amount of glycerol and CC, in the presence of a basic catalyst (e.g. NaOCH3 or MgO), 
the results obtained in very mild reaction conditions (40-60°C, ambient pressure) and 
low reaction time (30 to 60 minutes), proved an unprecedented outstanding potential of 
CC, that promoted the quantitative, selective, formation of GlyC and of course catechol 
as co-product of the reaction.4 For this reason, the so-formed GlyC was tested as a 
pioneering alkylating agent for catechol, by only increasing the temperature from the 
previous step in a one-pot strategy. Indeed, only a few works in literature have 
investigated the possibility of using GlyC as an alkylating agent for the derivatization of 
aromatic compounds.5 In this way, 2-hydroxymethyl-1,4-benzodioxane (HMB), has 
been selectively synthesized, without requiring any reaction solvent nor halogenated 
compounds, in the presence of both homogeneous (NaOCH3) or heterogeneous (MgO, 
Na-Mordenite) basic catalysts (Scheme 1,a). HMB is a key intermediate for 
pharmaceutical industries because its moiety is present in many active principles of 
antidepressant (e.g. Doxasozin), antihypertensive, anxiolytic, and antithrombotic drugs, 
in addition to cardiovascular agents, to name a few. Currently, HMB synthesis required 
a multistep sequence of reactions and the use of toxic solvents (DCM and DMF) and 
reagents (glycidol derivatives, pyridine etc.).6 In our optimized conditions, a slight 
excess of GlyC has been reacted with catechol in the presence of a homogeneous basic 
catalyst (NaOCH3) at 170°C for just one hour; both reagents have been quantitatively 
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converted with a HMB yield up to 88%. Notably, the main side product, the HMB 
isomer, may be an interesting intermediate for the synthesis of calone analogues, which 
are important scaffolds used in fragrances. Moreover, a detailed mechanistic study, 
supported by kinetics, GC-MS, and HMBC NMR has been performed, underscoring the 
unique behaviour of GlyC compared to other organic carbonates (e.g. propylene 
carbonate) and the importance of GlyC as a multifunctional structure, in particular of 
the free aliphatic -OH group. The latter plays a fundamental role in obtaining the 
reactive carbonate intermediate responsible for the intramolecular cyclization aimed at 
the selective formation of HMB, with only water and carbon dioxide as benign 
coproducts. The reported results represent a completely innovative and greener 
synthesis pathway to benzodioxanes.7 
In a similar way, the reaction of glycerol carbonate and phenol has been investigated. 
Indeed, the formation of a phenoxy carbonate intermediate (the 4-(phenoxy)methyl-1,3-
dioxolane-2-one) was observed, confirming the peculiar behaviour of GlyC. This 
intermediate can undergo to both hydrolysis toward the mono-phenylglyceryl ether or 
consecutive nucleophilic substitution obtaining the di-phenylglyceryl ether, the latter 
being elusive with the traditional synthesis using glycidol or epichlorohydrin (Scheme 
1,b). 
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Scheme 1: Glycerol carbonate (GlyC) as innovative alkylating agent for phenolics. 

 
References: 
1 Schaffner, B., Schaffner, F., Verevkin, S. P. and Borner, A. Chem. Rev. 2010, 110, 
4554-4581. 
2 Ziosi, P., Tabanelli, T., Fornasari, G., Cocchi, S., Cavani, F. and Righi, P. Catal. Sci. 
Technol., 2014, 4, 4386-4395. 
3 North, M., Pasquale, R. and Young, C. Green Chem., 2010, 12, 1514-1539. 
4 Tabanelli, T., Monti, E., Cavani, F., and Selva, M. Green Chem. 2017, 19, 1519-1528. 
5 Selva, M. and Fabris, M. Green Chem., 2009, 11, 1161-1172. 
6 Ilic, M., Dunkel, P., Ilaš, J., Chabielska, E., Zakrzeska, A., Mátyus, P. Kikelj, D. Eur. 
J. Med. Chem., 2013, 62, 329-340. 
7 Tabanelli, T., Giliberti, C., Mazzoni, R., Cucciniello, R., and Cavani, F. Green Chem., 
2019,21, 329-338.  



 
 
 
 

65 
Session We-1b 

TRANSFER HYDROGENOLYSIS OF AROMATIC ETHERS 
PROMOTED BY Pd/Fe3O4 ELECTROSPUN NANOMATERIALS 

Angela Malara, Emilia Paone, Lucio Bonaccorsi, 
Francesco Mauriello, Patrizia Frontera 

1 Dipartimento DICEAM, Università Mediterranea di Reggio Calabria, Loc. Feo di 
Vito, I-89122 Reggio Calabria, Italy 

angela.malara@unirc.it 

One of the major challenges in the catalytic valorization of lignin is the selective 
cleavage of the C–O bond avoiding the reduction of aromatic rings.1-4 Therefore, in 
order to develop selective catalytic processes for the production of aromatics from 
lignin, a complete understanding of the molecular aspects of the basic chemistry and 
reactivity of aromatic ethers is still crucial.  
In the last years, Pd/Fe catalysts showed a powerful and efficient performance in the 
catalytic transfer hydrogenolysis (CTH) of lignocellulosic platform derived 
molecules.5,6 CTH reactions has recently gained increased attention as an efficient 
alternative to the direct use of molecular hydrogen by improving the sustainability and 
economics of hydrogenation reactions.7,8 
In this context, the selective cleavage of the C–O bond of benzyl phenyl ether (BPE), as 
model compound of lignin linkages, was investigated under CTH conditions with 2-
propanol acting as the H-donor, by using Pd/Fe catalysts.  
 
Pd/Fe bimetallic catalysts, in the form of nanofibers materials, were prepared by using 
the electrospinning technique.9 Samples, named Pd/Fe3O4-s and Pd/Fe3O4-cos, differed 
just for the Pd addition technique, wet impregnation in the first case and co-
electrospinning in the latter. A complete morphological and structural characterization 
was performed by SEM-EDX, TGA-DSC, XRD, and H2-TPR. 
SEM-EDX analysis of the synthesized materials showed a uniform nanofibrous 
structure, with homogeneous and continuous distributions of Pd and Fe over the 
electrospun mat. TGA-DSC curves monitored the loss of mass with temperature. The 
thermal degradation in air of Pd/Fe composites was used to study the oxidative reactions 
in dynamic conditions. XRD confirmed the support reduction and it was indicative of 
the formation of a Pd/Fe alloy. The H2-TPR profiles were characterized by only one 
broad and intense peak related to the simultaneous reduction of both palladium and iron 
cations suggesting that Pd2+ containing species were stabilized within the iron-oxide 
support. 
 
By using Pd/Fe3O4-s as catalyst, an appreciable BPE (0.1 M) conversion (60%) into 
phenol and toluene was achieved after 90 minutes at 240 °C. Being phenol and toluene 
the only reaction products (100% aromatic yield), it clearly indicated that the cleavage 
of the etheric C–O bond occurred as the primary reaction route under CTH conditions. 
In contrast, Pd/Fe3O4-cos showed, at the same conditions, a lower BPE conversion 
(23%) but, despite this, a high selectivity in the aromatics productions (100%) was 
maintained.  
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The higher activity of Pd/Fe3O4-s could be easily explained considering that 
electrospinning technique allowed to obtain catalysts in the nanometric size, thus 
smaller palladium particles than that obtained by co-precipitation method, instead 
characterized by micrometric dimensions. On the other hand, the Pd/Fe3O4-cos system, 
obtained by co-electrospinning, did not allow a good exposure of the catalytic centers of 
palladium, maybe partially incorporated inside the support.  
 

 
Figure 1. SEM micrograpg of Pd/Fe3O4-f. 
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The non-delayable quest of sustainable energy infrastructure based on converting solar 
energy onto energy carrying molecules has renewed interest in tailored catalysts for 
water splitting and CO2 reduction reactions.1 In this context iridium, a 5d transition –
metal, has emerged as one of the most interesting materials. In particular, IrO2 films 
have shown a remarkable electrocatalytic activity for oxygen evolution reactions (OER) 
in both acidic and basic solutions.2 The noticeable corrosion resistance, reversible 
surface charge transfer, and the recent research findings related to catalyst-support 
interactions and particle- and cluster-size effects on both activity and stability have 
speed up the investigation towards the nanoscale behavior of iridium.  
In the attempt to identify a direct correlation between particular atom arrangements with 
a precise electrochemical activity, we have started the electrochemical survey of several 
few-atom clusters. Herein, we report preliminary results concerning cyclic 
voltammograms of a small Ir9 cluster in NH4Cl and KOH 0.1 M solutions under N2 and 
CO2.  
 
The clusters were deposited by using a size-selective gas phase method developed at the 
Argonne National Laboratory (ANL).3,4 This innovative method combining a gas-phase 
cluster ion source, mass selection, and soft landing techniques, enables mass cluster 
selection with atomic precision and at well-defined surface coverage. In this study, a 
beam of positively charged iridium clusters was generated in a magnetron sputtering 
source, the clusters guided into a quadrupole mass filter where the cluster size of 
interest was selected for deposition. The mass-selected clusters were soft landed on a 
support (glassy carbon tip - GC) and neutralized upon landing with a picoampermeter 
used for biasing the support. The absence of organic ligands or capping agents in the 
resulting clusters, even at the level of contaminants, make these “naked” materials 
particularly suitable for electrochemical investigations.  
 
In order to proceed with the electrochemical testing the GC/Ir9 tip was covered with a 
Teflon jacket and connected to an electrode holder.1 Cyclic voltammetry (CV) and 
square wave voltammetry (SWV) measurements were recorded. The cluster-coated 
electrode was cycled in 0.1 M NH4Cl and KOH solutions under N2 and CO2 in the 
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potential window from -1.5V to +1.5V vs Ag/AgCl at scan rate ranging from 0.01 to 0.5 
V/s (see Fig. 1). 
 
The results collected so far highlighted the capability of the size-controlled iridium 
cluster in coordinating CO2 influenced by the nature of the electrochemical 
environment and pH as emerged from the comparison between the curves recorded in 
different electrolytes. Further studies are underway to clarify the rich electrochemical 
behavior, the nature of the involved species, and to provide univocal assignments to the 
anodic and cathodic peaks of the complex redox waves electrochemically acquired.  
 
This study is useful to identify the characteristics of iridium sub-nanoclusters as suitable 
catalysts to reduce CO2 at low overpotentials, and to provide new insights on catalytic 
chemistry of a fundamental reaction for energetics. 
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Figure 1. CV scans of sample GC/Ir9, recorded in 0.1M NH4Cl electrolyte under inert N2 (black line) 
and CO2 (red line) flux at a scan rate of 0.01 V/s. 
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Introduction. Hierarchical zeolites possess a secondary porosity in addition to the 
zeolitic micropores, which provide them with enhanced accessibility and improved 
catalytic properties, especially in reactions involving bulky compounds. The strategy 
developed by our group to synthesize hierarchical zeolites, based on the use of 
organosilanes, has been successfully applied to a number of zeolites: Beta, ZSM-5, 
ZSM-11, MOR and TS-1.1 This method consists on the functionalization of 
protozeolitic nanounits, previously formed by crystallization at low temperature, by 
grafting on their external surface of bulky organosilanes, which partially inhibit their 
aggregation during the hydrothermal crystallization. After calcination to remove the 
organics, the zeolitic material so obtained presents a secondary porosity in the mesopore 
range, which contributes significantly to modify the zeolite textural properties.2 
Taking into account the increasing commercial availability of organosilanes having 
different functionality and molecular size, the present work is aimed to study how the 
zeolite mesoporosity can be varied and adjusted using different types of organosilanes. 
 

Experimental. The hierarchical ZSM-5 zeolites were synthesized from a precrystallized 
gel with the next molar composition: Al2O3 : 60 SiO2 : 11 TPAOH : 1500 H2O. 
Functionalization of the protozeolitic units was carried out using six different 
organosilanes (Table 1). The details of the synthesis procedure can be found in the 
literature.2 
The calcined h-ZSM-5 zeolites were tested in the cracking of low-density-polyethylene 
(LDPE) in a thermobalance with a LDPE/catalyst mass ratio of 10, heating from 50 to 
700ºC, at 10 ºC min-1, under N2 flow (30 ml min-1). Additionally, catalytic cracking 
tests of LDPE were also performed in a stirred batch reactor under N2 flow at 340ºC 
during 2 h with a LDPE/catalyst mass ratio of 100. 

Table 1. Organosilanes employed for the synthesis of hierarchical ZSM-5 zeolites. 

Silanization agent Zeolite sample 
N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (2A)         h-ZSM-5 (2A) 
(3-trimethoxysilylpropyl)diethylenetriamine (3A)         h-ZSM-5 (3A) 
N-phenylaminopropyltrimethoxysilane (Ph-A)         h-ZSM-5 (Ph-A) 
N-(2-N-benzylaminoethyl)-3-aminopropyltrimethoxysilane (Ph-2A)         h-ZSM-5 (Ph-2A) 
N,N’-bis[(3-trimethoxysilyl)propyl] ethylenediamine (B2A)         h-ZSM-5 (B2A) 
Bis(trimethoxysilylethyl) benzene (Bbz)         h-ZSM-5 (Bbz) 
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Results and discussion. While all samples show high XRD crystallinity, Ar adsorption 
isotherms reveal how important is the selection of the organosilane for tuning the 
textural properties (Fig. 1). The use of Ph-2A results in a hierarchical ZSM-5 zeolite 
with a narrow mesopore size distribution, suggesting a synergistic effect between amine 
and phenyl group to produce hierarchical zeolites with a more regular mesoporosity. 

 
Figure 1. Cumulative pore volume and PSD of the hierarchical ZSM-5 samples. 
 

Figure 2 shows the performance of the hierarchical zeolites in the catalytic cracking of 
LDPE. The temperatures corresponding to the maximum degradation rate (Tmax) were 
much lower than that obtained without catalyst (478ºC), but they were very similar for 
all the samples. However, significant differences were noted regarding the full-width-at-
half-maximum (FWHM) of the DTG peaks. Interestingly, h-ZSM-5 (Ph-2A) sample 
exhibits the lowest FWHM value, pointing out that the presence of a uniform 
mesoporosity leads to the LDPE cracking to occur in a narrow temperature range. 
Moreover, when using a stirred batch reactor, the h-ZSM-5 zeolites exhibited 
conversions quite higher than that obtained with a commercial nanocrystalline ZSM-5. 

 
Figure 2. LDPE TG cracking over the hierarchical ZSM-5 samples. 
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The polymerization of hydrocarbons (e.g. acetylene, butadiene, ethylene), aimed to 
obtain conductive polymers, is of great interest for many technological applications 
where these polymers are employed, such as electronic devices exploitable in solar 
energy conversion, optoelectronic and gas sensing. Unfortunately, these materials, if 
exposed to air, react losing their functional properties. Consequently, a confinement 
inside a host matrix is favorable to enhance their stability. Pure silica zeolites, thanks to 
their structure and composition, have been proved to be a promising host material,1 able 
to drive the polymerization process along the specific directions of their channels 
systems.2 Furthermore, their hydrophobic nature allows to isolate and protect the 
resulting polymers from water vapor in air, being this a crucial point in the realization 
of gas sensing devices strongly affected by humidity. In this work, we have studied the 
polymerization of phenylacetylene and hexadiene in a pure silica zeolite.  
 
A pure silica mordenite (Si-MOR) was selected as host material, taking into account the 
following specific needs: i) the mono dimensional channel system can promote the 
orientation of synthesis towards a 1D polymer chain; ii) the pore dimensions can 
accommodate the molecules of interest. A commercial zeolite was firstly activated at 
500°C in O2 and then outgassed at room temperature for 1 hour. The composite material 
was prepared loading hydrocarbons as vapour, through a vacuum line, into the Si-MOR 
and then leaving the system at static pressure for 1 hour. After the contact time, the 
vapour excess was outgassed and the resulting loaded pellet was stored under inert 
atmosphere (1 atm, 100% Ar). Thermogravimetric analysis (in N2) confirmed the 
penetration of the molecules into the loaded zeolite. Polymerization process was 
monitored by IR analysis. The acid sites present in Si-MOR likely act a primary role in 
the successful formation of the polymer and the zeolite, with its intrinsic characteristics, 
catalyses the formation of the polyhexadiene chain. In order to unravel the polymer 
arrangement and its structural characteristics, we have investigated the host-guest and 
guest-guest interactions of the loaded Si-MOR by X-Ray Powder Diffraction (XRPD). 
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Moreover, the analysis of IR spectra contributed to the description of the chemical 
phenomena concerning the two systems. The presence of Brønsted acids sites was 
initially probed by NH3 adsorption experiments that evidenced the formation of the 
NH4

+ ammonium ion, confirming the zeolite acid character. The contact of the zeolite 
with monomers vapours resulted in the presence of cationic species since the beginning 
of the experiment. In the case of phenylacetylene we observed the formation of 
oligomers of two and three units. In the case of hexadiene, the presence of methyl 
groups suggested the formation of branched polymers. These are compatible with the 
presence of some branched chains according to Makowski et al.3 A non-linearity of the 
polymer is also suggested by Density Functional Theory (DFT) calculations, performed 
on a series of models. These results show that the presence of non-uniform host/guest 
interactions inside the defected Si-MOR channels might lead to a slightly bent polymer.    
The formation of phenylacetylene oligomers and polyhexadiene inside Si-MOR was 
induced and investigated using different techniques. The results evidence the success of 
the method here presented in producing oligo-/poly-mers confined into the hydrophobic 
zeolite. This composite material is very promising: the potential development into 
making conducting carbon nanowires is of interest for applicative environmental 
purposes, such as gas sensors sensitive to air pollutant. 
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Zeolites with STI framework type are described by a system of two interconnected 
channels: one parallel to [001] and the other parallel to [100] confined by eight-
membered and ten-membered rings of tetrahedra, respectively.1 Stellerite represents the 
Ca-rich member of natural zeolites with STI framework type.2 The ideal chemical 
composition is Ca8Al16Si56O144 ·58H2O.2 At room temperature (RT), the structure is 
orthorhombic (space group Fmmm) and it is referred as phase A.3 The dehydration 
induced by heating leads to the structural transformation of the RT modification to a 
new topology known as phase B.4,5 This phase is characterized by the statistical rupture 
(approximately 40%) of one T-O-T connection of the tetrahedral framework. Thus, at 
high temperature the structure is described by the coexistence of two mutually exclusive 
topologies. The B-structure of natural form of stellerite does not undergo additional 
structural changes upon heating to at least 500°C and it subsequently turns amorphous.4 
In contrast, the completely Na-exchanged stellerite, that is monoclinic at RT, transforms 
to a different B topology upon heating. Moreover, at 525°C, a further contracted phase, 
known as phase D, is formed.5 
In this study we investigated the structure and thermal stability of a Cd2+-exchanged 
stellerite with the aim of i) determining the structural modifications induced by the Cd2+ 
incorporation at RT and ii) tracking the phase transitions occurring as a function of 
increasing temperature.   
Natural crystals of stellerite, with initial chemical composition 
Ca7.96K0.83Na0.33(Si55.4Al16.42)O144·58.24H2O, were at first Na-exchanged. Afterwards, 
they were placed in a Teflon autoclave filled with 1M CdCHOOH3 solution (pH = 6) 
for 4 weeks at 100(2)°C. The solution was renewed every three days. Successful 
exchange was checked by energy dispersive spectrometry (EDS) using a scanning 
electron microscope (SEM). Single Crystal X-ray Diffraction (SCXRD) data were 
collected in situ from 25 to 400°C in steps of 25°C. To obtain structural insight into the 
local arrangement of H2O and Cd2+ within the channels, ab initio molecular dynamics 
simulations were performed in NPT ensemble based on the density-functional theory 
using the Gaussian and Plane Waves method (GPW) as implemented in the CP2K 
simulation package.6,7 
The incorporation of Cd2+ into the stellerite structure, induces a symmetry lowering 
from orthorhombic Fmmm to monoclinic space group F2/m. The latter corresponds to 
the space group of Na-stellerite determined at RT.5 The cell parameters at room 
temperature are a = 13.6277(2), b = 18.0966(3), c = 17.6880(3) Å, β = 90.4250(10)°, V 
= 4362.01(12) Å3. SCXRD data of the RT structure indicate that Cd2+ ions are 
disordered at partially-occupied sites (maximum occupancy of 0.28) distributed in the 
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center of the channels parallel to [100]. These sites are bonded exclusively to H2O 
molecules with distances between 2.269(15) and 2.462(18) Å. These results are in 
agreement with MD simulations which show that Cd2+ are surrounded by 6 H2O at 
average bonding-distance of 2.35 Å.  
The dehydration of Cd-stellerite starts at 50°C, in correspondence of the decrease of the 
unit-cell volume from 4362.01(12) to 4352.62(12) Å3. At 100°C the space group 
changes from monoclinic F2/m to orthorhombic Amma. At this temperature 5% of 
(Si,Al) at T1P site move toward a new position (T1PD), pointing out the onset of the 
rupture of the T4-O3P-T1P connection. At 125°C the percentage of new T sites (T4D 
and T1PD) increases to 20% and the new connection T1PD-OD-T1PD forms within the 
channels parallel to [100]. Thus, the structure transforms to the B topology reported also 
for Ca-stellerite.3,4 Moreover, 5% of (Si,Al) at T1 migrate to a new position, T1D. Note 
that the occurrence of this additional site is observed in Ca-stellerite only at 400°C. 
Upon further heating, the percentage of broken connections increases. This process is 
accompanied by strong disorder which affects the T4 and T4D sites. To model residual 
electron density, two additional sites, refined with Si scattering factors, were inserted in 
the refinement of the structure at 150°C: T4DA and T4DB. At 225°C, two new 
connections, never reported in Ca-stellerite, are observed: T4DB-OD2-T4DB and 
T4DA-OD1-T1D. At 275°C the occupancies of the new T sites converge to 0.50(2) and 
0.415(11) for T1PD and T1D respectively. From 300 to 325°C, the structures could still 
be successfully refined in Amma but the maximum resolution drastically dropped 
(maximum 2θ = 28.12°) leading to high R1 values. From 350 to 375°C only the cell 
parameters were extracted.  
The total unit-cell volume reduction at 375°C is 22% of that measured at RT. Thus, the 
structural contraction is more severe compared to that reported for Ca- (9%) and Na-
stellerite (16%). Interestingly, in the investigated temperature range, Cd-stellerite never 
transforms to the D topology.   
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In the last decades, several efforts were devoted to explore the P-mediated intrusion of 
molecules in microporous compounds since this can lead to new routes of tailoring 
functional materials, bearing a potentially relevant technological impact. MFI-zeolites 
are also used as catalysts in some olefins-production processes, representing an 
appealing alternative to the high-energy demanding Steam Cracking process, which 
actually accounts for 95% of the total worldwide olefins production.1-3 The applicative 
importance of MFI-type zeolites is due to their unique structure formed by (Al,Si)O4 
tetrahedra connected in such a way that a pore system, consisting of two intersecting 
channels, occurs within its zeolitic framework. The employment of zeolites as synthesis 
catalysts allows milder synthesis conditions, leading to a lower energy consumption 
and, therefore, lower greenhouse emissions. Furthermore, in recent years MFI-zeolites 
have been used in the promising methanol-to olefins synthesis process, which, being 
able to obtain olefins directly from methanol in place of oil bears a potential 
breakthrough industrial impact. It is worth to underline usually, at ambient conditions, 
only the surfaces of the zeolite crystallites are believed to be active in the methanol-to 
olefins process. However, induced by pressure, the methanol molecules may penetrate 
and diffuse through the zeolitic channels.4 This may bear a significant impact in the 
industrial applications of this zeolite as a catalyst, since a “cold” intrusion of methanol 
into the zeolite cavities might pave the way to increase the efficiency of the methanol-
to-olefins conversion process. In this regard, we synthesized and then studied, by in situ 
synchrotron X-ray powder diffraction experiments, the high-pressure behavior of six 
MFI-zeolites with different chemical composition (reported in Tab. 1). Consistently 
with the previous studies,5 all the synthesized zeolites are monoclinic (space group 
P21/n11) at ambient pressure, although a monoclinic-to-orthorhombic phase transition 
(MOPT) is reported to occur at P > 1 GPa.5 Analyzing the pressure-volume data and the 
diffraction patterns, we were able to ascertain: i) all the MFI zeolites compressed in 
silicone oil have overall the same bulk compressibility (Fig. 1), ii) there are differences, 
among the different zeolites, in the magnitude of the methanol adsorption (e.g., Fig. 2), 
iii) the MOPT is influenced by both crystal chemistry and sorbate (methanol) loading. 
Overall, this study provides useful information about the optimal chemical composition 
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of a potential MFI-catalyst in the methanol-to-olefins conversion process operating at 
high-pressure conditions. 
 
Table 1. Chemical composition of investigated materials. 

Sample Chemical fomula  Sample Chemical fomula 

Na-Al-MFI Na2.51Al0.81Si95.19O192  H-B-MFI Na0.02B1.20Si94.80O192 

H-Al-MFI Na0.05Al0.87Si95.13O192  Na-Fe-MFI Na1.31Fe0.89Si95.11O192 

Na-B-MFI Na2.84B1.35Si94.65O192  Na-Silicalite-1 Na3.37Si96O192 
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Figure 1. (left) High-pressure evolution of the normalized unit-cell volumes of all the MFI-zeolites investigated  
using silicone oil as P-medium. 
Figure 2. (right) High-pressure evolution of the normalized volumes of the H-B-MFI compressed in silicone oil 
(red spheres) and in methanol (black squares). 
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Encapsulation of metal nanoparticles (NPs) within zeolite frameworks can protect such 
species from sintering while maintaining the shape selectivity and provide the novel 
route to design and synthesize highly efficient catalysts. Recently, a new strategy was 
shown for the generation of subnanometric Pt species with a high stability during 
transformation of a 2D zeolite into 3D.1 
Layered zeolite precursors combine advances of layered solids with the properties of 
zeolites opening many opportunities in synthesis and modification. One of the first 
zeolites found to have layered representative (MCM-22P) is MWW.2 Moreover, this is 
the zeolite that revealed the most of layered zeolitic forms up to date. 
We introduced Pt/Pd nanoparticles into MCM-22P during the swelling process of 
lamellar zeolitic precursor followed by calcination, resulting in clusters encapsulation 
within the 3D framework of MWW zeolite. Surfactants with different carbon chain 
lengths (C12, C14, C16, C18) were used as swelling agents. 
Despite the differences in the initial interlayer distances - increasing with the length of 
the surfactant from 1.06 nm (C12) to 2.89 nm (C18) - MWW materials show similar 
morphologies, textural properties and Pt content. The factor that differentiates the 
synthesized materials is the average diameter of metal NPs. As a result, the average size 
of Pt NPs increased from 0.85 nm (C12) to 2.04 nm (C18), which is related to the length 
of the hydrocarbon chain of the surfactant used for the swelling process.3 
This method can be combined with recently developed approach for zeolite synthesis; 
the ADOR (Assembly-Disassembly-Organization-Reassembly) process that is based on 
the 3D-2D-3D transformation of zeolites.4 Herein, we also report a synthesis of two 
ADOR zeolites:5 IPC-2 (OKO) and IPC-4 (PCR) functionalized with Pt/Pd NPs. 
Structural and textural analysis proved no significant changes after the metal NPs 
encapsulation. The Pt content was 0.34 wt% and 0.32 wt% and the average size of Pt 
NPs of 0.98 nm and 0.96 nm for Pt-IPC-2 and Pt-IPC-4, respectively. Pt-IPC-2 
exhibited a broader range of Pt sizes due to larger pores. 
Further, higher loading of metal NPs was investigated with respect to the size and 
distribution of Pt/Pd NPs encapsulated within the zeolite framework. All synthesized 
materials were characterized by powder XRD, N2 adsorption, ICP-OES, SEM, and 
TEM methods. Synthesized materials were investigated in the shape-selectivity 
hydrogenation of nitroarenes to anilines and general application and chemo-selectivity 
of nitroarenes were also tested. 
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Figure 1. STEM images of Pt-MWW (a) and Pt-IPC-2 (b). 
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Within the realm of heterogeneous organocatalysts, sulfonic acid moieties have been 
reported to be valid candidates for incorporating super-acid functionalities into mono- 
and eventually multifunctional inorganic materials. Multiple articles and patents show 
how the nearby atoms can drastically influence the acidity of the sulfonic groups, 
through inductive and resonance effects. To study the synergistic effect of these two 
contributions, in this work we report a multi-step synthesis of silica supported aryl-
sulfonic acids, in which the aromatic ring is either protonated or fluorinated. A detailed 
spectroscopic characterization by coupling FTIR and ss NMR with the adsorption of 
probe molecules was used to study the acidity of the sulfonic groups and their 
interaction with the surface silanols of the inorganic supports. The synthesis of the 
hybrid catalysts was carried out following the two pathways reported in the scheme. 
The methodologies used include synthesis of the silyl-derivative carrying the sulfonic 
functional group; one-pot sol-gel synthesis catalyzed in F-medium; tethering reaction 
between a substrate carrying the sulfonic group and functional groups pending from the 
silica surface; proton exchange in mildly acidic conditions. 
Typical textural properties of mesoporous materials were observed by N2 physisorption 
analysis at 77 K. The adsorption of probe molecules with different basic strength such 
as CO and ammonia has been useful not only to assess the acidity of the sulfonic groups 
but also to evidence the interaction of the acid sites with the hydrophilic silica surface 
that can modify the relative acidity of sulfonic acids.  
Optimizing the synthesis of these monofunctional catalysts opened up to the possibility 
of synthetizing custom design multifunctional materials. In fact, the versatility of the 
silica support allows the incorporation of multiple active sites (e.g. base, redox, chiral) 
through methodologies that can include one-pot co-condensation, post-synthetic 
grafting, tethering, impregnation and nanoparticles deposition, amongst others. 
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Metal Organic Frameworks (MOFs) have emerged in the last decades as a new class of 
porous materials with promising properties for catalysis and adsorption, mainly. These 
applications derive from their porous structure with a remarkable pore volume and 
extended surface area.1 Moreover, these materials provide a widespread platform of 
tunable hybrid inorganic-organic frameworks for the inclusion of specific metals with 
different coordination environments and functional groups in the organic linkers. MOF 
materials have a great potential as heterogeneous catalysts in organic chemistry for 
different synthetic transformations, simplifying classical methodologies based on 
homogeneous catalysts and facilitating their implementation in multigram scale and 
industrial scale processes.2 Of special interest is the cross-coupling reactions for the 
formation of C-C bonds in complex organic molecules.3 The application of 
heterogeneous catalysts for cross-coupling C-C reactions is quite scarce. Therefore, the 
aim of this work is to assess the catalytic activity of copper-based Cu-MOF-74 in cross-
coupling reactions, focusing on the synthesis of α-aryl ketones.  
Cu-MOF-74 was synthesized by a solvothermal method previously described4 with a 
yield of 74 %. Cu-MOF-74 material was tested in the C-arylation cross coupling 
reaction of acetylacetone (AcAc) and 4-iodotoluene (4-IT) to form 4-
methylphenylacetone (4-MPAc) as a principal product and 3-phenyl-2,4-pentanodione 
(3-PP). The influence of temperature, catalyst concentration, type of solvent, molar ratio 
of substrates (4-IT/AcAc), type of base and base concentration were evaluated.   
Regarding the obtained catalytic results, the increase of temperature improves the 
catalytic activity of Cu-MOF-74 material, particularly in terms of the desire product 
yield. This increase of temperature prompts the breakdown of acetylacetone to 
coordinate to the toluene-based intermediates species. The concentration of catalyst 
showed a low effect on the selectivity and yield of the evaluated products (4-MPAC and 
3-PP) for final reaction times of 6 h, reaching 4-MPAC yields between 86-90 % for 
concentrations between 5 and 10 %. On the other hand, the use of polar solvents favors 
the formation of α-aryl ketones, probably due to the formation of ionic complexes that 
lead to the halogen atom transfer of aryl chlorides (Fig. 1a). 
 
The excess of acetylacetone in the reaction media (decreasing the 4-IT/AcAc molar 
ratio) displayed an important enhancement of the catalytic performance. This is 
attributed to the role of acetylacetone by increasing the formation of the copper 
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intermediate that leads to the main product. In order to accelerate the transmetalation 
step in the catalytic mechanism, different bases were tested. The catalytic activity of 
Cu-MOF-74 is significantly influenced by the type of basic agent (Fig. 1b).  
 

 
Figure 1. a) Influence of reaction temperature over the Cu-MOF-74 catalyst performance. b) Influence of 
base on the catalytic activity of Cu-MOF-74. Normal columns indicate 4-iodotoluene conversion; fill 
columns indicate 4-MPAC product yield. 

 
The recyclability of the catalyst was also tested for the cross-coupling C-arylation 
reaction for four successive catalytic runs. The catalytic performance was above 84 % in 
terms of conversion of 4-IT for the four cycles, although a very slight decrease of 
activity was observed in the last cycle. The XRD patterns of the catalyst after each cycle 
evidenced the maintenance of the crystalline phase of Cu-MOF-74, demonstrating a 
strong robustness of the MOF structure. 
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Titanium dioxide (TiO2) is used in many applications, including dye-sensitized solar 
cells, sensor devices, paints and photocatalysis.1 Concerning TiO2 polymorphs, anatase 
has a band-gap (Eg) of 3.2 eV, whereas that of rutile is 3.0 eV and that of brookite is 
between 3.1 and 3.4 eV: consequently, TiO2 is mainly active under UV light. Moreover, 
electron-hole pairs have relatively fast recombination rate that decreases its 
photocatalytic efficiency, and TiO2 polar surface limits adsorption of non-polar species, 
limiting its efficiency towards organic pollutants removal.1 TiO2 doping with 
heteroatoms, including transition metals (Cr, Co, Fe, etc.) and non-metals (N, C, etc.), 
has been the subject of many studies, since it should allow narrowing TiO2 band gap 
and improving solar light absorption. Concerning transition metals, Mo introduces an 
empty donor level below the CB of TiO2 (n-type doping), which only slightly perturbs 
the band, so avoiding strongly localized d states that can reduce the mobility of charge 
carriers.2 Another means to improve photocatalytic activity is having high surface area 
NPs, with intra- and/or inter-particle porosity: for instance, mesoporous TiO2 NPs are 
obtained by using either triblock copolymers or ionic surfactants, whereas when di-
block copolymers are used (e.g. Brij-n) porosity forms among NPs.  
The reverse micelles method allows obtaining high surface area Mo-doped TiO2, SiO2 
and ZrO2 NPs:3 the reverse micelle core provides a suitable environment for the 
controlled nucleation and growth of TiO2 NPs, simultaneously affording a good 
dispersion of MoOx species. Here, we report the synthesis and the physico-chemical 
properties of a set of pure and Mo-doped TiO2 NPs, obtained by properly modifying the 
method reported by Chandra et al.3 and adapting it to TiO2. Nominal Mo contents of 0, 
1, 5 and 10 wt.% were studied, by using as surfactant the polyoxyethylene (20) oleyl 
ether, characterized by the presence of a double bond and a different molar mass with 
respect to ref. 3, as both properties can affect the size of the reverse micelles and, 
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consequently, that of the obtained NPs. The samples properties were characterized by 
means of X-ray powder diffraction; micro-Raman spectroscopy; N2 isotherms at -196 
°C; Energy Dispersive X-ray analysis coupled to Field Emission Scanning Electron 
Microscopy; X-ray Photoelectron Spectroscopy; Diffuse Reflectance UV-Vis 
spectroscopy and ζ-potential measurement (Table 1). The photocatalytic degradation of 
the model dye Rhodamine B under visible light and low irradiance was used as a test 
reaction to gain insights into the state of Mo in the materials. 

Sample 
code 

BET 
SSA 

(m2 g-1) 

Average 
NPs size 

(± s.d. nm) 

Average 
crystallite 

size (± s.d. nm) 

EDX Mo/Ti 
atomic ratio 

(nominal) 

Surface 
Mo/Ti 

atomic ratio 
(from XPS) 

Eg 
(eV) 

TiO2 71 12 (3) 10.3 (0.5) - - 3.07 

Mo_1 76 21 (5) 12.5 (0.9) 0.0070 (0.0084) 0.042 2.86 

Mo_5 74 22 (5) 12.5 (0.4) 0.05 (0.044) 0.150 2.58 

Mo_10 96 18 (4) 9.9 (0.5) 0.090 (0.092) 0.194 2.69 

 
The ensemble of the obtained results showed that both pure and Mo-doped TiO2 NPs 
were obtained, allowing dispersion of Mo both in the bulk and at the surface of the NPs, 
and substantially avoiding segregation of crystalline MoO3 event at 10 wt.% Mo 
(Mo_10 sample). The bare TiO2 NPs showed better photodegradtion properties than 
Degussa P25, likely due to the presence of some brookite. The 5 wt.% Mo content 
(Mo_5 sample) was found to provide an optimal lowering of the band gap (from 3.07 V 
for the bare TiO2 to 2.58 eV), which resulted in the fastest kinetics during the 
photocatalytic degradation of the model dye Rhodamine B. The synthesis also led to a 
very acidic (polar) surface, even in the absence of Mo: the resulting NPs were indeed 
negatively charged in a wide pH range. Such surface negative charge, however, did not 
enhance the degradation of the dye studied here, especially at the highest Mo content, 
because the surface polymolibdate species, detected by Raman spectroscopy, likely 
acted as recombination centers of electron/hole pair. All this notwithstanding, the high 
acidity of the NPs surface could be exploited in applications requiring a very polar 
surface, due to the possibility to polarize some organic pollutant, finally promoting its 
adsorption and consequent degradation. 
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Bactrocera oleae, the olive tree fly, is the most significant phytophagous insect 
associated with olive tree cultivations in Italy and the Mediterranean area (Fig. 1). The 
implementation of innovative and environmentally-friendly methods for the mitigation 
of such pest has attracted an ever-growing attention, especially after 2014, when the 
entire Italian olive oil production suffered from dramatic losses. A remarkable 
percentage of infestation to olive crops was recorded in the last harvest too (2018), 
especially in the regions of Southern Italy. Novel defence strategies should thus meet 
four main criteria: toxicologic safety, environmental selectivity and compatibility, pest-
control efficiency and economic sustainability. 
In this aim, two series of solids aiming at causing a negative impact on the life cycle of 
Bactrocera oleae have been prepared: 1) copper(II)-exchanged clinoptilolite zeolites, 
from mineral origin, and 2) organically modified montmorillonite clays, from mineral 
origin as well, over which two aliphatic aldehydes, namely, n-hexane and n-heptane, 
have been deposited. The bioactive solid materials have been prepared by conventional 
ionic exchange from aqueous solutions of copper nitrate at various concentrations on 
the pristine clinoptilolite (Clino) zeolite and bentonite clay (Ben) or by impregnation of 
the aldehyde onto the Ben support (Scheme 1). Actually, micronized zeolites are 
promising candidates as crop protection products, as they create uniform films, which 
do not interfere with the metabolic lifecycle of plants and, on the contrary, enhance their 
resistance towards external detrimental factors.1 Likewise, light linear aldehydes have 
shown a specific repellent activity against the olive fly.2 

Fig. 1. Scheme 1. 
In the case of copper(II)-containing zeolites and clays, thanks to an optimisation of the 
ion-exchange procedure, an adequate bioactive metal content was achieved for practical 
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purposes, although reducing by more than 80% the use of precursor salts with respect to 
the current state of the art.3 Cu(II)-clinoptilolite (Cu-Clino) contains 2.0 wt.% of copper 
and possesses not only acid sites, which, when dispersed on the fruit surface, inhibit the 
egg-laying activity of flies into the olives, but also metal cationic sites with enhanced 
biocide effect against the parasites of several crops.4 In aldehyde-containing bentonite 
clays (C6-Ben and C7-Ben), on the other hand, the loading of organics is in the range of 
3.8-4.8 wt.%. Thanks to the immobilisation within the interlayer spaces of the clay, 
lower concentrations of bioactive species may be applied onto the olive tree, thus 
reducing the potential undesired dispersal of the active molecules into the environment 
and leading to a controlled gradual release of the repellent agent during the treatment. 
The final solids were fully characterised by XRD, FT-IR, TGA and C, H ,N and 
inorganic metal elemental analysis. 

 
In order to evaluate the performance of the most promising solids in open-field tests, an 
experimental campaign was carried out on olive tree orchards in Southern Tuscany, in 
the summer of 2018. Extremely promising results were obtained for the trees treated 
with Cu-Clino zeolite and with both aldehyde-containing bentonite-like montmorillonite 
clays (C6-Ben and C7-Ben), in terms of reduction of both fly infestation and damages 
on the olive fruit. Taking into account an average of 35% of infested untreated trees 
(blank), values as low as 1.0-0.5% were attained, when the olive plants underwent three 
treatments with a sprayed suspension of the Cu-exchanged or the hexane/heptane-
modified formulations in water (Fig. 2). 
These materials proved to be easily prepared, cost effective, environmentally friendly, 
stable to rainwater leaching and led to a remarkable diminution in the use of bioactive 
species for on-field applications. 

CNR-ISTM, CREA-DC and UniFG acknowledge financial support by the Italian Ministry of Agricultural, 
Food and Forestry Policies (MIPAAF) through the Project “DIOL - DIfesa da organismi nocivi in 
OLivicoltura tradizionale e intensiva”. The Authors also gratefully acknowledge Podere Forte and 
Laviosa Chimica Mineraria and thank Mr. Matteo Formenti for specific help in experimental tests. 
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Figure 2. Percentage of infested olive 
trees under open-field conditions after 3 
treatments. Blank: untreated trees. 
Formulation: 3 wt.% suspension of the 
solid in drinkable water. Location: olive 
plant orchard, 24 trees. Podere Forte 
farm, Castiglione d’Orcia (SI), Italy 
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Introduction. Metal alkoxide grafting technique can usefully be used for changing the 
acid-base and/or the redox properties of the surface of an oxide rich in hydroxyls.1-3 In 
the present contribution, the preparation of catalysts by grafting different commercial 
available alkoxides, such as: silicon, titanium, zirconium and vanadium on the surface 
of oxides, such as: SiO2, Al2O3 and TiO2, is described. All the prepared catalysts and 
supports have been characterized by using different techniques and test reactions. The 
performances of the acid catalysts were evaluated by measuring their activities and 
selectivities in adequate test reactions such as: methanol dehydration, skeletal 
isomerization of 1-butene to isobutene and alkane isomerization and cracking. The 
redox properties of vanadium based catalysts, obtained by grafting vanadyl alkoxide on 
SiO2 and TiO2/SiO2 supports, have been tested by using different reactions, such as: the 
SCR (Selective Catalytic Reduction) of NO with NH3,4 the Oxidative Dehydrogenation 
(ODH) of ethanol and methanol to formaldehyde and acetaldehyde,5 the ODH of 
propane,6 isobutane,7 and n-butane.8 Very promising results have been obtained in some 
of the mentioned reactions as a consequence of the peculiarity of the catalysts obtained 
with the alkoxide grafting technique. The most relevant obtained results will be reported 
in this work by considering separately both the acid-base and redox catalysts. 
Catalysts with acid properties. Zirconium catalysts were prepared from solutions of 
zirconium tetra-n-butoxide (80% wt. in n-butanol) in butanol, or alternatively from 
solutions in toluene of zirconium octanoxide. Zirconium octanoxide was obtained from 
zirconium tetra-n-butoxide by an exchange reaction with 1-octanol: 

Zr(OC4H9)4 + 4 CH3(CH2)7OH  →  Zr(OC8H17)4 + 4 C4H9OH ↑. 

Silicon catalysts were prepared by contacting a γ-alumina support with solutions of 
silicon tetraethoxide (TEOS) dissolved in anhydrous ethanol. In particular, one catalyst 
was prepared in the same conditions by directly contacting TEOS with γ-alumina 
without the presence of solvent. Relevant results of both activities and selectivities have 
been achieved, by using the mentioned acidic catalysts. In particular, methanol 
dehydration is strongly promoted over zirconium oxide supported on γ-alumina by 
grafting, while silicated alumina resulted a useful catalyst for the isomerization of 1-
butene to isobutene. 
Catalysts with redox properties. It is well known, from the literature, that V2O5 
deposited on silica is subjected to agglomeration as a consequence of calcination while 
this does not occur when titania is used as a support.9 TiO2, infact, in forme anatase, 
provides an optimal chemical environment for the vanadium oxide catalytic action, but 
has some drawbacks, such as a relatively low specific surface area that can be further 
reduced by sintering as a consequence of thermal treatments. These drawbacks can be 
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circumvented by preparing a support of silica well coated with titania. In this case, it is 
possible to obtain a thermostable support that has a very high specific surface area, 
characteristic of silica, while the chemical composition of the surface is that of TiO2, 
which is better for vanadium based catalyst performances. Very good results for what 
concerns vanadium dispersion and catalytic properties have been obtained by using a 
support of silica coated with a multilayer TiO2/SiO2, prepared by repeating more times 
the grafting operation of titanium tetra-isopropoxide (Ti(O-iPr)4), followed by steaming 
and calcination. This method of preparation has been particularly investigated in the 
present work. Moreover, in order to study both the effect of the support and vanadium 
load on the dispersion of vanadium sites and their performances, many catalysts 
containing V2O5 supported on both SiO2 and TiO2/SiO2 have been prepared by grafting 
different amounts of vanadyl tri-isopropoxide on the supports. This has been done by 
contacting a given amount of the solid with solutions containing increasing quantities of 
dissolved vanadyl tri-isopropoxide. The kinetics results obtained by testing the redox 
catalysts in several ODH reactions, showed that both the activity and selectivity are 
strictly related to the dispersion of catalytic sites as consequence of the vanadium load 
and support used. 
Conclusions. Some different and new insights have been achieved in this work and 
many others have been confirmed, especially in relation to the beneficial use of the 
grafting technique. This method appears very appealing not only to modify the chemical 
properties of a surface but also to prepare supports and catalysts with very high 
dispersion. 
This is the example of titania/silica support, which resulted a suitable support for the 
preparation of vanadium based catalysts, provided that it gives place after calcination to 
a uniform class of catalytic sites that are responsible for the higher activities and 
selectivities observed in the ODH reactions. 
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Introduction. Catalytic oxidation reactions are at the base of current production of 
petrochemicals from renewable sources.1 Gold catalysts proved to be a sustainable 
choice for the selective oxidation of alcohols,2 including glycerol that is a highly 
functionalized bio-renewable molecule coming from the use of triglycerides.3 The 
selective transformation of glycerol allows obtaining many valued products, so much 
that glycerol is expected to become one of the major sustainable platform molecules. 
Carbon supported gold catalysts are highly active in the liquid phase oxidation of 
glycerol. In particular, supported bimetallic particles often show enhanced activity, 
diverse selectivity and higher stability.4 Zanella et al.5 synthesized Au–Ag bimetallic 
catalysts supported on TiO2 by sequential deposition–precipitation method. These 
bimetallic catalysts showed higher conversion than monometallic Au/TiO2 in CO 
oxidation, confirming the synergistic effect between Au and Ag. On the other hand, the 
catalyst activation temperature influenced both the catalytic activity and nanoparticles 
composition.6 Theoretical studies investigated the segregation of Ag in Au-Ag NPs, 
reporting that it is composition, size and temperature dependent.7 
Based on these facts and considering the already proven efficiency of Au-Ag bimetallic 
catalysts in glycerol oxidation,8 here we compared differently synthesized and post-
treated Au/Ag-TiO2 catalysts in such reaction. 
Experimental. 1% Au/Ag was supported on TiO2 (Titania Degussa P25, 45 m2 g-1, 
nonporous, 70% anatase and 30% rutile, purity >99.5%) by sol-immobilization and by 
deposition-precipitation with urea (DPU). For each synthesis method, we prepared two 
samples with Au:Ag molar ratio of 1:1 and 4:1, respectively. After the complete 
adsorption of metal nanoparticles, catalysts were washed and then dried overnight at 
80 °C in the oven. The dried sample was calcined at 300 °C, reduced with H2 at 300 °C 
and calcined-reduced at the same temperature, respectively. 
Glycerol oxidation reaction occurred at 50 °C and 3 bar of O2, in a 30 mL glass reactor, 
equipped with heater, mechanical stirrer, gas supply system and thermometer. 10 mL of 
glycerol 0.3 M and NaOH (NaOH/Glycerol ratio = 4, mol/mol) solution was transferred 
in the reactor, to which the catalyst was added in order to have a glycerol/metal ratio of 
2000, mol/mol. Reaction started when the temperature of 50 °C was reached. Oxygen 
pressure was kept controlled by a mass flowmeter. Sampling occurred periodically, 
analyzing samples by high-performance chromatography (HPLC) using a column 
Alltech OA-10308 (300 mm x 7.8 mm) with UV and refractive index (RI) detection. 
Eluent solution was H3PO4 0.1 %wt. 
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Results and discussion. AuAg catalysts have been prepared by DPU and SOL 
techniques in a 1:1 and 4:1 Au/Ag atomic ratio. The catalysts have been tested as 
prepared and after calcination and/or chemical reduction. It has been found that the 
effect on the MNP structures of an identical post-treatment depends on the AuAg ratio 
and the preparation method. 
XPS and CO-DRIFT characterization put in evidence a different surface composition 
and different oxidation state of Au and Ag species in the two sets of catalysts. In 
particular, DPU as prepared sample revealed a gold enrichment on the surface which 
decreases by thermal treatment; whereas SOL samples are always showing a Ag-rich 
surface. The more the Ag at the surface increases, the more the Ag in the metallic state 
decreases. 
From a catalytic point of view the 1:1 Au:Ag samples presented negligible activity 
regardless the post-treatment while 4:1 resulted active only after calcination (Table 1) 

Table 1. Glycerol conversion % (at 3 h), initial activity (calculated at 15 min) and selectivity for the main 
glycerol oxidation products by 1% Au4Ag1/TiO2, synthesized by sol-immobilization or DPU.  

 activity 
(h-1) 

GLY 
conv.% 

Glyceric 
acid 

Tartronic 
acid 

Glycolic 
acid 

Formic 
acid 

Oxalic 
acid 

1%Au4Ag1/TiO2_DPU - - - - - - - 

1%Au4Ag1/TiO2_DPU_calc 2113 82 57 12 10 6 2 

1%Au4Ag1/TiO2_SOL 892 60 69 7 10 8 3 

1%Au4Ag1/TiO2_SOL_calc 1616 63 52 17 15 10 3 

 
Therefore, post-synthesis modifications can be a useful approach to control the structure 
of bimetallic nanoparticles and therefore the catalytic activity. 
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TiO2 anatase nanoparticles (NPs) are widely employed to face environmental and 
energy issues. In particular, shape-engineered TiO2 anatase nano-sheets with dominant 
{001} basal facets gained momentum because of the possibility to exploit different 
and/or improved functional behaviors with respect to usual bipyramidal TiO2 anatase 
nanoparticles, mainly exposing {101} facets (see Figure 1a). Nevertheless, such 
behavior depends in a significant extent on the physico-chemical features of surfaces 
exposed by the different NPs. 
Advanced spectroscopic techniques allowed us to characterize the surface 
hydrophilicity and Lewis acidity of the shape-engineered NPs, which crucially influence 
the photocatalytic activity.1-3 In particular, we showed that calcined TiO2 anatase nano-
sheets expose {001} facets poorly hydroxylated, hydrated and hydrophilic. Moreover, 
IR spectroscopy of CO adsorbed as probe molecule indicates that the Lewis acidity of 
Ti+4 sites exposed on (1x4) reconstructed {001} facets of calcined TiO2 nano-sheets is 
weaker than that of cationic centers on {101} facets of bipyramidal TiO2 anatase 
nanoparticles. The samples have also been tested in phenol photodegradation 
highlighting that differences in surface hydration, hydroxylation and Lewis acidity 
between TiO2 nanoparticles with nano-sheet and bipyramidal shape have a strong 
impact on the photocatalytic activity, that is found to be quite limited for the 
nanoparticles mainly exposing (1x4) reconstructed {001} facets.3 
The shape-engineered TiO2 nanoparticles have been also studied using a new IR set-up 
allowing to investigate in situ the surface processes occurring during photocatalytic 
reactions.4,5 Indeed, the majority of the studies devoted to the photodegradation of 
organic substrates are focused on aqueous suspensions containing the photocatalyst and 
the pollutant which has to be mineralized. These investigations often employ 
chromatographic separation techniques coupled to mass spectrometry (HPLC/GC-MS), 
which are extremely useful to detect the intermediates and products present in solution, 
but cannot provide direct information about the processes occurring at the oxide surface. 
In this respect, infrared spectroscopy is particularly appealing owing to its ability to 
identify specific functional groups and its sensitivity to adsorbed surface species. These 
features make it a perfect tool to directly investigate the intermediates and products 
evolution at the photocatalyst surface, thus helping to clarify the reaction mechanism. 
This approach has been employed to study the photodegradation of phenol at variable 
coverages of co-adsorbed water4 (see Figure 1b) and the photocatalytic NO oxidation. 
These results, coupled with parallel DFT calculations, help to clarify the precise role of 
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the different exposed surfaces in determining the NPs photoactivity, aiming to provide 
design rules for the preparation of oxide NPs with shape and size optimized for specific 
applications. 
 

 
Figure 1. (a) SEM and HR-TEM images of shape-engineered bipyramidal and nano-sheet TiO2 
nanoparticles. (b) In situ IR spectra of phenol photodegradation on TiO2 nanoparticles. The bands of the 
different surface intermediates and products are highlighted. 
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Imogolite (IMO) is an aluminosilicate either found in volcanic soils or prepared by sol-
gel synthesis, with formula (OH)3Al2O3SiOH. Its structure consists of nanotubes (NTs), 
with an inner diameter of ca. 1 nm.1 The NTs outer surface consists of a curved 
gibbsite-like layer featuring both Al-(OH)-Al and Al-O-Al bridges, whereas the inner 
surface is lined with silanols. By properly modifying the IMO synthesis procedure,2 the 
NTs inner surface can be made hydrophobic by fully methylation. The resultant Methyl-
Imogolite (Me-IMO) NTs, with formula (OH)3Al2O3SiCH3, have larger inner diameter 
(i.e. ca. 2 nm) than IMO NTs. The structure of both IMO and Me-IMO are unstable 
above ca. 570 K, because partial collapse of the NTs starts. Although following 
different mechanisms of collapse,3 the cleavage of IMO and Me-IMO NTs and the 
condensation of the resultant ribbons yields to a buckled-structure (Fig. 1a) with new 
surface functionalities. The surface properties of collapsed IMO (IMO-c) were 
investigated in a previous study,1 while the present work attempts to provide insight into 
the surface properties of collapsed Me-IMO (Me-IMO-c). To this aim, IR spectroscopy 
of adsorbed probe molecules (i.e. Acetone, NH3, CO and CO2) was mainly adopted. 
Me-IMO was synthetized by one-pot template-free procedure.2 The thermal collapse 
was achieved by heating Me-IMO at 773 K under Air flow for 2 hours. XRD confirmed 
the high degree of long-range order of parent Me-IMO due to the regular arrangement 
of tubes in intertwined bundles. After the thermal treatment, the XRD pattern showed a 
single reflection ascribed to the (100) planes of a lamellar phase. The corresponding 
inter-reticular distance d100 of 2.62 nm was only slightly smaller than that of parent Me-
IMO (i.e. 3.02 nm), indicating that the lamellar phase cannot be viewed as a simple 
close packing of proper layers. Rather, it can be conceived as made from patches of 
layers sealed together, with residual NTs acting as spacers, keeping aside the lamellar 
regions. Support to this picture came from the N2 adsorption measurements at 77 K 
(Fig. 1b). Indeed, the collapsed sample still showed a considerable SSA (557 m2g-1) and 
porous volume (0.31 cm3g-1). Furthermore, inspection of the low P/P0 isotherm region 
shows that thermal collapse resulted in an increase of the microporous volume. The 
pore size of Me-IMO-c was large enough to allow the access of different probe 
molecule, including acetone, as evidenced by IR spectroscopy. 
Acetone (Ac) was adsorbed at room temperature (r.t.) on samples outgassed at 550 K. 
Figure 1c and 1d shows the difference IR spectra of the adsorbed species arising from 
Ac adsorption and subsequent outgassing at r.t (black curve), 373 K (red curve), and 
473 K (green curve). With Me-IMO, Ac adsorbs onto weakly acidic hydroxyls (ν(C=O)Ac 
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at 1698 cm-1) and, possibly, also onto much less abundant Al3+ Lewis sites. Similarly to 
what observed with transition aluminas,4 coordinated Ac is involved in the aldol 
condensation reaction yielding mesityl oxide (ν(C=C) MSO at 1604 cm-1). The reaction 
starts occurring at r.t. and proceeds at 373 K. With Me-IMO-c, Ac seems to adsorb and 
react on a plethora of stronger and more heterogeneous sites, as evidenced by broader 
bands stable even after outgassing at 473 K. Furthermore, the comparison of bands at 
1470 and 1395 cm-1 after heating at 473 K indicates that the formed MSO may further 
react yielding higher condensation products. As evidenced by CO and NH3 adsorption, 
the observed behavior is mainly attributed to the occurrence of a new set of Brønsted 
sites of increased acidity with respect to the parent Me-IMO. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. (a): Scheme of the structural transformation occurring after thermal treatment of Me-IMO; (b) 
N2 adsorption/desorption isotherms at 77 K of Me-IMO (circles) and Me-IMO-C (triangles); (c,d) 
Difference FTIR spectra of the adsorbed species arising from Ac adsorption and subsequent outgassing at 
r.t (black curve), 373 K (red curve), and 473 K (green curve). 
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Sugar fatty acid esters (SFAEs) are amphipathic compounds widely employed as active 
ingredients in several market sectors for the preparation of food, agricultural, cosmetic 
and pharmaceutical products thanks to theirs excellent surfactants properties (i.e. 
emulsifying, stabilizing, dispersing and foaming). In fact, depending on the length of 
carbon chain and nature of the sugar head group, SFAEs cover a wide range of 
hydrophilic-lipophilic balance (HLB) values. These compounds have many advantages 
over petrochemical-based surfactants as they are neither harmful to the environment nor 
skin irritants, food-grade, fully biodegradable and non-toxic. Moreover, they are easily 
digested as a mixture of sugars and fatty acids in the stomach and some of them showed 
antimicrobial, anticancer and insecticidal activity.1 SFAEs can be produced from 
renewable and low-cost agricultural resources (viz sugars, oils and/or fatty acids) by 
using both chemical and enzymatic esterification. Even if the chemical route, that is 
transesterification of the fatty acid methyl ester with the sugar, is the most widespread at 
an industrial level, in the last decade the enzymatic route has arouse interest because of 
the higher regioselectivity and the eco-friendly reaction conditions. Traditional chemical 
synthesis of SFAEs requires, in fact, harsh reaction conditions that result, in most cases, 
in complex mixtures of esters isomers and by-products. Following an our previous work 
about the enzymatic preparation of the L-(+)-arabinose-palmitic acid ester starting from 
underivatized materials,2 we synthesized arabinose oleate, glucose palmitate and 
glucose oleate adducts. The enzymatic route allows to obtain sugar monoesters as main 
products, even if many industrial applications require the use of polyesters. Another 
drawback of this approach is the poor solubility of sugars in non-polar solvent in which 
lipases show activity, or vice versa the low lipase activity in polar solvents in which 
sugars are soluble, leading to long reaction time and low yields. To overcome these 
limitations, basing on our expertise on solid Lewis acid materials,3 we began to study 
the activity of clays as heterogeneous acid catalysts, in particular Montmorillonite, a 
layered aluminosilicate that showed a high activity in the esterification of polyols with 
long-chain fatty acids.4 Montmorillonite, being environmentally friendly, cheap, 
thermally stable, and easy to handle and recover, can be an alternative strategy to 
overcome the chemical and enzymatic synthesis limitations. 

The synthesis of α-D-glucose-palmitic acid esters was carried out by using three 
commercial types of montmorillonite (KSF, K10 and K30) in presence of acetylacetone 
at different temperatures (Figure 1). Besides the activity of K10 clay, after interlayer 
cation exchanging with the ion Fe3+, was investigated. Two main products were isolated 
with yields higher than the literature data, especially in presence of the cation-
exchanged K10/Fe clay catalyst (43% conversion at 100 °C). After flash 
chromatography purification, the esters were characterized by NMR and mass 
spectrometry analyses.  
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Figure 1. Reaction scheme. 
 
According to Griffin's method,5 the HLB values of products 1 and 2 were 4.8 (water in 
oil emulsifier) and 7.1 (wetting and spreading agent), respectively. The esters showed 
interesting interfacial properties, being able to decrease the interfacial tension between 
sunflower oil and water from 23 to 16 mN m-1 in presence of 0.5 w/v% of the partially 
purified mixture (Figure 2). Furthermore, this mixture displays a critical micelle 
concentration (CMC) ranging from 0,014 to 0,022 wt/v%.  

Figure 2. Interfacial tension vs concentration plot. 

 
Each catalyst was characterized by the investigation of the type and quantity of acidic 
sites through FT-IR spectra after pyridine absorption. Moreover, surface area was 
determined with N2 absorption and desorption isotherms. Results showed that a higher 
acidity favors the esterification, in particular the conversion increases with the quantity 
of acid sites. In fact, K10/Fe exchanged montmorillonite, that gives the best yields, 
showed an intermediate surface area but the highest acidity. 
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Zeolites are an important class of crystalline microporous materials with molecular-
scale pore architectures constructed by TO4 tetrahedra (T=Si, Al, B, Ge, P, etc.) and 

played important roles in industrial applications, such as ion-exchange, catalysis, gas 
adsorption and separation.1 Up to now, only 245 types of zeolite frameworks have been 
approved by the International Zeolite Association (IZA).2 The discovery of 
germanosilicates has enriched the structural and compositional diversities of zeolites.3 
The preferential location of germanium in D4R or D3R structural units in these Si-Ge-
based frameworks facilitates the formation of large or extra-large pore zeolites, which 
could serve as catalysts in the transformation of bulky molecules. Moreover, a relative 
weakness of Ge–O bond compared to Si–O bond allows to use germanosilicates for 
transformation to other structures through ADOR strategy,4 or to introduce active 
catalytic centers through top-down replacement of germanium by other 3- or 4- valent 
elements.5 Therefore, the design and synthesis of new germanosilicates with tunable 
chemical compositions and various morphologies are highly desirable for industrial and 
academic demands. 
In general, zeolites are synthesized under hydrothermal–solvothermal conditions, and 
the reaction gel contains the source of framework atoms, solvents, organic structure-
directing agents (OSDAs), and mineralizers.3 Although the systematic studies of the 
role of OSDAs in zeolite synthesis have allowed the discovery of many attractive 
structures,6 the rational synthesis of new zeolites is still far away due to the lack of 
knowledge on all crystallization parameters on zeolite phase selectivity. Many 
parameters can influence the crystallization kinetics, such as nature of components and 
chemical ratio of reaction gel, crystallization temperature and time, and also the type of 
reactor.7 This makes realization of the ab initio synthesis of a desired new structures 
difficult.8 
Many works have been devoted to search of OSDA molecules with proper size, shape, 
rigidity, polarity, and C/N ratio as well as to optimization of chemical composition of 
reaction mixture to synthesize new germanosilicate zeolites.3 However, the ab initio 
synthesis depending on the crystallization time is far away from the expected outputs. In 
the present work, the growth and phase isolation of germanosilicates were realized by 
adjusting crystallization time without changing any other parameters. A fixed chemical 
composition with SiO2: GeO2: OSDA: HF: H2O = 0.5: 0.5: 0.9: 1: 8 was used for 
hydrothermal synthesis at 170 °C. The OSDA used was 3-ethyl-1-methyl-3H-imidazol-
1-ium, which has been utilized to synthesize IM-16 previously.9 Ab initio synthesis of 
germanosilicates with structures depending on the crystallization time was applied. 
Optimization of crystallization time allowed to separate two pure phases (STW and 
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Phase 1) before the crystallization of final phase of IM-16. As shown in the Scheme I, 
the STW is formed in a short time and possesses a hexagonal bipyramid shape of the 
crystals. The pure STW can be obtained in 12 hours. With the prolonging time, a new 
Phase 1 was generated inside the STW. The pure Phase 1 can be separated in 7 days. It 
has a spindle-shaped crystals formed by aggregation of small rods. The nanosized rod-
shape Phase 1 grows to laminar crystals with the increasing of time. Finally, a pure IM-
16 (UOS) phase was formed in 14 days. Several techniques, such as powder XRD, 
single crystal XRD, RED, SEM, EDS et al, were applied to determine the phase purity 
and structures of obtained materials. 
 

 
Scheme I. The formation of different germanosilicate phases depending on the crystallization time. 
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In the last few years, nanosized zeolites have been attracting great attention due to the 
numerous applications of these minerals. This is connected with the properties of zeolite 
nanoparticles controlling different performances. Many literature data have documented 
the use of various techniques for zeolite nanocrystals formation including template and 
free-template synthesis approach. However, besides the conventional methods, other 
approaches such as direct-conversion synthesis, centrifugation-assisted grinding and 
Pulsed Laser Ablation (PLA) for materials fragmentation have been used to control the 
size of zeolite.  
The use of laser for fragmentation processes is a well known top-down method for 
nanomaterials preparation. The starting material is a bulk target made by the same 
material to be synthesized, which is broken into smaller fragments or particles when a 
laser beam is applied: the energy is absorbed by the material and transformed into 
chemical and/or thermal energy to break (inter) molecular bonds of the bulk material.1 
Many literature data have documented the development of PLA to prepare specific 
nanoparticles of materials both in solid state and in solution.2,3 It is used alone or in 
combination with laser-induced size control to form metal nanoparticles having a small 
average diameter.4 In general, the size control is performed by irradiation of a laser 
characterized by an emission wavelength closest to the surface plasmon resonance 
wavelength related to the nanoparticles of interest.2  
However, recently the laser approach has also been tested in the rapid preparation of 
zeolite nanocrystals.5 Laser irradiation of zeolite precursor solutions promotes the 
formation of silica nanoparticles that subsequently give rise to zeolite during a 
conventional hydrothermal synthesis. The irradiation time and the heating induced in 
the solution influence the final zeolite crystal size.5 Another study shows that zeolite 
LTA nanoparticles can be formed by laser-induced fracture of zeolite microcrystals 
already formed.6 The sources of absorption in zeolite microparticle samples are impurity 
ions such as iron that are incorporated during the microparticle synthesis. The impurity 
leads to significant localized energy deposition thus thermoelastic wave expands 
outward through the crystal structure initiating crack formation. 
Starting from the few aforementioned literature data, laboratory tests were performed 
using different wavelengths and laser energy densities in order to investigate the effects 
on crystalline structure and morphology of synthetic zeolite.  
In detail, two types of LTA zeolite samples were used for the experiments. The first was 
LTA formed by a modified standard International Zeolite Association (IZA) protocol, 
without a structure-directing agent but with the addition of red mud (a waste material) 
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during the processes of synthesis. The waste material was added with the aim to 
mobilize Fe coming from its chemical/mineralogical composition within the newly 
formed zeolite structure. The other sample was LTA zeolite formed as described before 
but with the addition of nanomagnetite during the synthesis process. 
The tests were performed by applying laser beam microstructuring on both zeolite 
samples at solid state. Laser-irradiated samples were studied by scanning electron 
microscopy (SEM) and X-ray diffraction analysis (XRD). Figure 1 shows that 
amorphization and some changes in particle zeolite size took place after the treatment. 
 

 
Figure 1. SEM images of LTA zeolite: a) before and b) after laser irradiation. 
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In analogy to ferromagnetism and ferroelectricity, ferroelasticity can be defined by large 
elastic nonlinearities that lead to elastic hysteresis behavior. Ferroelasticity produces 
interfacial twin walls where localized effects (e.g. superconducting twin boundaries and 
ferroelectricity) cannot be observed at the bulk scale (i.e. different forces act on the 
atoms at the local and bulk scales).1 We thus have an intermediate structural length 
scale - the mesostructure. Actually, microstructural features modify the ideal crystal 
structure of a crystalline material and often lead to phase transitions that change its 
crystallographic symmetry. These ferroelastic phase transitions can be described 
through Landau-type theories at both the crystal structure and mesostructure levels.2 
Zeolite Socony Mobil-5 (ZSM-5), with MFI framework topology, belongs to the 
pentasil zeolite family and is characterized by a three-dimensional pore system formed 
by two intersecting sets of tubular channels delimited by 10-membered rings of 
tetrahedra: the so-called straight channel parallel to the [010] direction and the 
sinusoidal channel parallel to the [100] direction. Its unique microporous structure 
coupled with high surface area, mechanical, thermal, biological, and chemical stability 
has promoted ZSM-5 as one of the most employed synthetic zeolites in catalysis and 
adsorption processes.e.g.3 The as-synthesized template-containing form of ZSM-5 
exhibits the orthorhombic topological symmetry (s.g. Pnma). After thermal treatment 
the crystal symmetry is lowered to the monoclinic P21/n. Upon heating ZSM-5 is 
known to experience a displacive m↔o phase transition (i.e., from the monoclinic P21/n 
to the orthorhombic Pnma) at different transition temperatures (Tc) depending on 
framework composition (i.e. the Si/Al ratio), lattice defect density, as well as amount 
and physical-chemical properties of guest molecules. Reported for the first time by Wu 
et al.,4 it has been shown that aggregates of twin domains of the monoclinic framework 
reversibly displace into an orthorhombic single crystal upon heating, suggesting that the 
ZSM-5 monoclinic polymorph has the features of a ferroelastic material.5 
According to the Landau theory, the temperature evolution of a ZSM-5 (Si/Al = 140) 
unloaded and has been characterized through the analysis of the spontaneous strain 
variation before and after the adsorption of organic contaminants (i.e. toluene, 1,2-
dichloroethane, methyl-tert-buthyl-ether, and binary mixtures of them).6,7 The first main 
result is that all the investigated samples undergo a m↔o phase transition with a 
tricritical character (i.e. between second order and first order). This fact is of relevance 
because the strain fluctuations within the domain structure of materials showing 
tricritical phase transitions are generally less relevant than those associated to truly 
second order transitions.8 Secondly, the adsorption of different organic contaminants 
strongly affect the Tc and the thermodynamic features related with the phase transition. 
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Indeed, the excess enthalpy part of the free-energy expansion (which derives from the 
coefficients of the Landau potential) is strictly related with the enthalpy of guest 
molecules adsorption (ΔHad). 
Although the dependence among Tc, Si/Al ratio, and the enthalpy change ΔH related to 
the ferroelastic m↔o phase transition in ZSM-5 compounds has been already outlined,9 
the thermodynamic processes that govern these relationships at both the crystal structure 
and mesostructure levels have to be still disclosed. 
For this reason, in this contribution the ferroelastic m↔o phase transition in a ZSM-5 
(with Si/Al ratio of 250) and a silicalite (Si/Al ratio → ∞) synthesized by a common 
procedure has been monitored through the combination of in-situ X-ray powder 
diffraction at high-temperature and calorimetric experimental techniques. The definition 
of new trends among the chemical and thermodynamic parameters of above is provided. 
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OF HYBRID CATALYSTS DURING CO2-TO-DME HYDROGENATION 
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3 Università di Messina, DIECII, Contrada di Dio I, 98166, Messina, Italy 
giuseppe.bonura@itae.cnr.it 

Dimethyl ether (DME) is considered a reliable alternative fuel, also being a key 
intermediate compound for the production of bulk chemicals, like olefins and gasoline-
cut hydrocarbons.1 Meeting the requirements for a full sequestration and recycling of 
carbon dioxide, it has been demonstrated that the synthesis of DME can be sustainably 
performed via CO2 hydrogenation directly in a one-step process.2 In this perspective, a 
novel hybrid CuO-ZnO-ZrO2/ferrierite catalyst was recently proposed for one-pot 
hydrogenation of CO2-to-DME, exhibiting high DME productivity thanks to the unique 
shape-selectivity offered by ferrierite zeolite. However, a significant drop of activity 
after few hours of operation time (TR, 260°C; PR, 3.0 MPa; CO2/H2, 1/3 v/v) pushes 
now the research interest towards the development of more stable multifunctional 
systems, suitable to ensure activity, selectivity and lifetime under typical industrial 
conditions.3-5 
In this work, the influence of home-made zeolite samples (i.e., Sil, MOR, MFI, FER, 
BEA, Y), integrated in a weight ratio of 1:1 with a CuO-ZnO-ZrO2 metal-oxide(s) 
phase, was investigated under long-term stability tests (PR, 3.0 MPa, TR, 260 °C, 
GHSV: 8,800 NL/h/gcat), in a fixed bed reactor (i.d., 4 mm) during CO2 hydrogenation 
reaction (CO2/H2/N2=3/9/1) to assess the activity-selectivity pattern of the hybrid 
catalyst as well as their deactivation trend during operation time. 
The hybrid multi-functional catalysts have been prepared by gel-oxalate co-precipitation 
of Cu–Zn–Zr (60/30/10 at.%) nitrate precursors in a slurry solution containing the 
zeolites of different topology. Structure, adsorption properties and surface reactivity of 
studied catalysts were investigated by BET, XRD, XPS, H2-TPR, N2O-titration and H2-
CO2 chemisorption measurements. The acidity of bi-functional catalysts was evaluated 
by TPD of ammonia, pyridine adsorption and FTIR measurements. 

Based on the results obtained, it seems quite clear (see Fig. 1A and B) that the lifetime 
of the investigated systems is closely linked to two fundamental parameters: a) the 
degree of interaction of the oxide species with the surface of the zeolite; b) the presence 
of strong acid sites. Therefore, to obtain a stable catalyst not only the active phase must 
be homogenously dispersed on zeolite but also the presence of strong acid sites should 
be limited in favour of medium-weak ones. 
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Figure 1. Dependence of deactivation rate on (A) temperature of onset reduction and (B) strong acidity. 

1.  
2. Acknowledgements. Financial support by the European Union’s Horizon 2020 
research and innovation programme (grant agreement N. 838061 – CO2Fokus) is 
gratefully acknowledged. Part of this research was delivered within the bilateral 
agreement of Scientific and Technological Cooperation CNR–HAS (Hungarian 
Academy of Sciences). 
 
 

References: 
3. 1 Aresta, M.; Dibenedetto, A.; Quaranta, E. J. Catal. 2016, 343, 2-45. 
4. 2 Catizzone, E.; Bonura, G.; Migliori, M.; Frusteri, F.; Giordano, G. Molecules 
2018, 23, 31-58. 
5. 3 Bonura, G.; Frusteri, F.; Cannilla, C.; Drago Ferrante, G.; Aloise, A.; 
Catizzone, E.; Migliori, M.; Giordano, G. Catalysis Today 2016, 277, 48-54. 
6. 4 Bonura, G.; Cannilla, C.; Frusteri, L.; Mezzapica, A.; Frusteri, F. Catal. Today 
2017, 281, 337-344. 
7. 5 Frusteri, F.; Migliori, M.; Cannilla, C.; Frusteri, L.; Catizzone, E.; Aloise, A.; 
Giordano, G.; Bonura, G. J. CO2 Util. 2017, 18, 353-361. 
8. 6 Bonura, G.; Migliori, M.; Frusteri, L.; Cannilla, C.; Catizzone, E.; Giordano, 
G.; Frusteri, F. J. CO2 Util. 2018, 24, 398-406. 
  



 
 
 
 

111 
Session We-3 

SILICA METAL-OXIDE PILLARED ZEOLITES – 
GREEN SELECTIVE OXIDATION CATALYSTS 

Jan Přech, Jiří Čejka 

Dept. of Physical and Macromolecular Chemistry, Faculty of Science, 
Charles University, Albertov 6, Prague 2, 128 43, Czech Republic 

jan.prech@natur.cuni.cz 

Selective oxidation is one of the important reactions in organic synthesis. Particularly, 
direct oxidation with hydrogen peroxide as the oxidant is highly appreciated. Oxidation 
reaction using hydrogen peroxide can be catalysed efficiently by titanosilicate and tin-
silicate zeolites. The first catalyse a palette of reaction including epoxidation of C=C 
double bond, phenol hydroxylation, oxidation of alcohols to ketones and oxidation of 
sulphides to sulphoxides. The latter catalyse effectively Baeyer-Villiger oxidation of 
ketones and cyclic ketones to esters resp. lactones via activation of the substrate 
carbonyl group.1 
Preparation of catalysts containing titanium and tin atoms in the desired (isolated, 
tetrahedrally coordinated) state is a challenging task. Recently, we succeeded in 
preparation of silica-titania pillared catalysts for epoxidation of bulky olefins.2,3 In these 
catalysts, the titanium atoms were incorporated post-synthesis on the surface of 
crystalline MFI and UTL-derived layers.  
Encouraged by this success, we extended the silica-titania pillaring approach to tin and 
zirconium.4 Tin containing materials were tested in Baeyer-Villiger (BV) oxidation 
while the zirconium containing catalysts were used in Meervein-Ponndorf-Verley 
(MPV) reduction / Oppenauer oxidation reaction where a hydrogen transfer between a 
carbonyl group and hydroxyl group occur. The present contribution discusses the silica-
metal oxide pillaring as a complex approach and highlights the versatility of the 
prepared catalysts in a number of selective oxidation reactions: epoxidation cyclo-
alkenes and terpenes, oxidation of sulphides, BV oxidation of 2-adamantanone and 
norcamphor and MPV reduction of furfural. 
The silica-metal oxide pillared catalysts has structure consisting of crystalline zeolitic 
layers of about a unit cell thickness, which contain the active centres, and of the 
amorphous silica pillars (containing some share of metal oxide as well), which keep the 
layers apart from each other forming small mesopores (dp = 2.5 – 4 nm) between the 
layers. In this way, the resulting catalysts combine properties of crystalline zeolites and 
(amorphous) mesoporous molecular sieves.  
The MFI based catalysts exhibit BET areas up to 685 m2/g and total adsorption capacity 
up to 0.40 cm3/g depending on the metal (IV) (Ti, Sn, Zr) content. The UTL-based 
pillared catalyst exhibit BET areas up to 967 m2/g and total adsorption capacity up to 
0.48 cm3/g. The textural properties are influenced by the metal oxide content because 
the metal oxide precursors are more reactive than silica precursor (tetraethyl ortho 
silicate) and thus their content influences the pillar thickness. Typical metal content in 
the final catalyst ranges between Si/Me molar ratio 16 and 50.  
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Figure 1 presents results obtained using silica-titania pillared MFI and UTL based IPC-
1-TiPI in epoxidation of cis-cyclooctene at (left) and using tin-silica pillared MFI and 
IPC-1-SiPI (right). IPC-1-TiPI (Si/Ti =16) was the most active catalyst. Termination of 
the reaction was caused by runout of the oxidant and selectivity was 80% at 20% 
conversion. Blue curves present silica pillared analogues of the above catalysts, 
containing only titanium introduced during hydrothermal synthesis (TS-1-SiPI Si/Ti=33 
and Ti-IPC-1-SiPI Si/Ti=480).  
Sn-silicate catalysed Baeyer-Villiger oxidation is typically highly selective. In the 2-
adamantanone oxidation, again the IPC-1-SnPI provided the highest conversion (47% 
after 8 h) and selectivity (96%). The MFI-SnPI provided also high (99%) selectivity. 
IPC-1-SnPI and silica-zirconia pillared IPC-1-ZrPI were tested also in MPV reduction 
of furfural. The IPC-1-SnPI provided slightly higher conversion of furfural (30%) than 
IPC-1-ZrPI (24%) after 8 h of reaction. Note that tin-silica and zirconia-silica pillared 
catalysts contained metal atoms introduced only post-synthesis.  
In conclusion silica-metal oxide pillaring is a simple and efficient tool to prepare 
catalysts with enhanced active site accessibility. Catalysts prepared using this concept 
can catalyse number of selective oxidations of sterically demanding molecules.  

 
Figure1. Left: Yield of 1,2-epoxycyclooctane using IPC-1-TiPI (red circles), TS-1-TiPI (red diamonds) 
their pure silica pillared titanosilicate analogues (TS-1-SiPI blue diamonds, Ti-IPC-1-SiPI blue circles) 
and conventional TS-1 (black); right: development of 2-adamantanone conversion over MFI-SnPI (red 
diamonds) and IPC-1-SnPI (red circles).  
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Introduction. The NH3 Selective Catalytic Reduction (NH3-SCR) is the most effective 
technology now available for the abatement of NOx emissions from Diesel vehicles. Cu-
exchanged chabazite is one of the most effective catalysts for this application, being 
characterized by excellent activity and hydrothermal stability under SCR conditions. 
Understanding the correlation between the nature of the active sites of Cu-CHA 
catalysts involved in the SCR reactions and the characteristic parameters of the zeolite 
catalysts, such as the Cu loading and the SiO2/Al2O3 (SAR) ratio, is central for the 
synthesis of active and selective catalysts. These parameters, indeed, affect the nature, 
location and redox properties of Cu ions and in turn the deNOx performances of the 
catalysts. The present work is therefore aimed at clarifying how Cu content and SAR of 
Cu-CHA catalysts influence the nature of the Cu cations existing in the zeolite 
framework, probing the Cu speciation by simple Transient Response Methods as 
catalysts characterization tests. Results will be compared to those collected by other 
groups using more sophisticated techniques.1,2,3 

 
Methods. Two sets of powder Cu-CHA research catalysts provided by Johnson 
Matthey were tested, including: (i) four samples with fixed SAR (25) and with 
increasing Cu loadings in the range 0-3% w/w; (ii) five samples with different SAR (10, 
13, 17, 22, 25) and fixed Cu loading (2% w/w). Transient experiments were performed 
in order to characterize catalyst samples. NH3 and NO2 adsorption + temperature 
programmed desorption (TPD) were used to estimate their NH3 and nitrates storage 
properties. Cu ions reducibility was analysed by temperature programmed reduction 
(TPR) runs using two different reducing mixtures: (i) H2 to probe and quantify the two 
Cu ions species (Z2CuII and ZCuIIOH) already shown by others;1,2 (ii) an equimolar 
NO+NH3 mix to examine the Cu reducibility under conditions closer to those of the 
SCR.  

 
Results and Discussion. The H2-TPR experiments, performed on the samples with the 
lowest SAR (2CuCHA10), lowest Cu loading (1CuCHA25) and both highest SAR and 
Cu loading (3Cu-CHA25), allowed to identify and quantify the fractions of Z2CuII and 
ZCuIIOH (characterized by different reducibility)1,2 and moreover to determine the 
ranges in which these fractions vary in our samples. The data (Table 1) were quite in 
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accordance with those proposed in literature,1,2 confirming the existence of two different 
Cu sites in different proportion in the investigated samples. The speciation of Cu sites 
was compared with the results from NH3 adsorption + TPD runs. An increment of either 
the SAR or %Cu leads to a lower Lewis acidity, represented by the low-T peak of the 
typical bimodal NH3-TPD, associated with the Cu ions. From the number of NH3 
molecules coordinated to each Cu atom (NH3/Cu), we found a trend in line with 
literature reports: on increasing both SAR and % Cu, which corresponds to the increase 
of the Cu/Al ratio, the NH3/Cu ratio decreases according to a trend strictly linked to the 
Cu speciation. Indeed, according to Luo et al.,1 and Paolucci et al.,3 ZCuIIOH sites are 
able to adsorb a smaller number of NH3 molecules (11 or 33) with respect to Z2CuII sites 
(21 or 43). Indeed, varying SAR and Cu loading, or similarly the Cu/Al ratio, our 
NH3/Cu ratios fell in the range 1-2 or 3-4, if we considered only the low-T peak of the 
TPD (NH3-Lewis) or the NH3-Lewis plus the physisorbed ammonia, respectively. 
These data are in good agreement with those estimated taking into account the 
stoichiometry of Luo et al.,1 and Paolucci et al.,3 and the fractions of both sites obtained 
by H2-TPR experiments (comparison shown in Table 1). Other evidence was obtained 
from the other two transient techniques. From the NO2 adsorption+TPD runs we 
verified that on increasing both SAR and Cu loading the amounts of adsorbed nitrates 
and their stability increased: the presence of the two Cu species with different charge 
density explains this behaviour. Indeed, the ZCuIIOH sites leads to easier 
accommodation and stabilisation of negatively charged nitrates. The TPR tests using 
NH3 and NO confirmed the different reducibility of the two active sites: the higher is 
the Cu loading and the SAR, the lower is the reduction temperature of the Cu sites.  
Table 1. NH3/Cu ratios estimated from the H2-TPR and from the NH3-TPD deconvolution.  
*NH3/Cu ratio considering 2 NH3 for Z2CuII and 1 NH3 for ZCuIIOH1; **NH3/Cu ratio considering 4 
NH3 for Z2CuII and 3 NH3 for ZCuIIOH3; † NH3/Cu ratio considering the NH3 on Cu; †† NH3/Cu ratio 
considering the NH3 on Cu sites + physisorbed NH3. 

Sample Cu/Al 
NH3/Cu ratios estimated from H2-TPR  

NH3/Cu ratios 
estimated from NH3-
TPD deconvolution  

% 
Z2CuII % ZCuIIOH NH3/Cu* NH3/Cu** NH3/Cu † NH3/Cu †† 

1Cu-CHA25 0.11 45% 55% 1.45 3.45 1.66 4.30 

2Cu-CHA10 0.13 44% 56% 1.44 3.44 1.43 3.70 

3Cu-CHA25 0.29 21% 79% 1.20 3.20 1.18 2.90 
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Metal modified Beta zeolites are well-known structures, whose use as catalysts in the 
selective catalytic reduction of nitrogen oxides by ammonia (NH3-SCR-DeNOx) is 
supported by decades of studies and several commercial applications.1-3 
Recently, iron modified Beta (Fe/Beta) zeolites revealed to be promising catalysts also 
in the selective catalytic oxidation of ammonia into nitrogen and water vapor (NH3-
SCO). The latter is a common strategy for ammonia emission control, which will play 
an increasingly important role in the perspective to launch the NH3-SCR technology 
towards the goal of zero-emission of NOx from polluted gaseous.4 Indeed, to 
accomplish ever stricter standards for NOx emissions a possible approach could be to 
improve the NOx reduction efficiency by using a large excess of NH3 in the SCR 
reactor, and then to abate the unconverted NH3 in a second catalytic reactor, where the 
SCO process would occur.5  
Despite the extensive body of scientific literature reporting on Fe/Beta for SCR 
reaction, at the current state, only few papers have appeared elucidating structure-
activity relationships underlying the catalytic behaviour of Fe/zeolites in NH3-SCO.6 
In this work, the role of iron deposition method on the catalytic performances of 
Fe/Beta catalysts in NH3-SCO has been investigated to unravel interesting relations 
between aggregation state of the metal phase and the corresponding catalytic 
performances. Besides the classical ion exchange (IE) procedure conventionally used to 
introduce iron phases in zeolite, solvated metal atom dispersion method (SMAD) has 
been considered as novel route for iron deposition on zeolite surface. The SMAD 
approach consists in the deposition of metal nanoparticles, named solvated metal atoms, 
which can be easily immobilized onto different kind of supports guarantying a high 
dispersion of the resulting metal phase. 
Low concentration (ca. 2 wt.%) of iron has been deposited either by SMAD or IE 
methods on Beta zeolite. In addition, iron functionalization by IE was carried out also 
on ZSM-5, selected as reference structure known to assure high dispersion of isolated 
centers. From the combination of several physicochemical characterization techniques it 
emerges that the zeolite topology as well as the deposition procedure strongly 
influenced the nuclearity of iron phase on zeolites. Iron-species distribution and 
dimension on the two zeolites were determined by Transmission electron microscopy 
(TEM) techniques combined with element maps. As expected, highly homogeneous 
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dispersed iron species were introduced on the ZSM-5 sample by IE, while the same 
deposition method led to the formation of FeOx aggregates (2.5-10 nm) together with 
isolated iron species on Beta zeolite. On the other hands, by SMAD approach, well-
formed FeOx-nanoparticles ranging 1.0 – 4.5 nm were revealed on Beta zeolite. The 
different iron dispersion and speciation of Fe/zeolite samples were confirmed by UV 
Diffuse reflectance Spectroscopy (UV-DRS), solid-gas acid-base titrations with 
ammonia as base probe molecule, H2-temperature programmed reduction (H2-TPR) and 
X-ray photoelectron spectroscopy (XPS). 
Ammonia oxidation activity (NH3-SCO) on iron-containing zeolites started at ca. 
300°C, without no clear effect of the size of Fe on the reaction activity/selectivity. 
Ammonia conversion regularly increased with temperature with always very high 
selectivity to dinitrogen (98-100%), without any NOx or N2O formation (Table 1).  
 
Table 1. Main catalytic results. 

Catalyst 

Activity a 

/mmolNH3 
gcat

-1
 min-

1 

Selectivity 
to N2

b  / % 

Selectivity 
to NOx

 b    / 
% 

Selectivity 
to N2O b / 

% 

Fe/ZSM-5IE 8.6 98.83 0 1.17 
Fe/BetaIE 20.8 98.74 0 1.26 
Fe/BetaSMAD 21.7 99.54 0 0.46 

a determined at 375°C; b evaluated at 90% of NH3 conversion. 

 
Fe/Beta catalyst prepared by SMAD was the best catalyst in terms of both activity (21.7 
mmol g-1 min-1) and selectivity to N2 (> 99 % at 90 % conversion). Moreover, the 
catalyst exhibited a notable stability in reaction conditions even after four reaction runs. 
Only very limited increase of iron particle dimensions was observed on the used Fe-
catalysts, in any case.  
The collected experimental results indicated that not only isolated well-dispersed iron 
species are associated with high activity and selectivity in the NH3-SCO reaction. 
SMAD-derived iron nanoparticles worked with excellent performances in the ammonia 
oxidation reaction with high activity in terms of conversion, selectivity to dinitrogen, 
and stability. 
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ZEOLITES IN PECHMANN CONDENSATION: 
IMPACT OF FRAMEWORK TOPOLOGY AND TYPE OF ACID SITE 
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Coumarins are a group of lactones with an aromatic ring directly connected to the main 
lactone cycle. Many of them can be prepared synthetically and serve as intermediates in 
pharmaceutical, agrochemical and fragrance industries. Pechmann condensation is a 
typical way to prepare coumarins. The reaction consists of acid catalysed condensation 
of activated phenol with β-ketoester, forming a coumarin as the product. The advantage 
of the reaction lies in preparation of the coumarin from commonly available chemicals 
by a one-step reaction. 

 
Inorganic and organic acids have been used as homogenous catalysts for the reaction. 
Their application brings several drawbacks; namely their corrosive properties and a low 
selectivity. On the contrary, zeolites possess many advantages such as tuneable strength 
of the acid sites and shape selectivity. They are also easy to handle, store and separate 
from the reaction mixture.1 The narrow size of the micropores provides zeolites with the 
shape selectivity, however at the same time small diameters of the channels limit the 
diffusion rate of both reactants and products. Thereby, a portion of the active sites 
inside the crystal is inaccessible and left unused during the reaction. In order to 
overcome this drawback the hierarchical zeolites have been developed. The hierarchical 
catalysts facilitate the molecular transport and make the active sites more accessible due 
to the presence of mesopores.  

 
Figure 1. SDA for preparation of the nanosponge form of MTW and *BEA zeolite. 

In this work, hierarchical zeolites were prepared by a soft templating approach using 
specially designed structure directing agent (“SDA”). The SDA molecule (Fig. 1) 
consists of two parts; hydrophilic part, which plays the role of structure directing agent, 
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and hydrophobic chains. During the synthesis, the chains inhibit the crystal growth in 
the given direction. This leads to crystallization of a structure composed of aggregated 
and possibly intergrown thin nanocrystals known as “nanosponge”.2 This morphology is 
distinctive by its large external surface.  

 
Figure 2. Conversions of resorcinol over investigated zeolite samples. 

Performance of zeolites with different channel system (MFI – 10-10-10-R, MTW – 
12R, *BEA – 12-12-12-R) in both bulk and hierarchical form and with different 
composition (aluminosilicate, gallosilicate) was investigated in the Pechmann 
condensation of phenols. Bulk samples of MFI are inactive due to narrow pore size and 
low surface area. For the nanosponge form 15 % conversion can be observed after 24 
hours (Figure 2). For MTW samples, conversions over the aluminosilicate and 
gallosilicate are comparable around 9 % over the bulk form and 38 % over the 
nanosponge. Both bulk and nanosponge *BEA give conversion near 68 %, indicating 
that the mesoporosity does not significantly affect the reaction rate when *BEA zeolite 
is concerned. Generally, with increasing pore size and dimensionality of the channel 
system the conversions of reactant increase accordingly. 
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Introduction. Vehicle cold-starts are an important source of major air pollutants, 
including unburned hydrocarbons (HCs), carbon monoxide (CO), nitrogen oxides 
(NOx) and particulate matter (PM). It has been shown that cold start can contribute up 
to 80–90% of the total drive cycle emissions.1,2 In fact, after-treatment devices like SCR 
and/or LNT systems are inactive at low temperature. 
An effective solution is the adoption of systems able to trap the NOx at low 
temperatures, and to release the stored NOx at temperatures where the DeNOx devices 
are active. Recently, the use of Pd-promoted zeolites has been suggested for this 
purpose, due to the high hydrothermal stability and sulfur resistance of these zeolites 
compared to other catalysts. In this work, different parent zeolites have been considered 
as candidates for NOx adsorption at low temperature, doped with Pd and/or other metal. 
The effect of the thermal treatment and of the presence of various contaminants (e.g. 
CO, HCs) on the storage/release performances have been investigated. Ultimate goal of 
the present study is to deepen mechanistic aspects related to the low-T adsorption / 
desorption of NOx and to investigate the possibility of replacing the expensive noble 
metal with other metals.  
 
Materials and Methods. Four different zeolite frameworks in their H-form (Y, ZSM-5, 
FER and SSZ-13) have been impregnated with different metals (Pd, Pt, Ag, Cu…), 
calcined at 500°C or 750°C in air and characterized. The storage ability is investigated 
by performing NO adsorption experiments in the presence of oxygen at 80°C, both in 
the absence and in the presence of water and carbon dioxide. The thermal stability of the 
NOx stored species has been investigated by temperature programmed desorption (TPD) 
from 80°C to 500°C (10°C/min). The effect of the presence of CO or C3H6 in the feed 
stream has also been considered. Experiments have been carried out both in a flow-
microreactor rig and with an operando FT-IR apparatus for the characterization of the 
adsorbed species. 

 
Results and Discussion. The results obtained in the case of Pd/FER sample calcined at 
500°C and 750°C indicate that the high temperature thermal treatment increases the 
adsorption capacity of the sample. On the other hand, the onset temperature for the NOx 
desorption seems not affected by the calcination temperature. Fig. 1A, B shows the 
results of NOx adsorption at 80°C in the presence of O2 +H2O + CO2 over the sample 
calcined at 750°C and the correspondent FT-IR spectra. Two major NOx desorption 
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peaks are observed (Fig. 1A), with maximum at 120°C and 360°C, respectively. Total 
amount of stored NOx is near 50 µmol/gcat. FT-IR spectra collected during the NOx 
adsorption (Fig. 1B) show the formation of mainly nitrosyls over Pd sites with different 
oxidation state (peaks at 1865, 1813 and 1763 cm-1). In addition, minor bands at 1430 
cm-1 and 1334 cm-1 can be associated to νasym.(NO2) and νsym.(NO2) modes of 
monodentate nitrates adsorbed on the zeolite framework but also on the Pd phase. 
Besides, the band in the region 1700-1600 cm-1 is likely related to adsorbed water even 
if the participation of bidentate nitrates (ν(N=O) mode) cannot be excluded.  

    
 
When CO is present in the feed (Fig. 2A), the desorption of NOx is observed with a 
pronounced peak centered at 140°C. In this case, FT-IR results collected during NO 
adsorption (Fig. 2B) show formation of only Pd-nitrosyls which are in lower amounts 
with respect to the CO-free case. In parallel, negative bands appear which are associated 
to the removal carbonyls formed in the presence of only CO before NO exposure. Upon 
heating, CO is readily oxidized near 100°C over Pd and this leads to the rapid 
desorption of the NOx adsorbed over the same sites (Fig. 2A). 

    
 
Similar experiments are presently ongoing by using other zeolite frameworks (Y, ZSM-
5, SSZ-13) and other metals (Ag, Cu) to check whether good storage capacity can be 
attained in the case of Pd-free samples as well. 
 
Significance. With increasingly stringent environmental regulations, the removal of 
NOx at low temperature is a significant challenge. Low-temperature NOx adsorbers 
(LTNA) catalysts are investigated to this end as their storage capacity and dynamics of 
regeneration still pose challenges for their practical implementation. 
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Figure 2. NO/O2 adsorption at 
80°C in the presence of CO 
and subsequent TPD over 
Pd/FER: A) gas analysis; B) 
FT-IR spectra recorded every 
10 sec (shown every minute). 

Figure 1. NO/O2 
adsorption at 80°C and 
subsequent TPD over 
Pd/FER: A) gas analysis; 
B) FT-IR spectra recorded 
every 10 sec (shown every 
minute). 
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Introduction. Biomass fast pyrolysis is considered a promising and relatively simple 
alternative to produce liquid fuels that takes place under atmospheric pressure, moderate 
temperatures (400-700 °C) and oxygen-free conditions. The produced pyrolytic bio-oil 
can be potentially employed as a liquid fuel or as a source of bio-based chemicals. 
However, its integration into current fossil fuel infrastructures is hampered by its 
complex composition and poor properties, which are derived from its high oxygen 
content. 
In recent years, catalytic fast pyrolysis (CFP) has been widely studied as a method for 
bio-oil upgrading.1 Numerous catalysts have been tested in CFP, including zeolites, 
metal oxides, metal salts, carbons, clays and bifunctional catalysts. Among them, acidic 
zeolites and, in particular H-ZSM-5, are the most employed due to their high cracking 
activity and convenient selectivity towards the formation of aromatic hydrocarbons. 
However, the use of highly acidic zeolites provokes a strong decrease of the bio-oil 
yield, favouring the deposition of coke on the catalyst and the production of gases. 
The present work reports the results obtained in the fast pyrolysis of wheat straw over 
nanocrystalline KH-ZSM-5 zeolite. The parent zeolite consisted of nanocrystals, which 
provides it with high external surface and, therefore, with enhanced accessibility. 
Moreover, this catalyst possesses both acid and basic features generated through partial 
ion-exchange of H+ in the parent zeolites by K+. 

Experimental. Wheat straw was employed as raw biomass for the catalytic fast 
pyrolysis experiments. Prior to the catalytic tests, it was milled and washed with 1 wt% 
HNO3 aqueous solution at 50 °C (WS-ac). The wheat straw was characterised according 
to European Standards to determinate the moisture, ash and volatile matter contents, as 
well as the amount of fixed carbon. 
Nanocrystalline H-ZSM-5 with a Si/Al ratio of 39.5 was provided by Süd-Chemie, 
being ion-exchanged three times with a fresh 0.4 M KCl aqueous solution at 25 °C. 
Both H-ZSM-5 and KH-ZSM-5 samples were characterized by standard techniques. 
The biomass fast catalytic pyrolysis tests were carried out in a down-flow fixed bed 
reactor. The reactor operates at atmospheric pressure and is divided into two zones: a 
thermal non-catalytic section (550 °C) and a catalytic zone (450 °C), being heated with 
independent electrical furnaces. 
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Results and discussion. The overall efficiency of the bio-oil deoxygenation process, 
over both KH-ZSM-5 and HZSM-5 catalysts, has been assessed by the relationship 
between the yield and oxygen content of the organic liquid phase (bio-oil*, considered 
in a water-free basis) when varying the catalyst to biomass ratio (C/B). As shown in 
Figure 1, if both materials are compared at the same catalyst loading (i.e. for C/B = 0.2 
and 0.6), it is evident that KH-ZSM-5 is less active than the parent zeolite, as result of 
the lower overall acidity of the zeolite after the partial K+ ion-exchange.2 However, due 
to the suppression of the strongest acid sites, the occurrence of overcracking and coke 
formation reaction are minimised over the potassium modified catalyst, resulting in a 
more efficient deoxygenation pathway since, for the same or even lower oxygen 
contents, the bio-oil* can be produced in clearly larger mass yields. This difference is 
still more pronounced if the comparison is established in terms of bio-oil* energy yield. 

 
Figure 1. Relationship between the yield and oxygen content of the bio-oil* fraction in the catalytic fast 
pyrolysis of WS-ac when varying the C/B ratio: (a) mass yield; (b) energy yield. 

 
In terms of deoxygenation selectivity, a lower contribution of decarbonylation has been 
denoted when using KH-ZSM-5 in comparison with the parent zeolite. This effect can 
be related as well to the removal of a great part of the strong acid sites present in the 
parent zeolite by ion-exchange with K+. In addition, the generation of basicity in the 
modified KH-ZSM-5 may have a role in the changes observed in the deoxygenation 
selectivity, where dehydration and decarboxylation are predominant. This is an expected 
result since basic catalysts have been reported to promote ketonization and aldol 
condensation reactions between the components of the bio-oil*, leading to the formation 
of C-C bonds and the release of oxygen in the form of water and/or CO2.3. 
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ADSORPTION OF P-HYDROXYBENZALDEHYDE ONTO ZEOLITES 
FOR WATER REMEDIATION: EVALUATION OF THE COMPETITION 
BETWEEN CONTAMINANT AND NATURAL ORGANIC SUBSTANCES 
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Water pollution is a phenomenon of increasing concern worldwide. Among the organic 
pollutants, hydrocarbons represent one of the most widespread classes of contaminants 
found in the environment. The main anthropogenic inputs of these pollutants in the 
water systems are caused by gasoline leakage from storage tanks, transportation, 
pipelines and petrochemical wastewaters.1 Toluene is a hydrocarbon belonging to the 
BTEX class (Benzene, Toluene, Ethylbenzene, Xylene) which is frequently detected in 
all environmental compartments due to its wide use as solvent, antiknock agent in 
gasoline, and for the production of benzene. Toluene exposure can originate from 
different sources including drinking water, food, air and consumer products; prolonged 
exposure to this contaminant can lead to adverse effects on human health such as central 
nervous system, heart, liver, kidney and lung damage.2  
High-silica zeolites have already been proven to be efficient eco-friendly adsorbents for 
the removal of several organic contaminants from aqueous solutions.1 To evaluate the 
possible use of these materials in water remediation applications, the adsorption of 
toluene in water matrices containing naturally found organic molecules was explored. 
Surface and ground waters contain natural organic matter (NOM) 40-80% of which is 
represented by humic substances, typically found in freshwater with a concentration 
range of 1-25 mg/L.3 Belonging to this category, humic acids form a complex mixture 
of natural substances derived from the biodegradation of lignin; they are characterized 
by carboxyl and phenolic groups and they are resistant to further degradation. 
p-Hydroxybenzaldehyde (p-HBA) is one of the monomers of humic acids that are more 
commonly found in natural waters. Moreover, p-HBA has molecular dimensions which 
are comparable with those of the contaminant selected, and smaller than the pore size of 
zeolites. In this work, 2 different zeolite topologies were chosen to investigate the 
adsorption of the selected organic compounds: zeolite ZSM-5 and Y, with MFI and 
FAU framework type topology and Si/Al ratio of 280 and 200, respectively. Bare and 
loaded samples were characterized by in situ X-ray synchrotron powders diffraction 
(ESRF-ID22 beamline, Grenoble) in the temperature range 25-600°C. Data were then 
elaborated by Rietveld method. Thermal analyses on exhausted samples were performed 
in air at up to 600°C using a STA 409 PC LUXX® - Netzch at 5°C/min heating rate. 
Regarding the adsorption of the natural organic compounds, the system ZSM-5 – p-
HBA was considered. Adsorption isotherms were determined at different pH values to 
establish the effect of this parameter onto the saturation capacity of the adsorbent 
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materials. The concentration of contaminants in the aqueous solution was determined by 
Headspace Gas Chromatography coupled to Mass Spectrometry (HS-GC-MS) and by 
HPLC-DAD. At a pH near the pKa of p-HBA (7.7) the adsorption decreases, especially 
at lower concentrations, whereas at lower pHs, where the undissociated form of p-HBA 
is predominant, the adsorption increases. Rietveld refinements indicated that in both 
zeolites, p-HBA molecules can be connected by means of hydrogen bonds through co-
adsorbed water, to form organic–water complexes. The concentrations of HBA detected 
from the refined occupancies are in good agreement with those determined by both HS-
GC-MS and thermogravimetric analyses.  
Regarding the adsorption of the contaminant (TOL) from the aqueous matrix containing 
the natural humic acids monomer (p-HBA), it resulted that this latter does not show 
competitive behavior: the adsorption of TOL was slightly affected by the presence of p-
HBA. The higher selectivity of both Y and ZSM-5 for TOL with respect to p-HBA was 
also confirmed from structural investigation of the selected zeolites loaded with single 
component solution of TOL and p-HBA and from a binary mixture containing both the 
chemicals (i.e. p-HBA and TOL). Strong similarities between the X-ray powder patterns 
after adsorption of the mixture and after only TOL adsorption, indicate that both 
zeolites adsorb preferentially and selectively toluene, also in the presence of p- HBA.  
These findings confirm the high selectivity of zeolites for the removal of organic 
contaminants from waters in presence of natural components. 
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The sulfonamides (SNs) are a therapeutic class of antibacterial drugs widely used 
because of their broad spectrum activity and low cost.1 The sulfadiazine (SDZ), 
sulfamerazine (SMRZ) and sulfamethazine (SMTZ) are commonly applied in 
combination (1:1:1 ratio) in the treatment of veterinary infections.2 These compounds 
have been detected in waterbodies.1,3 Most of the SNs are poorly biodegradable,4 
therefore the development of physical and chemical methods is urgently needed for 
wastewater treatment.3,5 In this context, research focuses on developing effective, 
inexpensive and environmentally friendly new treatments such as Advanced Oxidation 
Processes (AOPs). The AOPs are described as a process that involve the generation and 
use of radicals, among which hydroxyl radical (•OH) is considered one of the most 
potent oxidants (E0 =2.8 eV).2 The heterogeneous photocatalysis is one the most studied 
AOPs that utilizes a light radiation to activate the catalyst. The most used catalyst is 
TiO2, however, the large band gap (3.2 eV) limits its activation only by UV radiation. 
In addition, the possibilities of recombination of charge carriers could reduce the 
photocatalytic activity.6 To reduce the recombination rate, different methods are 
reported in the literature like doping with non-metals or coupling with metal oxides. 
Moreover, there are others AOPs like sulfate radical-advanced oxidation process (SR-
AOPs), that include as oxidant the radical SO4

-• (E0 =2.5 eV),7 and can act as electron 
acceptor during photocatalytic treatment. In this sense, the aim of this work was to 
synthesize, characterize and investigate the photocatalytic performance of TiO2 doped 
with P,6 evaluating the influence of αFe2O3 coupling.8 To enhance the mineralization 
yield on the degradation of a mixture of SNs, the reaction was carried out in the 
presence of electron acceptor (SO4

-•).7  
The catalyst xαFe2O3-TiO2-P (x= 0.3, 0.5 or 0.7 % wt of Fe) and 1.0 % wt of P was 
synthetized by a microwave assisted sol-gel method.6 These materials were 
characterized by X-ray diffraction, N2 physisorption and UV-Vis spectroscopy with 
diffuse reflectance. The operational parameters affecting on to photocatalytic 
degradation of the mixture of SDZ, SMRZ and SMTZ (5 mg/L, each) were evaluated 
and optimized using a central composite design (CCD). The factors were the percentage 
of αFe2O3 (0.3, 0.5 and 0.7 % wt) on the catalyst αFe2O3-TiO2-P, solution pH (4, 7 and 
10) and catalyst loading (0.75, 1.0 and 1.25 g/L). For experiments was used a batch 
reactor of 450 mL, under visible light. The mixture was kept in the dark for 1 h to 
ensure that the adsorption–desorption equilibrium was reached before illumination 
during 4 h. Under optimal conditions for the photocatalytic process (0.5 % wt of 
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αFe2O3, pH 10 and 0.75 g/L of catalyst loading) the SR-AOP was carried out using 5 
mM K2S2O8 (PS). During the reaction, sampling was taken every hour and filtered 
through 0.45 μm Millipore filter to remove the catalyst particles for the analysis. The 
extent of degradation was measured by reversed phase HPLC using a C18 100 × 4.6 
mm, 3-μm column and a mobile phase of 90:10 (v/v) water mixture with trifluoroacetic 
acid (0.0025 %): acetonitrile with UV detection (230 nm). 1 The total organic carbon, 
biological demand of oxygen (BOD,) and chemical oxygen demand (COD) were 
determined to follow degradation, mineralization and biodegradability index 
(BOD/COD), respectively. The experimental data were analyzed using Design expert 7 
software. Adequacy of the designed model was assessed using analysis of variance 
(ANOVA).  
The αFe2O3-TiO2-P showed a lower crystallite size (7.2-9.7 nm), higher surface area 
(150 m2/g) compared to TiO2 (13.1 nm and 74 m2/g, respectively) and band gap values 
of 2.2 eV and 3.2 eV indicating visible activation,8 while TiO2 showed the 
characteristic Eg at 3.2 eV. The statically analysis of the CCD revealed that the main 
factor that affect the SNs degradation were the pH, catalyst loading and the quadratic 
interaction of αFe2O3, and pH. The optimal photocatalytic performance was found to be 
using 0.75 g/L of 0.5 αFe2O3-TiO2/P catalyst at solution pH 10 showing complete 
degradation of the SNs however, low mineralization (27 %) was obtained resulted from 
the rapid recombination of photogenerated electrons/holes. This may be suppressed 
through the introduction of an external electron acceptor (SO4

-•) to the catalytic 
process.7 The SNs mineralization efficiency in the αFe2O3-TiO2-P/PS system attained 
nearly 69 % within 300 min. Moreover, the biodegradability index increased from 0.13 
(αFe2O3-TiO2-P) to 0.48 in the αFe2O3-TiO2-P/PS system indicating a less toxic 
effluent than the original compounds. These findings suggest that as-prepared αFe2O3-
TiO2-P with PS added is a promising alternative for the treatment of wastewater 
containing antibiotics.  
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Introduction. During the last years, our group has investigated water/ethanol 
penetration into hydrophobic zeolites using high pressure (HP). We have found that the 
combined effects of pressure and shape constraints in Si-FER can induce the formation 
of organized arrangements of small molecules in the zeolite porosities.1,2 Such a 
supramolecular shaping effect, combined with the irreversibility of the encapsulation 
process, could be a more general feature of the HP behavior of other silica zeolites with 
possible implications of broad technological relevance. To better understand the zeolite 
shape-directing action in separating strongly hydrogen-bonded liquid mixtures into their 
constituents, the influence of different framework geometries should be considered. In 
this study a pure silica chabazite (Si-CHA) was tested in the absorption of water/alcohol 
molecules from an ethanol-water azeotropic solution. HP was used as a promoter of the 
intrusion process and in situ synchrotron X-ray Powder Diffraction (XRPD) data were 
collected to check and monitor the penetration of the guest molecules. The results were 
compared to those obtained by DFT calculations, that offer a microscopic and local 
viewpoint that complete the average structural information obtained by XRPD 
experiments. 
Materials and methods. Pure Si-chabazite (Si-CHA, Si36O72∙1.5H2O, s.g. R-3m, 
a=13.5453(2) Å, c=14.7636(5) Å, V=2345.87(8) Å3) was synthesized and then 
characterized using different techniques (thermogravimetric analysis, nitrogen 
adsorption−desorption and 29Si solid-state NMR spectroscopy).3 In situ HP-XRPD 
experiments were performed at ALBA synchrotron compressing the zeolite in DAC 
with an azeotrope solution of ethanol:water = 95.63:4.37 (by mass). The powder 
patterns were collected from ambient pressure to 2.66 GPa and upon pressure release. 
Data were analysed by means of the Rietveld method using GSAS package with the 
EXPGUI interface. Since the intrusion process induced no phase transitions, the R-3m 
s.g. was adopted for all the refinements. The unit cell parameters were determined from 
Pamb to 2.66 GPa and after pressure release. The structural refinements were performed 
only up to 1.84 GPa and upon decompression at 0.37 GPa, due to the low quality of the 
patterns collected at HP. DFT calculations were performed with the CPMD code, 
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modelling the Si-CHA compressed in ethanol/water solution at 1.84 GPa. Exchange 
correlation functional jointly with D2-dispersion corrections was used and the 
experimental results obtained from XRPD at 1.84 GPa were used as a starting model.  
Results and Discussion. The inspection of the difference Fourier map allowed 
identifying both nature and position of the extra-framework species penetrated into the 
zeolite during compression. At Pamb Si-CHA immediately adsorbs additional H2O 
molecules (beyond the 1.5 already present in its composition) and a number of ethanol 
molecules p.u.c., corresponding to the composition of the azeotrope. Upon compression, 
as H2O and ethanol contents rise, the framework contracts along c and expands along a. 
This kind of evolution is induced by the position of the ethanol molecules, which lie on 
planes perpendicular to the three-fold axis. This peculiar configuration has been already 
observed when chabazite accommodates high amounts of guest molecules.4 At 1.84 
GPa, Si-CHA contains, as a whole, 7 H2O and 12 ethanol molecules p.u.c., 
corresponding to a composition ethanol:water= 84.9%:15.1%. Unambiguous signature 
of hydrogen bonds involving both water and ethanol molecules comes also from DFT 
calculations. No water-water interactions were observed both by XRPD and 
simulations. At 2.44 GPa we observe the crystallization of the solution outside the 
zeolite. Since the crystallization pressure of the azeotrope is much higher (4.8 GPa) 
while that of pure ethanol is rather similar (1.9 GPa),5 our data indicate that a high 
degree of azeotrope dehydration occurred. Upon decompression to 0.37 GPa, the 
absorption is only partially reversible, since all the water present at HP (7 molecules 
p.u.c.) and 6 of the 12 ethanol molecules remain in the Si-CHA pores. 
Conclusions. Both water and ethanol penetrate Si-CHA at both ambient and HP 
conditions. However, while at Pamb the water:ethanol ratio absorbed inside the zeolite is 
similar to that of the azeotropic mixture, upon compression we observed a dehydration 
effect. In fact, at 1.84 GPa, Si-CHA extraframework content corresponds to a 
composition much richer in water than the azeotropic one. At 2.44 GPa the external 
solution crystallizes (to be compared to 4.8 GPa, the crystallization pressure of the 
azeotrope). Since pure ethanol crystallizes at about 1.9 GPa, this indicates that the 
dehydration of the azeotrope occurred. 
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The last decade have seen a true renaissance for Cu-exchanged zeolites, identified as 
effective and versatile platforms for selective redox processes to face urgent 
environmental and energetic challenges.1 Cu-exchanged molecular sieves with 
chabazite topology (Cu-CHA) conjugate outstanding activity/selectivity and superior 
hydrothermal stability in ammonia-mediated selective catalytic reduction of harmful 
nitrogen oxides (NH3-SCR), representing the catalysts of choice for commercial deNOx 
applications in the automotive sector.1,2 A number of Cu-zeolites have also shown the 
ability to stabilize Cu-oxo species active towards the direct selective oxidation of 
methane to methanol (DMTM), a ‘dream reaction’ with enormous implications for 
chemical industry at large.1,3,4 Here, through a stepwise chemical-looping approach, Cu-
mordenite (Cu-MOR) showed the highest methanol yield per Cu reported to date,5 but 
also Cu-CHA exhibited appreciable activity under optimized process conditions.6 

 
Figure 1. Pictorial representation of the impact of the physico-chemical environment on Cu-speciation in 
Cu-CHA (left: homogeneous-like [CuI(NH3)2]+ complexes - right: heterogeneous-like framework 
coordinated [CuII(OH)]+ moieties), together with the necessity of multi-technique characterization 
combining large-scale facility and laboratory-based methods, aided by computational modelling. 

Quantitative determination of chemical nature and atomic-scale structure of the Cu-
species formed in the zeolite framework after activation and under reaction conditions 
represents a key step to keep advancing the field, by rationally designing improved 
catalysts. However, with the increasing number of reports, it has become clear that Cu-
zeolites, despite being extensively studied for decades, still present intriguing traits of 
complexity.1 With this respect, the most recent studies have challenged the traditional 
definition of Cu-zeolites as heterogeneous catalysts (Fig. 1),7-10 showing that the active 
site in low temperature NH3-SCR catalyst is a mobile Cu-molecular entity that ‘lives in 
symbiosis’ with an inorganic solid framework. Only in the high-temperature NH3-SCR 
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regime, the mobile Cu-species lose their ligands and find docking sites at the internal 
walls of the zeolite framework, thus actually reflecting the idea of heterogeneous 
catalysts. 
In this context, the present contribution will focus on recent research about NH3-SCR 
and chemical-looping DMTM over Cu-zeolites, to underpin the following general 
aspects:1 (i) the structural dynamics of Cu-species is highly sensitive to environmental 
conditions (temperature and gas feed) during activation and under reaction conditions, 
rendering in situ and operando characterization indispensable; (ii) compositional 
characteristics (Si/Al and Cu/Al ratios) have an important impact on redox property of 
Cu-species: the analysis of large and well-characterized compositional series is crucial 
to obtain reliable structure-activity relations; (iii) a multi-technique approach is 
required, combining complementary techniques able to provide independent structural, 
electronic and vibrational information; (vi) theoretical studies has proven to be essential 
to support the interpretation of the experimental output from characterization as well as 
for a critical assessment of mechanistic models.  
 
The selected case studies will emphasize the role and potential of synchrotron-based X-
ray absorption (XAS) and emission (XES) spectroscopy, in synergy with laboratory 
methods (primarily FTIR, Raman, and UV-Vis spectroscopy), computational modelling 
and systematic performance evaluation, to decipher and control redox processes in Cu-
zeolites. Among the proposed examples, the contribution will highlight the potential of 
DFT-assisted XAS fitting/simulation,11,12 as well as the combination of operando 
XAS/XES during temperature-dependent NH3-SCR over Cu-CHA to simultaneously 
target oxidation state and coordination geometry, mobility level and preferential N- or 
O-ligation of reactive Cu species.8 The potential of advanced data analysis approaches 
will be also addressed. With this respect, the use of multivariate curve resolution (MCR) 
analysis on large XAS datasets to accurately determine the temperature- and 
composition-dependent Cu-speciation in Cu-CHA12 and Cu-MOR7 zeolites will be 
presented, together with the implications of these results in unravelling structure-
activity relationships for the DMTM conversion over the two Cu-zeolites.5,7 
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IN SITU CHARACTERIZATION OF ZEOLITIC CATALYSTS 
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Zeolites are workhorses of the refinery and find more and more applications in fine 
chemicals production. They are microporous crystalline alumina silicates with silicon 
and aluminum occupying the crystallographic T-sites in which they are tetrahedrally 
coordinated by oxygen atoms that bridge two such sites. The charge difference between 
aluminum and silicon is responsible for a negative charge on the zeolite framework, 
which is balanced by non-framework cations. If protons charge-balance the framework, 
zeolites become catalytically active in Brønsted acid-catalyzed reactions. Many 
hydrocarbon conversion processes in the refinery depend on such active sites.  The 
fluid-catalytic cracking (FCC) process cracks the heavy fraction of oil into more 
valuable middle distillates and olefins, making FCC a major source of gasoline and 
olefins. The active catalyst in this process is based on zeolite Y, which contains 12 MR 
windows to a large cage containing the Brønsted acid sites.  
 

 
Figure 1. Representation of zeolite Y.  

 
Because zeolite Y is not particularly stable, it undergoes various pretreatment steps to 
stabilize its structure, eventually yielding ultrastable Y, USY zeolite. A typical Si/Al 
ratio from synthesis is 2.6, which is increased during the pretreatments. Such 
dealumination also yields larger pores in the zeolite structures, the so-called mesopores. 
Steaming is one of the preferred methods to dealuminate the zeolite framework. Zeolite 
Y is heated in the presence of steam, which cause aluminum to be removed from the 
framework, forming silanol nests that are partially re-occupied by silicon atoms that 
originate from the zeolite structure, forming the mesopores. The result is a crystalline 
zeolite with a higher Si/Al ratio, making it intrinsically more stable. 
The FCC process is the largest catalytic application of all industrial catalytic reactions, 
which explains the enormous interest in understanding the relationship between 
structure and performance.  
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The mechanism behind the structural changes that occur during activation and USY 
formation is largely unknown, at least to some extent, because of the absence of in situ 
structural characterization during those treatments. The van Bokhoven group at ETH 
and the one of Lamberti at Torino University have worked on a program to determine 
the structural changes during zeolite steaming to identify what are the fundamental 
processes that occur during the treatment. 
Synchrotron-based in situ x-ray diffraction and Al K edge x-ray absorption 
spectroscopy were performed and quantitatively analyzed. Diffraction provides details 
about the crystallinity, the crystal structure, and the location of extra-framework species, 
provided they occupy crystallographic positions. X-ray spectroscopy yields the local 
aluminum coordination, irrespective of crystallinity of the species. XAS and XRD are 
therefore perfectly complementary and given the ability to perform each under in situ 
conditions, the processes that occur during zeolite steaming can be determined.  

 
Figure 2. Rietveld refinement of zeolite Y during steam treatment: S1: at 300 K; S2 at 873 K, and S3 at 
300 K during cooling. 

 

Both diffraction and absorption spectroscopy identify that major structural changes to 
the zeolite structure occurred mainly during the cooling trajectory; at high temperature, 
minor structural defects form, that upon rehydration of the zeolite during the cooling 
trajectory, cause significant structural changes to both crystal structure and aluminum 
coordination.  
During the talk, the structural changes that occur to zeolite Y during steaming are 
detailed as well as the method development that was needed to record Al K edge spectra 
in transmission under in situ conditions and to analyze the many diffraction patterns 
simultaneously to keep the number of variables to a minimum. 
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COBALT METAL CATALYSTS IN THE HYDROGEN CHEMISTRY: 
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Introduction. Supported Cobalt catalysts, in particular Co/Al2O3 and/or Co/ZrO2-
SiO2, are used industrially for the low temperature Fischer Trøpsch process producing 
Diesel fuel and waxes from syngases.1 In this reaction, methane is actually the main 
product on molar basis. Some studies report on a remarkable activity of cobalt catalysts 
also for methanation of CO and CO2 (CME),2 while others ranked low cobalt catalyst 
for these reactions for low activity, selectivity and stability.3 Cobalt catalysts are also of 
interest for Ethanol Steam Reforming (ESR), a potentially useful process for producing 
renewable hydrogen from bioethanol.  
Concerning catalytic activities, studies on these reactions sometimes suggest that the 
support plays an important role in the activation of reactants. However, we previously 
found that both cobalt and nickel and their alloy may be very active for ESR also as 
unsupported metal nanoparticles (NPs),4-6 and as NPs supported on inert carriers,7 
suggesting that the support is not necessary for reactant activation for this reaction. 
However, the same Ni NPs were found not active in the CME reaction.  
To go deeper in our studies, we prepared unsupported and silica – supported cobalt NPs 
starting from different precursors and with different procedures, and we tested them in 
both CME and ESR. The aim was to reveal the role of preparation method and support 
on activity and short-term stability in these two reactions. 
 
Experimental. Data on the preparations of the catalysts under study are reported in the 
Table.  
Notation Support Metal load Precursor Reductant Preparation/ Separation 
A -- ∞ Chloride NaBH4 filtration 
B -- ∞ Nitrate NaBH4 Filtration/sonication 
C -- ∞ Carbonyl -- Filtration 
D SiO2 gel 20 % Acetate -- Wet Impregnation 
E SiO2 gel 20 % Nitrate -- Wet impregnation 
Catalysts have been characterized by XRD, UV-vis-NIR, IR (skeletal), FE-SEM, before 
and after reaction. Catalytic reactions were realized in continuous fixed bed reactors. 
Product analyses were performed using GC, GC-MS and on-line IR. 
 
Results and discussion. Catalysts A and B revealed essentially no activity in CME in 
the T range 523-773 K, although they produced some amount of CO by reverse Water 
Gas Shift (r-WGS). However, catalysts became rapidly deactivated also with respect r-
WGS activity. Characterization data suggest that low activity is associated to the 
presence of impurities arising from the precursor, in particular due to boron 
contamination. 
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In contrast, catalyst C showed significant activity in CME in the temperature range, 
with selectivity to methane higher than to CO, but with an evident deactivation of CME 
upon time on stream at any temperature between 523 and 773 K. On the other hand, the 
catalyst showed nearly constant r-WGS activity upon time on stream, producing CO. 
After using it at 773 K the catalyst was almost completely deactivated with respect to 
CME while showing constant activity towards r-WGS, maximum yield to CO being 45 
% at 773K. A very similar behavior was found for supported catalyst D, which also 
showed initial CME activity higher than r-WGS activity, the former however affected 
by fast deactivation, while the latter is nearly stable. In both cases FE-SEM data 
indicate that deactivation is mostly associated to the formation of encapsulating carbon. 
Catalyst E instead shows significant activity in CME producing up to 67% methane 
yield at 673 K, with the coproduction of lower amounts of CO. The activity is affected 
by very slow deactivation phenomena in this case, apparently associated to sintering of 
NPs. Both cubic and hexagonal Co is found in all spent catalysts. The lower activity and 
lower stability towards methanation of sample D with respect to sample E (both 20% 
Co/SiO2) can be tentatively attributed to the larger cobalt particle size in the former. 
Thus, smaller particles are more active in methanation and less subjected to deactivation 
by encapsulating carbon. In any case, the r-WGS activity producing CO seems to follow 
a parallel and independent path with respect to CME. This activity is attributed to CoO 
and/or Co-silicate species evident in the spent catalysts.  
All catalysts under study are active in ESR, showing that boron impurities do not hinder 
such a reaction. All catalysts are highly selective for ethanol dehydrogenation to 
acetaldehyde at 523-673 K, while produce ESR predominantly at T > at 673-773 K. 
This suggests that high temperatures are needed for the activation of water. NPs 
produced from reduction with NaBH4, thus containing boron impurities, may be even 
more selective to hydrogen (yields > 85 %) perhaps because boron impurities may 
selectively poison the sites for producing methane by acetaldehyde cracking.  
The active phase for ESR is represented by cubic cobalt, whose ESR activity is greater 
for smaller particles. Slow deactivation is mainly associated to sintering. However, 
these particles are also active in producing carbon nanotubes. On the other hand, the 
formation of carbon nanotubes does not hinder catalytic activity at the timescale of a 
few hour laboratory experiment.   
Depending on the precursor, the catalyst may deactivate by forming larger Co-
containing nanoparticles embedded on the silica/cobalt silicate surface. These particles, 
possibly containing also silicate species, are also not active in producing carbon 
nanotubes, i.e. they are unable to both activate water and favor C-C bond formation. 
The data reported above show that support is not needed for catalytic activity in CME 
and ESR, and that the silica support may also favor catalyst deactivation of cobalt NPs.  
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Over the last decades, the search for novel microporous materials continues to be very 
active because of the wideness of their potential applications in catalysis, shape-
selective absorption, non linear optical (NLO) devices or molecular-based magnetism. 
Although nowadays chemistry and material science are well developed, many chemical 
processes are still not sufficiently well understood. This includes the main debated 
question concerning the crystallization of zeolite frameworks from their disordered 
precursors and in particular, the role of organic molecules (structure directing agents, 
SDA) in it.1 For these reasons, the structural investigations of the arrangement and 
conformation of the SDA molecules or cations within the framework are crucial for a 
better understanding of crystallization processes. It is well-known that in some cases 
different SDAs lead to the same framework type, some SDAs enable the formation of 
different framework types and finally there are also other SDAs that form only one 
specific zeolite framework.2 An example is the ZSM-12 zeolite (MTW topology) where 
tetraethylammonium (TEA) cations in the form of hydroxide (TEAOH) or bromide 
(TEABr) are commonly used as templates.3-5 A new synthesis protocol for the synthesis 
of the high silica ZSM-12 (MTW) zeolite has been proposed by Millini et al. using 6-
azonia-spiro-[5,5]-undecane hydroxide (hereafter named Azonia) as SDA.6 Recently, 
this form of ZSM-12 showed high adsorption capability when used as sorbent material 
for the removal of dangerous contaminants from aqueous matrix.7 For the reasons listed 
above and for the new possible applications  of MTW zeolite new insight in the crystal 
structure are requested. In this work, the amount, conformation, position and  
orientation of the SDA Azonia was explored in detail through synchrotron X-ray 
powder diffraction and thermal analysis. The XRPD pattern of ZSM-12, collected at the 
MCX beamline of Elettra - Sincrotrone Trieste (Italy), highlights the presence of several 
diffraction peaks not detected in the calcined sample (ref 7; described with the 
monoclinic C2/c space group: a = 24.8633(3) Å, b =5.01238(7) Å, c= 24.3275(7) Å,  
β = 107.7215(6)°) ascribed to the presence of 6-azonia-spiro-[5,5]-undecane cations in 
the MTW porous system. The indexing, performed by the software EXPO, led to a 
larger monoclinic unit cell with space group Cc and a three times enlargement of the 
unit cell along the b axis, (a = 25.2177(9) Å, b = 15.1903(5) Å, c = 24.4754(7) (Å),  
β = 108.516(2)°, V = 8890.3(5) Å3). A similar case, for ZSM-12 synthesized in the 
presence of TEA, has been reported by Kasunic et al.8 The Rietveld refinement was 
performed using the GSAS package starting from the framework coordinates of Kasunic 
et al.8 The extra-framework sites were first located by difference Fourier maps and then 
optimized using the geometry optimization tool implemented in EXPO2014 (by plane 
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wave DFT with dispersion correction, DFT-D).9 This approach allowed us i) to 
minimize the energy of the crystal structure, ii) to provide reasonable bond lengths and 
angles and iii) to calculate the position of the H atoms. The resulting optimized structure 
was then used as input coordinates for GSAS and refined again together with the 
framework. This strategy has been repeated several times until the geometry of the 
molecule was reasonable and the structural model showed the best agreement with the 
experimental data. Two crystallographic independent Azonia molecules (AZO 1 and 
AZO 2) corresponding to 6.4 molecules per unit cell were localized inside the 12-
member ring of the ZSM-12 (Fig. 1) in good agreement with the thermal analysis. Their 
arrangement suggested that their orientations did not maintain the twofold axes 
coinciding with the crystallographic twofold axis thus explaining the lowering space 
group symmetry to Cc. 
 
 
 
 
 
 
 
 
 
Figure 1. Arrangement of azonia molecules in the ZSM-12 framework view along (010). 
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Hierarchical zeolites are crystalline silicates or aluminosilicates possessing multiple 
levels of porosity (interconnected micro and mesopores).1 They exhibit improved 
catalytic properties with respect to the traditional ones, according to the reduction of the 
steric limitations and thus the rate of intracrystalline diffusion.2 Such properties make 
hierarchical zeolites useful catalysts in reactions involving hindered substrates or to 
overcome possible diffusion limitations. Traditionally, “top-down” or post-synthetic 
approaches have been commonly adopted to obtain hierarchical zeolites. However, the 
limitations of these strategies pushed the research toward “bottom-up” syntheses, 
mostly taking advantage of soft-templating procedures.  
In the present work, we employed a non-commercial two-in-one template, which has 
dual structure-directing abilities in different length scales, for the synthesis of a series of 
ZSM-5 (Si/Al = 20) with multiple level of porosity. The hierarchical materials, prepared 
following the procedure reported by Ryoo and co-workers,3 exhibits a hexagonally-
ordered mesostructures (see Fig. 1) with crystalline microporous walls. Two reference 
systems were synthesized as well, following the same synthetic route of the hierarchical 
samples: an Al-MCM-41, with just mesoporous channels, and a totally microporous 
ZSM-5 with the same Si/Al ratio of the hierarchical zeolite. 

Figure 1. TEM image of the hexagonally-ordered mesoporous ZSM-5. 
 
By ion exchange, the pristine Na+ cations in the as-synthesized ZSM-5 have been 
replaced by NH4

+ ions, thus generating the corresponding protonic material through a 
simple calcination step. These H+ cations exhibit acid properties, as verified by IR 
measurements of adsorbed pyridine. The formation of the pyridinium cation confirmed 
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these protons behave as strong Brønsted acids, as occurring in conventional 
microporous H-ZSM-5. Pyridine adsorption (see Fig. 2a) also allowed a careful 
quantification of all the acidic sites present in the materials (both Lewis and Brønsted). 
At the moment, we are performing the IR adsorption of other probe molecules, to fully 
assess the speciation and the distribution of the acidic sites and the SiOH groups present 
in the porous framework. In particular, carbon monoxide (see Fig. 2b) is employed as a 
probe to qualitatively discriminate between sites of slightly different acidity, whereas 
2,4,6-trimethylpyridine (collidine), too bulky to diffuse into the H-ZSM-5 micropores, 
is used, together with pyridine, to evaluate the accessibility and the actual location of 
the acidic sites. 
 

  

Figure 2. FT-IR spectra of Py and CO adsorption on mesoporous H-ZSM-5. 
 
After the advanced spectroscopic characterization step, with the aim of describing and 
quantifying the different active sites, these hierarchical zeolites will be employed as 
catalysts in specific test reactions, as for example the alkylation of aromatics with 
aromatic alcohols (e.g. the benzylation of phenol with benzyl alcohol) and with cyclic 
carbonates (e.g. alkylation of phenol with ethylene carbonate), to effectively probe the 
synergic effect of the transport properties given by the mesopores with the selectivity 
typical of micropores.4 Moreover, by comparing the information obtained by IR 
spectroscopy with the catalytic results, we will try evaluating if possible positive effects 
on activity and stability of the materials are connected just to the presence of 
mesoporous cavities or if other features (such as the location of the active sites and/or 
the presence of defects) play a key role. 
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Acidic zeolites are usually used by petroleum industries as high-performing catalysts for 
isomerization of xylenes, paraffin hydroisomerization, catalytic cracking, and heavy oil 
hydrocracking.1-4 Catalytic properties arise from the presence of protons bonded to 
framework oxygen atoms, which act as Brønsted acid sites. Hence, the determination of 
their nature, position, density and strength is mandatory to predict acid catalyst 
efficiency and function. Despite the large number of experimental techniques that can 
be used to investigate zeolites acidity (e.g., TPD,5,6 X-ray photoelectron spectroscopy,7-8 
solid state NMR9-11, and quantum chemical calculations12-15) neutron and in situ 
Synchrotron X-ray powder diffraction is considered fundamental to understand the 
environment within the zeolite framework. Neutron diffraction is used to probe 
Brønsted acid sitting; synchrotron X-ray diffraction offers the possibility to obtain a 
picture of the zeolite thermal behaviour, allowing the continuous monitoring of bond 
distances and angles upon dehydration as well as desorption processes of 
extraframework molecules. To form bridging OH groups in zeolites, charge-
compensating cations are exchanged with ammonium ions and then expulsed through 
thermal treatment, which guarantees the Si-OH-Al groups formation16. The study of 
ammonium-exchanged zeolites upon thermal treatment offers the advantage to obtain 
the acidic form in real-time conditions. Based on this, it has been decided to study the 
progressive activation of NH4 precursor of omega zeolite (i.e., synthetic counterpart of 
natural mazzite). This purpose was achieved studying the evolution of structural 
features, continuously monitoring kinetics and the material dynamic behaviour induced 
by ammonium ions calcination. All the information gained were combined with the 
calcined and deuterated omega structural characterization via powder neutron 
diffraction, which gave informations about the number and the position of hydroxyl 
groups in the calcined D-omega. The sample of zeolite omega 
(Na6.6TMA1.8(H2O)22.2[Al8.4Si27.6O72]-MAZ) used was synthetized at the Laboratoire 
de Matèriaux Catalytiques et Catalyse en Chimie Organique, (CNRS, Montpellier, 
France) and then NH4-ion exchanged three times at room temperature and other three 
times at 90°C (Na2.4TMA0.9(H2O)4.2(NH4)20.0[Al8.4Si27.6O72]). In situ synchrotron X-
ray powder analysis were performed at ESRF (Grenoble) from room temperature to 900 
°C, with a heating rate of 5°C/min. Neutron powder data of D-omega were collected at 
the D2B beamline of ILL (Grenoble) at 4 K of temperature. Data collected upon heating 
highlighted the occurrence of structural distortions driven by the thermal treatment, 
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which also determined TMA template degradation and ammonium ions calcination. 
Although the symmetry remained unchanged within all the temperature range 
investigated, non-reversible and transient structural distortions of 6MR, 8MR and 
gmelinite cage were evidenced. The most noticeable deformation occurs on the 
gmelinite cage, due to the progressive O2 framework oxygen atom shift towards the 
centre of cavity (i.e., as proved by the decrease of O1-O2 distance). O2 framework 
oxygen shift suggests the formation of a O2-H Brønsted acid site, whose location was 
highlighted by neutron structure refinement of D-mega sample. Neutron refinements 
highlighted also the presence of a second acid site, detected on the O5 framework 
oxygen (Fig.1), thus confirming what suggested by the progressive lightening of T-O5 
distance at increasing temperature. All the informations gained through this 
multitechnical approach provided a basis for the interpretation of the omega shape 
selectivity in reactions of growing importance in the oil and petrochemical industries. 

 
Figure 1. proton sites distribution within D-omega zeolite 
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Amino acids, a class of organic compounds largely used for the production of 
pharmaceutical and biomedical products, are the fundamental building blocks of the 
protein structures. In this study, we adsorbed Glycine (GLY) and Alanine (ALA) in a 
synthetic Na-mordenite and compressed the resulting hybrid composites under high 
pressure (HP) conditions. The aims of this project are: 1) to investigate the behavior of 
these hybrid materials under HP using penetrating and not penetrating P-transmitting 
media (PTM); 2) to explore the possibility to use pressure to induce the condensation of 
amino acids in 1-D zeolite channels by a solvent-free, “green” peptide synthesis. The 
formation of amide/peptide bonds in sustainable conditions represents a challenge in the 
field of the synthesis of fine chemicals in an “atom economy regime”, and will open the 
way for new synthesis strategies. Moreover, the investigated process could contribute 
on shading light on amino acids polymerization under abiotic conditions, which is a still 
an open issue in prebiotic chemistry.1 
Na-mordenite [Na-MOR: Na4Al4.3Si43.9O96∙28.2H2O, s.g. Cmc21, a=18.080(1) Å, b = 
20.380(1) Å, c = 7.489(3) Å, V = 2759.3 (3) Å3] was synthesized at the Institut Charles 
Gerhardt in Montpellier.2 The water content of the final product was determined by 
thermogravimetric (TG) analysis. GLY was loaded from vapor phase at mild 
temperature (150-160°C) in a previously dehydrated Na-MOR powder sample. 
Otherwise, both α-ALA and β-ALA were loaded from aqueous phase and then the 
hybrid materials were dehydrated at 150° C. The Na cations located in the side pocket 
of Na-MOR are expected to trap the water molecules possibly generated by the 
formation of the peptide bond during the condensation reaction. 
Amino acid/zeolite composites were characterized by TG analysis, elemental analysis, 
IR spectroscopy and by synchrotron XRPD at ambient conditions (ID15 beamline at 
ESRF, Grenoble). Moreover, synchrotron XRPD experiments under HP in DAC were 
performed at ID27 beamline of ESRF. The maximum P reached was 3 GPa using 
DAPHNE oil as non-penetrating P-transmitting medium (PTM), and 2 GPa using Ar as 
penetrating PTM. Above this P argon crystallizes. Some patterns were also collected 
upon decompression to Pamb. 
XRPD data collected with DAPHNE on GLY/MOR composite at Pamb and 0.5 GPa 
show that GLY molecules are located inside the 12MR channel on the (100) plane, 
distributed over two equivalent partially occupied positions, and oriented along the b 
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axis (fig. 1a). Each GLY molecule coordinates one Na cation via the carboxyl group and 
a framework oxygen atom via the amino group. On the basis of the positions assumed 
by GLY, four molecules could be hosted p.u.c. Under these conditions of maximum 
loading, the distances between two neighboring molecules could be suitable to favor the 
polymerization (Fig. 1b). However, the extraframework sites are only partially occupied 
since only about 1.4 GLY molecules p.u.c. were located from the structural refinements, 
in perfect agreement with the results of the elemental analysis. Hence, no amino acid 
condensation can be confirmed, at least up to 2 GPa.  

             
Figure 1. a) unit cell view of GLY/MOR composite material; b) Channel view along [100] with the 
maximum loading possible in in GLY/MOR material. 

The elemental analyses of the samples loaded with ALA evidence a higher amount of 
amino acids inside the Na-MOR channels with respect to GLY: 3.8 and 2.4 molecules 
p.u.c. of β-ALA and α-ALA, respectively. IR measurements on β-ALA/MOR composite 
at Pamb show the presence of some ALA dimers inside the MOR channels. An in situ 
HP Raman experiment performed on the same system shows a spectrum transformation 
of the hybrid material over 2.5 GPa still under investigation. 
In conclusion, 1.4 GLY molecules p.u.c. penetrate Na-MOR by sublimation. Although 
XRPD results are compatible with the presence of some GLY molecules at 
condensation distance, this amount is too low to promote the peptide formation upon 
compression in the confined environment. The ALA/MOR samples, in particular β-
ALA/MOR, contain a higher amount of amino acid in the channels and, hence, will be 
investigated in already planned in situ XRPD and IR experiments, that will shed light on 
the possible formation of a peptide chain inside the mono-dimensional MOR channel. 
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Zeolites are interesting precursors for ceramics and their extra-framework content can 
be modulated to obtain, through heating, a desired product. Recently, assemblages of 
potential interest for industrial and/or environmental applications were realized using 
clinoptilolite, prepared both in mono-cationic form (Cs-; NH4-; Pb-),1-4 and bi-cationic 
form (NH4/Cs; NH4/Pb).5,6 This work takes into account the thermal transformations of 
three samples of (NH4, Ba)-clinoptilolite, having different NH4

+ and Ba2+ contents. 
A zeolite-rich rock was submitted to autogenous comminution followed by dry and wet 
separations, obtaining a powder whose composition was: clinoptilolite 89.3%; feldspars 
4.0%; opal-CT 2.1%; biotite 1.0%; quartz 0.7%; glass 2.9% (QXRPD analyses; 20% of  
corundum as internal standard; Bruker Topas 5 software). Three aliquots of the powder 
were subjected to a set of ionic exchanges using BaCl2 and NH4Cl solutions, then 
submitted to chemical analyses (ICP-AES and TKN - ActLabs, Canada). The materials 
showed the following Ba2+/NH4

+ ratios: 2.27 (sample NB1), 0.60 (NB2), and 0.11 
(NB3). The samples were subjected to a sequence of thermal treatments, each of 2 h, in 
the range 200-1200 °C, performed in a muffle furnace. After each treatment, the 
materials were qualitatively analyzed in XRD, then heated again by increasing the 
temperature of 100 °C. The samples were also heated for 4, 8, 16 and 32 h at 1100 °C. 
Furthermore, NB3 was treated at 1200 °C for 4, 8, 16 and 32 h. QXRPD analyses were 
performed on all samples heated 32 h at 1100 °C, on NB1 and NB2 heated 2 h at 1200 
°C, and on NB3 treated 32 h at 1200 °C. 
Thermal analyses (TA Instrument Q600) evidenced the sequence of weight losses 
occurred in heating (NH4, Ba)-clinoptilolite: dehydration; de-ammoniation (at ≈ 500 °C, 
accompanied by residual dehydration); dehydroxylation (at ≈ 700 °C). XRD data 
revealed that in NB1 and NB2 the structure of clinoptilolite survived to 
dehydroxylation, as zeolite collapsed after 2 h at ≈ 900 °, whereas dehydroxylation and 
clinoptilolite breakdown occurred simultaneously in NB3. Basically, amorphization 
temperature increased with Ba-content. NB1 remained amorphous, except for traces of 
cristobalite, up to 1100 °C, when the nucleation of monoclinic celsian (monocelsian) 
and tridymite took place; after 2 h at 1200 °C the sample reached the following 
composition: monocelsian 16.2%, cristobalite 23.7%, tridymite 0.8%, residual glass 
59.3%. In NB2 the nucleation of mullite began at 1100 °C, and the mineralogical phases 
after 2 h at 1200 °C were: monocelsian 3.7%; mullite 7%; cristobalite 29.3%; tridymite 
3.1%; glass 56.9%. Also in NB3 mullite was found after 2 h at 1100 °C, but in this 
sample monocelsian did not form at 1200 °C, not even after 32 h, when the material 
reached the following composition: mullite 15.7%, cristobalite 53.8%, tridymite 1.9%, 
amorphous 28.7%. 
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Thermal treatments of 32 h at 1100 °C allowed to obtain products more crystalline. In 
NB1, the Ba-richest sample, mullite was the last to crystallize. After 32 h NB1 achieved 
the following composition: monocelsian 41.4%; cristobalite 45.1%; tridymite 3.7%; 
mullite 1.3%; glass 8.5%. The same treatment transformed NB2 to a matrix containing 
30.1% of monocelsian, 54.7% of cristobalite/tridymite 54.7%, 6.5% of mullite, and 
8.8% of amorphous. In NB3, the Ba-poorest sample, 9.5% of monocelsian was 
obtained, as last phase, only after 32 h, along with 69.1% of cristobalite/tridymite, 
17.2% of mullite, and 4.1% of glass. 
The thermal transformation of (NH4, Ba)-clinoptilolite can be summarized as follows: 
(NH4,Ba)-clinoptilolite → H2O↑ + NH3

↑ + monocelsian + mullite + 
cristobalite/tridymite + glass 
The type and quantity of the phases in the final products, as well as their sequence of 
crystallization, are mainly determined by the extraframework cations, but also by the 
temperature and the duration of thermal treatments. Noteworthy, hexacelsian was never 
observed among the products. On the contrary, this metastable polymorph of Ba-
feldspar, undesired in the ceramic field due to a quick volume change at 300 °C, always 
forms during the thermal transformations of Ba-exchanged synthetic zeolites A and X.7 
Materials composed by an association of monocelsian, mullite, and 
cristobalite/tridymite might be considered for the production of acid refractories. 
Moreover, such products should be characterized by a radio-opacity related to their 
barium content. 
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To purify water for various sources, such as sea water, produced water, industrial waste 
water and other polluted waters, the use of membrane filtration is an economical way to 
raise the emerging problem of a clean water shortage. During the last few decades, 
improvements in membrane science and technology have been important and 
membranes have been developed to improve the energy efficiency of filtration.1 But, 
when it comes to the removal of small molecules, such as salt ions in sea water 
(desalination), the problem remains unresolved. In this work, a novel design strategy is 
proposed to remove metal ions from water by a nanocomposite membrane based on 
reduced graphene oxide (r-GO) and zeolite A. Our motivation in utilizing graphene 
oxide (GO) and its oxide derivatives stems from the presence of functional groups such 
as carboxyl, epoxy, and hydroxyl groups providing possible functionally reactive sites 
and imparting hydrophilic properties to the membrane. In addition, they would ensure a 
large negative zeta potential, which should also decrease biofouling process of 
attachment of bio-foulants and their accumulation on the membrane surface.2 As far as 
concerns zeolites, these microporous materials contain nm-sized channels and cavities 
which can selectively pass throughout the membrane water molecules and exclude other 
molecules. Consequently, the water flux increases and most other small competitors 
(such as ammonium and heavy metals) are rejected, thus improving both membrane 
permeability and selectivity.2 In order to develop this nanocomposite membrane, zeolite 
3A (UOP) was chosen (Si/Al=1) for its affinity towards metal ions (Na+, NH4

+, K+, 
Ca2+, Mg2+), its highly hydrophilic character, high thermal stability and because it was 
readily available, at low cost and with a high degree of purity and crystallinity. 
Graphene oxide was synthesized from natural graphite (Aldrich) according with 
modified Hummers method.3 This and the nanocomposite membrane were prepared in 
the MackGraphe Research Center laboratories. All materials were characterized by 
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SEM, AFM, FT-IR, XRD, TGA and WCA. The proposed synthesis method, with low 
energy consumption, involved the deposition on a nylon substrate by vacuum filtration 
(Uniglas – phox boro 3.3, 1000 ml) starting from a graphene oxide and zeolite A 
homogeneous mixture (2:1 ratio) dispersed in aqueous solution. Firstly a colloidal 
zeolite 3A "milky solution" was prepared by ultrasonic processor (UP400S - Hielscher), 
by diluting 50 mg of zeolite in 100 ml of deionized water. The nylon filter paper (Nylon 
66 Membranes – Supelco, 0.22 μm porosity and 47 mm diameter) was used as a 
substrate for the deposition, and then a treatment with NaOH- (0.5M) was performed for 
10 minutes was in order to increase surface hydroxyl groups as well as facilitate the 
crystals adhesion by Van der Waals and H interactions. Reduced graphene oxide (r-GO) 
was obtained by reducing dispersed GO in the resultant homogeneous GO solution 
using hydrazine (N2H4, Sigma-Aldrich) for 10 minutes, in order to compact the 
structure and force the water flow into functionalized pores thus increasing the 
adsorption/rejection capacity. The nascent membrane (GO/ZEOA) was then washed 
with deionized water, kept at 79.9°C for 72 hours and then stored in a dryer. Figure 1 
shows the prepared GO/ZEOA membranes and surface roughness, as estimated by SEM 
(Fig. 1a) and AFM (Fig. 1b).  

 
Figure 1. Photographs of freestanding GO/ZEOA membrane by SEM (a) and AFM (b).  

In addition, series batch tests for GO/ZEOA membrane adsorption performances toward 
common cations, particularly Na+, NH4

+, K+, Ca2+, Mg2+ (always ubiquitous in natural 
water and wastewater effluents) were performed. These highlighted a strong selectivity 
to Mg2+ thus attesting that functional groups exhibited strong metal−ligand interaction 
ion in aqueous solutions. Finally, the bactericidal properties of the membrane were 
tested in liquid medium, against four multi-drug resistant clinical isolates, representative 
both for Gram-positive (Staphylococcus aureus Sa2) and Gram-negative (Escherichia 
coli APN1, Pseudomonas aeruginosa PaPh32 and AC12a) species. In conclusion, these 
results suggested that GO/ZEOA membranes are a promising approach for the 
development of novel antimicrobial membranes, environmentally compatible, efficient 
in water purification technologies for waste water and industrial waste. Additionally, 
our results suggest that functionalization of thin-film composite membranes with r-GO 
and zeolite is a promising approach for the development of novel antimicrobial 
membranes. 
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Introduction. One of the main challenges in zeolite chemistry is the development of 
chiral zeolite frameworks which could yield catalysts for asymmetric synthesis.1 The 
main strategy to induce chirality in zeolite materials is through the use of chiral organic 
species as structure-directing agents (SDAs), where the asymmetric nature of the 
organic cation could be potentially transferred to the topology of the framework through 
such host-guest stereochemical interactions. In this context, understanding such 
interactions with chiral species is vital to promote the production of chiral zeolites. In 
this work we study the structure-directing effect of two chiral organic diastereoisomeric 
molecules, (1R,2S)-N-benzyl-ephedrine and (1S,2S)-N-benzyl-pseudoephedrine (Figure 
1), during the synthesis of microporous aluminophosphates (AlPO). These chiral amines 
are particularly interesting since the N atom becomes a stereogenic center upon 
protonation, and could trigger specific diastereoselective effects during the 
crystallization process.  
Experimental. Synthesis of (1R,2S)-N-benzyl-ephedrine (BEP) and (1S,2S)-N-benzyl-
pseudoephedrine (BPS) was carried out by alkylation of (1R,2S)-ephedrine or (1S,2S)-
pseudoephedrine with benzyl bromide. Synthesis of Mg-containing AlPO materials was 
performed from gels with composition 2SDA:1P2O5:0.2MgO:0.9Al2O3:50H2O, which 
were subjected to hydrothermal treatments at 140 or 180 ºC for 24 hours.  
Results and Discussion. Due to the acidic pH of the synthesis gels (4-5), both BEP and 
BPS amines will be protonated upon occlusion within the framework. Interestingly, 
protonation of N generates a new stereogenic center, with N being attacked from either 
side, yielding (1R,2S,NR) or (1R,2S,NS) from BEP, and (1S,2S,NR) or (1S,2S,NS) 
from BPS; due to the reversibility of N protonation, both isomers are expected to 
interconvert in aqueous solution. Through a combination of NMR and DFT 
calculations, we were able to identify the characteristic NMR signals of the two 
protonated isomers for BPS (SSR or SSS), as can be observed in Figure 1 (left-blue 
line), which allowed us to monitor the occurrence of the two isomers. Results showed a 
clear preference for the SSS isomer of BPS-H+ in aqueous solution (with a ratio of 1.33 
SSS : 1.00 SSR).  
When BPS was used as SDA for the synthesis of microporous aluminophosphates, 
MgAPO-5 materials were crystallized (AFI framework), with its characteristic one-
dimensional channels. A most intriguing observation was that the SSR isomer was most 
preferentially occluded within the zeolite framework, despite being less abundant in 
aqueous solution. Computational simulations provided an enlightening explanation for 
this unexpected result: the most stable conformation for SSS-BPS-H+ diastereoisomer 
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involves the development of an H-bond which twists the molecule into a bent shape that 
does not fit within the one-dimensional AFI channels, while the different 
stereochemical configuration of the SSR isomer yields a stable conformation with an 
elongated shape that can perfectly fits within the AFI channels (Figure 1-right). In the 
case of BEP, the NMR bands of the two (RSS) and (RSR) isomers were not as well 
resolved as for BPS, and hence in this case no clear conclusions could be reached.  
 

Figure 1. Left: 13C NMR of MgAPO-5 obtained with BPS (top, black line) and of an aqueous solution of 
protonated BPS (bottom, blue line); *denotates rotation bands. Right: most stable conformers of SSR 
(top) and SSS (bottom) BPS-H+. 

Conclusions. Confinement of chiral organic molecules used as structure-directing 
agents in nanoporous spaces can revert the relative stability of different 
diastereoisomers through a synergic effect of host-guest interactions upon confinement 
and the conformational space of the organic molecule driven by intramolecular H-bond 
interactions. Such chemical information can be extremely useful when considering 
transfer of stereochemical features from organic SDA molecules to zeolite frameworks, 
as well as to stabilize particular organic species that would be unreachable otherwise.  
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NITROUS OXIDE DECOMPOSITION OVER COPPER-CONTAINING ZSM-5: 
UNRAVELING THE ISOTHERMAL OSCILLATORY BEHAVIOR 

Marco Piumetti, Tahrizi Andana, Samir Bensaid, Marco Armandi, 
Barbara Bonelli, Raffaele Pirone 

Department of Applied Science and Technology, Politecnico di Torino, Torino, Corso 
Duca degli Abruzzi 24, 10129 

raffaele.pirone@polito.it 

Nitrous oxide (N2O) is considered as a greenhouse gas since it lasts approximately 150 
years in the atmosphere. It has 310 and 21 times greater warming potential than CO2 or 
CH4, respectively, and contributes to the destruction of stratospheric ozone. The main 
contributors from the anthropogenic sources include fertilizers, nitric acid, adipic acid, 
caprolactam and glyoxal production, fossil fuels and biomass combustion, and sewage 
treatment.1 It has been reported that around 10% of N2O released into the atmosphere 
each year originates from adipic acid production, and hence great efforts have been 
made to abate high-concentration N2O. In this scenario, the catalytic decomposition 
could be a promising alternative solution, as it makes N2O abatement possible at the 
emission source at lower temperatures (300-500°C) than the conventional thermal 
abatement technology.2 Several catalysts have shown promising performances in 
catalytically decomposing N2O, including hydrotalcites, conventional mixed-oxides, 
perovskites and metal-exchanged zeolites.1 Among these catalysts, Cu-containing ZSM-
5 can be a promising candidate for potential applications, although spontaneous 
isothermal oscillations in N2O decomposition may take place over such catalysts under 
specific operating conditions.1,3,4 In addition, Cu-ZSM-5 remains the best, if not the 
only catalyst effectively able to activate the direct decomposition of nitric oxide too, 
even if it results hydrothermally unstable under real conditions of practical interest, and 
hence every investigation aiming to unravel the singular and particular features of its 
surface chemistry in the interaction with NOx molecules assumes a meaningful 
importance. 
In the present work a set of Cu-ZSM-5 catalysts (nominal content of Cu = 3.0 and 6.0 
wt.%) effective for the N2O decomposition were prepared by different procedures: i) 
wet impregnation, ii) ion-exchange and iii) sublimation (Table 1). The prepared 
samples were characterized by complementary techniques, whereas the catalytic 
behavior towards the N2O decomposition reaction was tested in the 300-500 °C range. 
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Figure 1 shows the evolution 
of N2O outlet concentration 
during the isothermal reaction 
at 400 °C over the different 
catalysts (W/F = 0.03 g cm-3 
s).  As a whole, all the 
catalysts exhibit an activity in 
the N2O decomposition of 
nitrous oxide, even if it is 
quite variable among the 
different samples tested. The 
results confirmed that the 
catalytic performances depend 
on the synthesis procedure as 
well as on the Cu-content. It 
appears, therefore, that the 
nature of Cu species plays a 
key role on the catalytic 
performances. In particular, 
the impregnated samples (CZ-
IM-A and CZ-IM-B) provide 
a very pronounced and regular oscillatory behavior, while only the Cu-richest over-
exchanged zeolite sample (CZ-EX-B) demonstrates a similar pattern and no oscillations 
were observed over CZ-SU samples, even in the presence of a significant N2O 
decomposition activity. The latter samples, indeed, seem to have different Cu species as 
a Cu+ salt precursor (CuCl) was used to prepare CZ-SU. Conversely, both the 
impregnated and the ion-exchanged samples were prepared using a Cu2+ precursor, 
namely Cu(CH3COO)2·H2O. This finding suggests that the N2O decomposition 
activity depends on the exchanged Cu species and may take place over both Cu2+ and 
Cu+ species. The co-presence of Cu2+/Cu+ species (able to undergo reduction/oxidation 
cycles) seems responsible for the oscillation. On the other hand, this phenomenon is not 
observable over the CZ-SU sample since Cu2+ ionic species are not present. Finally, a 
reaction (multi-steps) mechanism for the N2O decomposition on the Cu-ZSM-5 surface 
was formulated considering experimental evidences. 
Table 1. Summary of physicochemical properties of the prepared catalysts. 
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Procedure Sample Cu loading
(wt%) Cu/Al SBET

(m2 g-1)
Vp

(cm3 g-1)
IMPREGNATION CZ-IM-A 3.8 1.39 348 0.23
IMPREGNATION CZ-IM-B 7.9 2.64 203 0.16
ION-EXHANGE CZ-EX-A 2.4 0.82 388 0.28
ION-EXHANGE CZ-EX-B 3.8 1.12 351 0.22
SUBLIMATION CZ-SU 4.5 1.39 305 0.19

Figure 1. Outlet concentration of N2O as a function of time-
on-stream. Test condition: N2O feed concentration = 1000 
ppm, T = 400°C, W/F = 0.03 g cm-3 s. 

Cu 2.4 wt.%

Cu 7.9 wt.%
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MESOPOROUS NiO-CeO2 MIXED OXIDES 
FOR CO AND CO2 CO-METHANATION 
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Because of the increased price and demand of oil and natural gas, a renovated interest 
has been focused on the sustainable production of synthetic natural gas (SNG). In this 
light, the production of CH4 by means of CO and CO2 hydrogenation, known as the 
“Sabatier” or “methanation” reaction, can be considered as a promising alternative for a 
sustainable exploitation of coal reserves, as well as a promising alternative to reduce 
greenhouse gas emissions, especially if hydrogen is produced from renewable resources. 
In this work, the CO and CO2 co-methanation was investigated on mesoporous 
NiO-CeO2 systems (named xNiCe, where x = 0.3, 1.0, 2.5, 4.0 mol mol-1), synthesized 
by means of a soft-templated procedure.1 The catalysts were characterized by ICP-AES, 
N2-physisorption, XRD, HR-TEM, XPS, and Raman spectroscopy. The reduced 
samples were also characterized by means of microcalorimetric and FT-IR techniques 
(by using CO2 as the probe molecule), as well as through H2- and CO-TPD analyses 
performed after H2- and CO-pulse chemisorption procedure, respectively. The catalysts 
activity in the CO and CO2 co-methanation was investigated after reduction of the 
catalysts with pure H2 at 400 °C for 1 h. Catalytic runs were performed in a fixed bed 
continuous flow quartz-glass microreactor, at atmospheric pressure and 300 °C, by 
feeding a CO/CO2/H2 gas mixture with a molar composition equal to 1/1/7 or 1/1/5, at 
the space velocities (SV) of 72000 cm3 h-1 gcat

-1 and 450000 cm3 h-1 gcat
-1. In addition, on 

the 1.0NiCe catalyst, the influence of the reaction temperature (from 200 °C to 400 °C) 
and space velocity (48000-450000 cm3 h-1 gcat

-1), as well as its thermal stability were 
investigated. All the catalysts show N2 physisorption curves typical of mesoporous 
materials (type IVa adsorption/desorption isotherms) and very high specific surface 
areas (174-221 m2 gcat

-1). XRD patterns indicate the high dispersion of both CeO2 and 
NiO species on the fresh samples, as well as of the metal Ni0 particles on the reduced 
catalysts: no reflections ascribable to Ni0 are observed for 0.3NiCe, while average 
crystallite sizes of ca. 6-8 nm are estimated for 1.0NiCe, 2.5NiCe and 4.0NiCe (Fig.1 
A). XPS and Raman results suggest the establishment of strong Ni-Ce interactions 
through the formation of the Ni-O-Ce solid solution, which had already been 
highlighted to be crucial in favoring high catalytic performance in CO2 hydrogenation 
to methane.1 The basic properties of the reduced samples were investigated by means of 
microcalorimetric and FT-IR measurements. Besides revealing sites of different strength 
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and nature, the results highlight the beneficial effect of the presence of a moderate 
amount of nickel in promoting the basic character of ceria. In addition, FT-IR spectra 
underline that the reaction between CO2 and the basic -OH and -O2- groups lead to the 
formation of hydrogen carbonates and carbonates (Fig.1 B), which are considered 
important intermediates in the reduction of CO2 to CH4.2 Since Ni0 species are 
considered responsible for CO and H2 activation,3 the surface areas of the metal 
particles expressed per mass unit of catalyst (m2 gcat

-1) were determined: the values 
increase along with the nickel content up to 2.5NiCe, while very similar values are 
observed for 2.5NiCe and 4.0NiCe. At 300 °C, CO/CO2/H2 equal to 1/1/7 and 
SV = 72000 cm3 h-1 gcat

-1, all the catalysts are found highly selective to CH4 irrespective 
to the catalyst composition. CO conversion (XCO) very close to 100 mol% (equilibrium 
value) are observed for all the xNiCe samples, while CO2 conversion (XCO2) increases 
till 80 mol% by increasing the Ni/Ce molar ratio up to 2.5 mol mol-1 and then remains 
constant. Except for 0.3NiCe, for which deactivation is observed, all the catalysts 
exhibit good catalytic performance also at 450000 cm3 h-1 gcat

-1. By reducing the H2 
concentration in the gas reactant mixture (CO/CO2/H2 equal to 1/1/5), a general 
decrease of XCO2 is observed, while XCO still remains close to 100 mol%, clearly 
indicating a preferential CO hydrogenation with respect to CO2. Thermal stability was 
investigated on the 1.0NiCe sample, revealing that, even after exposure at temperatures 
up to 500 °C, catalytic activity at 300 °C is always restored (Fig.1 C). 
 
 

 
 
 
 
 
 
 
Figure 1. (A): XRD patterns of the reduced samples; (B) FT-IR spectra after CO2 adsorption (solid lines) 
and outgassing (dashed lines) on reduced NiO, CeO2, 0.3NiCe, and 2.5NiCe; (C) thermal stability test for 
1.0NiCe (CO/CO2/H2 = 1/1/5, SV = 72000 cm3 h-1 gcat

-1).  
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SOLID ACID CATALYSTS FOR THE DIRECT HYDRATION 
OF DIHYDROMYRCENE 

Eliška Vyskočilová, Denisa Šimáčková, Lada Sekerová, Libor Červený 
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Dihydromyrcenol (2,6-dimethyloct-7-en-2-ol) is an important compound for perfume 
industry, where it is used in a wide range of applications, such as the component of 
perfumes, soaps, detergents, and other daily used products.1 This compound can be 
prepared by the direct acid catalyzed hydration of dihydromyrcene (3,7-dimethylocta-
1,6-diene, Fig. 1).2 Mineral acids (e.g. sulfuric) or organic acids (e.g. 
p-toluenesulfonic)3 are commonly used as catalysts for this reaction. These catalyst 
types have considerable disadvantages such as corrosivity as well as problematic 
separation and reuse.  

 
Figure 1. The synthesis of dihydromyrcenol from dihydromyrcene by acid catalyzed hydration 

Various homogeneous catalysts containing –SO3H functional group were used for 
catalysis of abovementioned reaction, namely sulphuric acid, p-toluenesulfonic acid and 
methansulfonic acid. The optimization of reaction conditions (solvent type, ratio water : 
dihydromyrcene, catalyst amount and reaction temperature) was performed using 
p-TSA and chosen reaction conditions were applied for other catalysts testing.  
Using chosen reaction conditions (isopropylalcohol, water:dihydromyrcene 7.7:1 molar, 
35 ml.% of catalyst, 80 °C, 24 h) solid acid catalysts were tested and compared. The 
chosen catalysts were: Amberyst 15, heterogenized p-TSA, montmorillonite K10 pure 
and acid modified, sulfomodified microporous polyacetylene network, zeolite HY and 
USY and zeolites beta with different Si/Al ratio (19, 37, 68).  
Achieved conversion decreased in the row: beta 19 > beta 37 > sulfomodified 
microporous polyacetylene network > beta 68 > Amberlyst 15 > acid modified 
montmorillonite  > solid p-TSA and selectivites to dihydromyrcenol: Amberlyst 15 > 
beta 37 > beta 68 > sulfomodified microporous polyacetylene network > solid p-TSA > 
acid modified montmorillonite > beta 19. The highest yield of the desired compound 
was achieved using zeolite beta 37 (36 %). Low yields were caused by relatively low 
achieved conversions on all cases (even homogeneous arrangement) – up to 50 %. For 
comparison – the yield of dihydromyrcenol using p-TSA was 35 %.  
The solid catalysts were removed from reaction mixture by filtration, calcined and 
reused twice without low of selectivity and reaction rate. Dihydromyrcenol was 
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prepared in larger scale, purified by vacuum distillation and the purest fraction (95%) 
and sensory evaluated in Aroma a.s. Removed dihydromyrcene was purified by 
distillation and reused in further experiments. 
 
Acknowledgement. This work was realized within the grant project GACR 17-0474S. 
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The epoxidation of olefins is an extremely important class of catalytic reaction in the 
chemical industry because of the epoxides versatility in preparing many chemical 
intermediates of importance to the fine chemicals and pharmaceuticals. This type of 
reactions is generally carried out by using organic peracids and hydroperoxides as 
oxidants.1 Among the metal-based catalysts, supported molybdenum oxides revealed 
superior catalytic activity due for instance to the proper Lewis acidity.2 Several attempts 
and synthesis strategies to prepare Mo-containing heterogeneous catalysts focused on 
post synthesis methods by direct grafting of Mo complexes or by using organic linkers 
between the catalyst and the support. Despite the significant amount of research efforts, 
successful examples of highly, active, stable catalysts without significant leaching of 
Mo species are still to be developed. The aim of this work is to explore the use of ceria-
zirconia as support for reactive and stable molybdenum oxide. 
MoOx/CeO2-ZrO2 catalysts with a nominal molybdenum content equal to 6.6 wt% 
were prepared by a precipitation approach considering either ammonia or urea as 
precipitating agents.  Cerium (III) nitrate hexahydrate (Ce(NO3)3∙6H2O), zirconium 
(IV) oxychloride octahydrate (ZrOCl2∙8H2O) and ammonium eptamolybdate 
tetrahydrate ((NH4)6Mo7O24∙4H2O) were used as raw materials for the synthesis of the 
various investigated samples. Two different series of samples were prepared, as the 
desired amount of Mo was either added via wet impregnation or directly co-precipitated 
along with the other cations, Tab 1. The activity and reusability of MoOx/CeO2-ZrO2 
catalysts were assessed in cyclooctene epoxidation with cumene hydroperoxide. The 
differences that arise from the preparation route and from specific Mo-support 
interactions were evaluated by means of a detailed structural and surface 
characterization. The results of catalytic activity tests on MoOx/CeO2-ZrO2 samples, 
reported in Fig. 1 as conversion of cyclooctene to epoxycyclooctane at increasing times, 
clearly show that the preparation with urea led to less active catalysts. X-ray powder 
diffraction patterns revealed that urea promotes the formation of hydrated ceria 
oxycarbonate, which can compromise the attainment of the ceria-zirconia solid solution 
and the homogeneous distribution of active MoOx species. Surface acidic properties, as 
studied by IR spectroscopy using NH3 as probe molecule, revealed that the strength and 
type of Lewis acid sites are also influenced by the synthesis route. Larger amount of 
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surface isolated molybdenyl species acting as Lewis acid sites is likely the crucial 
feature shown by samples prepared using ammonia and positively affecting their 
catalytic activity in the cyclooctene epoxidation reaction. A very strong evidence that 
these materials act as real heterogeneous catalysts was obtained by analysis of reaction 
solution and leaching test. 
 
Table 1. Composition and textural data of the prepared samples 

Sample Mo-addition 
S.S.A. 
(m2g-1) 

EDX 
Mo wt.% 

Mo surface 
density 

(Mo atoms/nm2) 

C-MoCeZr-A Co-precip. (NH3) 84 6.8 5.3 

C-MoCeZr-U Co-precip. (urea) 94 6.1 4.1 

I-MoCeZr-U Wet imp. (urea) 91 6.4 4.4 

I-MoCeZr-A Wet imp. (NH3) 102 5.3 3.3 

 

 
Figure 1. Conversion vs. time plots of epoxidation of cyclooctene with cumene hydroperoxide catalyzed 
by MoOx/CeO2-ZrO2 catalysts. 
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MESOPOROUS ZSM-5 LOADED WITH AMINO ACIDS: 
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Zeolites are microporous materials characterized by high surface area, high sorption 
capacity and selectivity as well as excellent resistance to chemical, biological, 
mechanical and thermal stress. These properties make zeolite effective sorbent materials 
for biochemical molecules from aqueous solutions, such as amino acids. However, 
sometimes micropores can induce confinement effects and diffusion limitations due to 
the blocking of pores mouth caused by undesired side products formation, which leads 
to the early catalyst deactivation. Compared to microporous zeolites, the so-called 
hierarchically organized zeolites (HOZs), built on a multilevel pore network,1 are 
characterized by higher specific external area, which determines improved selectivity 
for target molecules, higher reaction rates for diffusion-limited reactions and higher 
thermal stability in catalysts regeneration processes.2 These properties are a 
fundamental prerequisite for the development of superior polyfunctional biocatalysts. 
Based on this, mesoporous zeolites can be thought as promising amino acids catalysts in 
form of well ordered-layers. Amino acids, which represent the primary structural unit of 
proteins, belong to an important class of biochemical compounds principally exploited 
in pharmaceutical and biomedical fields for oligopeptides and biopolymers 
production.3-4 Although a lot of information are reported in literature about biocatalysis 
on zeolites, most of them are approached from a chemical or theoretical point of 
views.5,6 Hence, a lack of crystallographic and structural informations has been 
observed, even if it is well known that to fully optimize biocatalysts design, a deep 
knowledge of interactions between entrapped amino acids and sorbent materials is 
mandatory. Based on the previous remarks, in this work, hierarchical ZMS-5 zeolites 
have been selected to study adsorption and desorption processes of two essential amino 
acids in humans, leucine (C6H13NO2) and l-lysine (C6H14N2O2), through Synchrotron 
X-ray powder diffraction. ZMS-5 zeolites used in this project were synthesized and 
provided by the Environmental and Chemical Engineering Dept. of the University of 
Calabria (Rende, CS,). Mesoporosity was induced through post-synthesis desilication. 
The parent H+-form ZSM-5 (MFI, Si/Al ratio=100) was treated in 0.2M NaOH solution 
(30 ml/g zeolite) under stirring at 65 °C for 15 and 30 minutes (i.e., samples were labelled 
776_D15 and 776_D30, respectively) to induce desilication. The solid was recovered by 
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filtration, washed with D2O until neutral pH and finally dried overnight. N2 adsorption 
data confirmed the presence of induced secondary mesoporosity in both 776_D15 and 
776_D30 ZSM-5. Firstly, the thermal stability of both bare mesoporous ZSM-5 was 
tested through in situ Synchrotron X-ray powder diffraction analysis (data collection at 
the MCX beamline of the Elettra Synchrotron, each 100 °C, from 25 to 600 °C, heating 
rate=5 °C/min). Powder patterns refinement confirmed that no loss of crystallinity 
occurred. Once proved the thermal resistance, both samples were loaded with l-lysine 
and leucine as single compounds (pH loading=5.5) by using the batch method. Capillary 
electrophoresis confirmed that both amino acids were entrapped within hierarchical 
ZSM-5 channels: almost equal concentrations of l-lysine and leucine were adsorbed on 
776_D15 sample, while 776_D30 appears more selective toward l-lysine. All loaded 
samples were then analyzed through in situ X-ray powder diffraction analysis at the 
MCX Beamline of the Elettra Synchrotron, according to the following heat treatment 
profile: heating ramp from 25, to selected temperature of 50, 100, 200, 300, 400 and 
500 °C (5 °C/min heating rate). Diffraction data were processed through Rietveld 
structural refinements (GSAS software)7 to extract the evolution of both zeolite crystal 
structure upon heating and amino acids/water molecules sorption/desorption processes, 
focusing the attention on the influence of zeolite pore size and structure on amino acid 
selectivity and sorption capacity. Specifically, powder X-ray diffraction data allowed to: 
1) characterize ZSM-5 zeolites structure after l-lysine and leucine adsorption; 2) probe 
host-guest interactions 3) establish the zeolites regeneration temperature; 3) determine 
the occurrence of temperature-dependent framework geometry variations. All the 
informations obtained about mesoporous ZSM-5 sorption capacity and thermal 
regenerability lead to confirm that the hierarchical zeolite might be suitable as amino 
acids biocatalyst.  
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ADOR (Assembly-Disassembly-Organisation-Reassembly)1 is the alternative route for 
new zeolite synthesis by design. Many zeolites are ADORable parent materials having 
germanium double-four ring units in the frameworks (Fig. 1.). The initial hydrolysis of 
Ge (D) and intercalation (O) steps of the ADOR process have been investigated and its 
kinetics was examined.2 Samples were taken periodically over 37 hr period and each 
sample was analysed by powder X-ray diffraction. 

 
Figure 1. Double-four-ring (d4r) containing germanosilicates currently used in the ADOR process. 

 
Germanium-rich UTL was subjected to hydrolysis conditions in water as a media to 
understand the effects of temperature (100, 92, 85, 81, 77, and 70 ˚C – Fig. 2.). Solid-
state kinetic models, Avrami-Erofeev and Sharp-Hancock, were employed and it was 
found that the kinetics of hydrolysis is not dependent on the temperature of the reaction 
system, but solely on the presence of liquid water.3 The intercalation process however, 
is directly dependent on temperature and with increasing temperature an increase in rate 
was observed. Through using the Avrami-Erofeev model, n was found to be 3 for 
100 °C and 2 for all other temperatures during the intercalation process, confining the 
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growth of the crystallites to 2-dimensions (n = 2) and 3-dimensions (n = 3). The 
activation energy of the rearrangement was 70.1 kJ mol-1. When no siloxanes are 
present in solution, silicon intercalates from the layers causing defect sites and as such 
IPC-1P is the kinetic product and IPC-2P is the thermodynamic product. 

 
Figure 2. The change in d200 inter-layer spacing for the full hydrolysis and intercalation steps for the 
reaction of Ge-UTL in water with increasing temperature. 100 ˚C (black squares), 92 ˚C (green stars), 85 
˚C (red circles), 81 ˚C (teal pentagons), 77 ˚C (orange diamonds), 70 ˚C (blue triangles). 
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Vernonia galamensis, native to East Africa, has been receiving much attention due to 
the high content of naturally epoxidized oil in its seed, which could be used as a 
potential substitute for currently used epoxy oils (Fig. 1). Vernonia oil, which 
constitutes more than 40 % of the seed, contains vernolic (72 - 80%), oleic (4 - 6 %) and 
linoleic (12 - 14%) acids, and its full epoxidation would render an oil with an oxirane 
value near 10%.1 Given the large molecular weight of vernonia oil (917 g/mol), ordered 
mesoporous materials are good candidates as catalysts for epoxidation and 
transesterification reactions. SBA-15 mesoporous silica can be synthesized with tunable 
pore size and controlled particle morphology ranging from fiber-like (long mesopore 
channels) to plate-shaped (short channels).2 This work aimed to synthesize SBA-15 
with convenient pore size and particle morphology to avoid diffusion limitations, and 
with surface chemical functionalities active for epoxidation reactions. 

 
Figure 1. Vernonia galamensis, the seeds and structure of trivernoline. 

 
SBA-15 samples were obtained with conventional fiber-like particle morphology using 
Pluronic P123 and with plate-like particle morphology using P10400. SBA-15 with 
expanded pore size were produced using 1,3,5-triisopropylbenzene (TIPB) as a swelling 
agent. Titanocene dichloride (CP2TiCl2) was incorporated via co-condensation using 1, 
5 and 10% Ti in the synthesis gel or grafted after calcination.3,4 Epoxidation of vernonia 
oil (VO, overall epoxy/glycerol molar ratio of 2.0) was carried out at 70 °C using tert-
butyl hydroperoxide (TBHP, 5.5 M in decane solution) as the oxidant. Samples were 
taken periodically from the reaction mixture and analyzed by ATR-FTIR to determine 
conversion. 13C and 1H-NMR were used to identify and quantify epoxide groups. 
Ti-SBA-15 materials with hexagonal symmetry, surface area between 543 and 863 
m2/g, high pore volume (0.57-1.32 cm3/g) and average pore diameter ranging from 5.7 
to 14.1 nm have been successfully synthesized.3 The long fibers commonly observed in 
SBA-15 could be avoided obtaining small crystals with plate morphology having the 
channels running along the short axis of the crystal (Fig. 2). 
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Ti was successfully incorporated in SBA-15, as shown by UV-Vis DRS and ICP-OES, 
while maintaining good textural properties. Ti-SBA-15 with various pore sizes and 
different particle morphologies were synthesized with accessible Ti(IV) active sites. 
Grafting is a good method to incorporate large number of titanium active sites on the 
surface of SBA-15 without formation of anatase, showing higher catalytic activity and 
epoxide selectivity than those synthesized through co-condensation. Large-pore SBA-15 
materials allow for better dispersion of grafted titanium active sites on the pore surface. 

Epoxidation of cyclohexene was 
used as catalytic test for 
optimization, and the best 
catalysts were selected for 
epoxidation of VO. Titanium-
grafted and hexagonal/short rods 
particle morphology type of 
catalysts gave better catalytic 
activity. 

Figure 2. SEM and TEM images of selected samples. 

 
The novelty of our catalytic set up is that epoxidation of vernonia oil proceeds without 
addition of solvents, only the oxidant phase. Titanium-grafted material TiCgESBAL 
(3.31 wt.% Ti) gave high yield of epoxide (57 %, TON = 10 mol of epoxide per mol of 
titanium) due to the presence of a large amount of highly dispersed catalytically active 
Ti(IV) on the surface of the material and its large pore size that facilitates diffusion. 
Nevertheless, the highest turnover number (TON) is obtained with the large pore and 
short channels co-condensation sample TiCESBAS5 (0.22 wt. % Ti, 24 % yield of 
epoxide and 64.8 TON), probably due to highly dispersed or isolated Ti(IV) active sites 
together with a better diffusion of the reagents. In general, catalysts with lower 
percentage of titanium gave higher TON due to the presence of well dispersed Ti(IV) 
active sites. Finally, SBA-15 with hexagonal platelets yields better catalytic activity 
than the ones with rod like morphology. Ti-grafted large pore SBA-15 gives the highest 
double bond conversion (71 %) with more than 80 % of epoxide selectivity (highest 
yield of epoxide 57 %). 

This work has been funded by the AEI and FEDER Proyecto MAT2016-77496-R. 
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There are many parameters that influence the synthesis of zeolites and one of the most 
important is the structure-directing agent (SDA) used, being its size, shape and charge 
relevant.1 Because of that, different SDAs derived from the amine 1,4-
diazabicyclo[2.2.2]octane (DABCO) interrelated in shape and size, Figure 1, were 
synthesized. HDAB is twice DABP and HDAB2M is quite similar in size than HDAB, 
but with double charge density. By high-throughput synthesis techniques, a high 
quantity of parameters and variables of synthesis of zeolites were studied.2 
 

N N N N
N N

DABP (a) HDAB (b)

N N
N N

HDAB2M (c)
Figure 2. (a) 1-propyl-1,4-diazabicyclo[2.2.2]octan-1-ium, (b)1,1’-(hexane-1,6-diyl)bis(1,4-
diazabicyclo[2.2.2]octan-1-ium, (c) 4,4’-(hexane-1,6-diyl)bis(1-ethyl-1,4-diazabicyclo[2.2.2]octane-1,4-
diium. 
 
Increasing the charge density in the SDAs is possible to obtain zeolitic materials with 
low Si/Al relations, improving its activity, selectivity and stability as acid catalytics in 
chemical processes of industrial relevance. Therefore, to incorporate as many 
aluminium as possible in ZSM-12 zeolite (MTW) has a great interest. Its structure is 
formed by one dimensional 12-membered rings pore system of elliptic pore opening of 
approximately 5.7 x 6.1 Å.3 
In Figure 2, the SDAs synthesis is described.  

N N

I N N

I

Br Br

Br Br

+

+

+ NNNN

+ I NNNN
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Br

Br

I IBr Br  
Figure 3. Synthesis of SDAs used. 

 
The hydrothermal synthesis of the zeolitic materials were carried out in teflon-lined 
steel autoclaves fixing the molar composition of the gel synthesis covering a wide range 
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of compositions, with B, Al, Na and/or K in different ratios. The crystallization 
temperature was 175 0C during 5 and 14 days, decreasing the temperature to 150 0C if a 
huge quantity of dense phases (DP) were obtained. In Table 1, the results are showed. 
Table 2. High-throughput synthesis diagram 

 
 
With DABP mainly ZSM-5 (MFI)4 was obtained in the studied range, while with the 
SDA of double size, HDAB, the ZSM-12 zeolite begin to crystallize. By increasing the 
charge density, using HDAB2M, we obtain a mixture of ZSM-5 and ZSM-12 zeolites at 
175 0C, while if we descend the temperature at 150 0C, the zeolite ZSM-12 is the 
predominant material. The lowest Si/Al ratio tested in the high-throughput synthesis 
diagram was 20 and, by chemical analysis, we determine that all the aluminium is 
incorporated in the ZSM-12 zeolite structure. This fact is confirmed by 27Al MAS-
NMR. 
With these promising results, we are trying to incorporate more aluminium in the ZSM-
12 zeolite by using the highest charge density SDA, HDAB2M, to its application as 
catalyst. The first step was its synthesis with a Si/Al = 10 relation in the synthesis gel 
with very good results.  
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The development of catalysts for the upgrading of microalgal oil, through one-step 
hydroconversion processes, still represents a challenge for the production of new 
generation biofuels.1 This process requires the use of bifunctional catalysts, with redox 
sites for hydrogenation and acid sites for decarboxylation and hydrodeoxygenation.2,3 
The metal-zeolites are promising candidates due to the presence of both redox centers 
and acidic sites in the zeolites framework, even if the microporous system usually could 
lead to severe diffusion limitations, especially with bulky molecules like 
triglyceraldehydes.  
The aim of this work is to investigate the role of the acidity and active site accessibility 
of micro-mesoporous zeo-type catalysts containing Ni, in the hydroconversion reaction 
of methyl palmitate, selected as a model molecule of microalgal oil.  
The acidic and textural properties of the commercial Beta zeolite (CP811E-75) were 
modified by desilication (DS-Beta) and desilication/deallumination (DSDA-Beta) 
treatments, moreover SBA15 and Al-SBA15 silica were used as purely mesoporous 
reference supports (Table 1). Ni nanoparticles (NPs) were deposited on all supports by 
two different methods, the incipient wetness impregnation and the sol-deposition, in 
order to direct the localization of the nanoparticles, respectively within the porous 
system or on the external surface. 

Table 1. Textural and acidic properties of the catalyst supports 
Supports SBET

a 

(m2g-1) 

Smeso
b 

(m2g-1) 

Total Acidityc 

(μmol g-1) 

Beta 586 246 296 

DS-Beta 589 399 410 

DSDA-Beta 756 514 297 

SBA15 855 634 47 

Al-SBA15 722 722 253 
  a BET method, b t-plot method, c TPD-NH3 
 
The textural and acidic properties of the so obtained catalysts, as well as the size and 
dispersion of the Ni NPs were analyzed by different techniques (porosimetry, NH3-
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TPD, CO chemisorption), and correlated to the results of the catalytic testing, 
evidencing that the key factors, governing the activity of these systems are the Metal 
Surface Area (MSA) and the accessibility of the acid sites. In fact, comparing the 
catalytic performances of the catalysts prepared by the different deposition methods, we 
observed higher activity both in terms of methyl palmitate conversion and yields to 
pentadecane (C15) and hexadecane (C16) for the catalysts prepared by sol-deposition, 
which present Ni NPs with higher MSA localized on the external surface of the zeolite. 
The external localization of the Ni NPs promotes also the consecutive reactions of 
hydrodeoxygenation and decarbonylation/decarboxylation of palmitic acid (PA), 
favoring the formation of C15 and C16, respectively. Moreover, by comparing the 
catalytic activity of Ni zeo-type catalysts prepared by incipient wetness impregnation 
with a similar MSA, it was evidenced that the catalytic performances are dependent on 
the accessibility of the acid sites. In fact, we observe a direct relationship between the 
methyl palmitate conversion and the ratio between the external surface area and the 
BET surface area, which is an indication of the pores accessibility (Figure 1). 
Comparing the activity of Ni/DS-Beta and Ni/DSDA-Beta, we observed the best 
performances for the latter, despite having a lower acidity than the desilicated sample, 
presents a higher accessibility to the acid sites due to the Al extraframework removal 
following the deallumination treatments. 
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Figure 1. Methyl palmitate conversion vs pore accessibility. 
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Introduction. Fast pyrolysis is one of the most promising processes for biofuels 
production from abundant lignocellulose biomass1. However, bio-oils obtained by this 
thermochemical treatment still have high oxygen content (30-50 %), as well as low pH, 
corrosiveness, high viscosity and low heating value2. Oxygen removal via catalytic 
hydrodeoxygenation (HDO) is currently considered one of the most effective routes for 
upgrading pyrolysis bio-oils in order to achieve compositions and properties analogous 
to those of conventional transport fuels. HDO allows the oxygen removal in the form of 
water using elevated hydrogen pressures and moderate temperatures.  
Among the catalysts studied for HDO, supported transition metal phosphides have 
provided promising results. Within this context, this work reports the HDO catalytic 
behavior of different bifunctional catalysts based on nickel phosphide (Ni2P) deposited 
over 2D zeolites, whose high external surface area can provide a better dispersion of the 
active phase and reduce the diffusional and steric constraints in comparison with the 
conventional 3D zeolites, favoring the processing of the bulky molecules typically 
present in bio-oils. For such purpose, a MFI lamellar sample (L-ZSM-5), the 
corresponding silica pillared one (PI-ZSM-5) as well as a MCM-22 zeolite were 
selected and investigated as catalysts for guaiacol HDO.  

 
Experimental. Salts precursors of metal phosphides were loaded into the catalytic 
supports by a wetness impregnation technique with a molar ratio Ni/P = 1 to obtain a 
nominal load of 10% wt. Subsequently, the samples were calcined at 500 ºC and 
reduced at 650 ºC in H2 flow. The materials were characterized by Ar physisorption, 
XRD, ICP-OES, Al-MAS-NMR, TPD-NH3, TPR-H2, pyridine FT-IR and TEM.  
Reactions were carried out using guaiacol as representative model compound of a 
typical fast-pyrolysis bio-oil in an autoclave batch reactor operating at 40 bar of pure H2 
at two different temperatures (220 and 260 ºC). 
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Results and Discussion. XRD patterns reveal that all the materials preserved a high 
crystallinity degree after metal phosphide deposition. Likewise, diffraction signals 
corresponding to Ni2P were detected confirming the effective formation of this phase3. 
The incorporation of Ni2P reduced adsorption capacity, affecting differently the micro- 
or mesoporous systems, depending on the zeolitic support. Ni2P deposition also 
modified the acidic properties of the zeolitic materials due to the generation of new acid 
sites of waek/moderate strength attributed to both Niδ+ species (Lewis acid sites) and the 
presence of residual P-OH moieties (weak Brønsted acid sites). 

 
Figure 1. Guaiacol conversion, hydrodeoxygenation (HDO) and hydrodearomatization (HDA) yields 
obtained over Ni2P supported catalysts at 220 ºC and 260 ºC. 

Concerning to the HDO activity (Fig. 1), in all cases ZSM-5 based catalysts exhibited 
higher conversions and HDO efficiencies than Ni2P/MCM-22, which denotes that the 
MFI zeolitic structure favors the deoxygenation and dearomatization of phenolic 
compounds, yielding cyclohexane as major reaction product. This excellent catalytic 
performance is attributed to the combination of high surface area and optimal acidic 
properties since a synergistic effect was achieved between the acid sites of the raw 
zeolitic support and those provided by nickel phosphide. Thus, the best HDO 
performance was obtained over Ni2P supported on the PI-ZSM-5 at 260 ºC, showing a 
78 % of guaiacol conversion and 95 % of selectivity towards deoxygenated molecules. 
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The increase of greenhouse gas (GHG) emission from combustion of fossil fuels and 
industrial activities has become a critical issue for global warming and other 
environmental damages. According to the database of the World Bank, annual 
worldwide CO2 emissions increased from 22.15 Gt in 1990 to 36.14 Gt in 2014.  
As a consequence, approaches to convert captured CO2 into value added products are 
widely investigated. In addition to dry-reforming processes, CO2 can be converted into 
methane producing a synthetic natural gas (SNG) reacting with H2 (Sabatier reaction) 
over suitable metal catalysts. The produced methane can be recycled into a natural gas 
power plant as supplemental fuel, thereby improving overall fuel efficiency and 
reducing total GHG emissions. 
Methanation is a highly exothermic reaction, thus a suitable catalyst should decrease the 
operation temperature in order to approach the equilibrium conversion to methane and a 
good thermal control of the reactor must be exercised at the same time.  Ru is one of the 
most performing active metals for Sabatier reaction if properly dispersed on a large 
surface area support. Duyar et al.1 compared different metals (Ru, Rh, Pt, Pd, Ni, Co) 
supported on γ-Al2O3 and identified Ru and Rh as the best metals, Ru showing a 
slightly higher methane production in the temperature range 175-250°C.  
In the last years, dual function materials have been developed, composed by both a 
sorbent and a methanation catalyst, thus combining CO2 capture with CO2 conversion. 
Petala et al.2 reported that  the addition of small amount of alkali (Li, Na, K, Cs) to a 
Ru/TiO2 catalyst significantly promoted the methanation activity. Likewise, Wang et 
al.3 found that alkali carbonate added to Ru/Al2O3 catalyst played an active role in CO2 
methanation. Li et al.4 compared the performance of Ru/Al2O3 catalyst doped with 
potassium from different salts (carbonate, nitrate and hydroxide and chloride) and found 
that KCl-promoted material showed the lowest activity.  

In this work different alkali-promoted 1%Ru supported on γ-Al2O3 spheres (1 mm) 
were prepared, characterized and tested for CO2 methanation. The catalyst shape was 
selected for its possible application in interconnected fluidized bed reactors meeting the 
requirement of an easy temperature control and thermal management. 
1%Ru/Al2O3 spheres were prepared by incipient impregnation with Ru nitrosyl nitrate 
solution followed by drying at 120°C and calcination at 400°C in air for 2h. A fraction 
of this catalyst was further impregnated with Na2CO3, K2CO3 and LiNO3 solutions in 
order to achive a 10% wt. loading as alkali carbonates. The K promoted catalyst was 
also prepared by reversing the order of impregnation of ruthenium and potassium on the 
alumina support. Finally, a Na2CO3-promoted catalyst was prepared with a reduced 
alkali loading (2%wt). 
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Pre-reduced catalysts (600mg) were tested for the CO2 methanation in a labscale fixed 
bed reactor operated at atmospheric pressure, with a gas feed containing 
CO2:H2:N2=1:4:5 at GHSV=24250 h-1, by ramping up the temperature from 200 °C to 
440 °C at 3°C/min. Results were compared with those obtained with the unpromoted 
Ru/Al2O3 sample (Figure 1).  
Li/Ru/Al2O3 catalyst showed the best CO2 and H2 conversion closely approaching the 
equilibrium CO2 conversion at about 400°C (ca. 100 °C below the parent Ru/Al2O3 
catalyst) and keeping a very high selectivity to methane in the whole temperature range 
explored. All of the other catalysts, either prepared according to the standard and to the 
reverse impregnation sequence, provided worse performance compared to their parent 
Ru/Al2O3, in terms of CO23 conversion and CH4 selectivity. In fact, the addition of 
10% Na2CO3 and, even more K2CO3, mostly favoured the progress of the reverse water 
gas shift reaction, as shown by the low selectivity to CH4 and correspondingly high 
selectivity to CO. Significantly better performance than that of Ru/Al2O3 were obtained 
using the sample with a reduced amount of sodium carbonate. 

 
Figure 1. CO2 conversion (left) and CH4 selectivity (right) as a function of the reaction temperature for 
alkali metal promoted Ru/Al2O3 catalysts (GHSV=24250 h-1). The dashed curves represents the 
thermodynamic equilibrium values for a corresponding feed mixture with CO2:H2:N2=1:4:5. 

 
Results of characterization of materials (ICP-MS, SEM-EDS, N2 physisorption, TG-MS 
analysis, H2-TPR, CO2 TPD) highlighted the role of CO2 surface adsorption and 
carbonates formation and decomposition in the reaction mechanism. 
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The transition from a fossil fuel based economy to one based on renewable resources is 
one of the greatest challenges of the 21st century that industry has to face. Biomass 
utilisation has gained considerable interest for its high potentiality as substrate both for 
chemicals and fuels. Nonetheless, catalysis covers great importance in the development 
of efficient yet sustainable processes for biomass exploitation.  
In this work, the attention was focused on the valorisation of lignocellulosic biomass for 
the productions of levulinic acid.1 Cellulose based materials were used as substrate and 
their transformation, which is characterised by hydrolysis reactions, can be catalysed by 
either homogeneous or heterogeneous acid catalysts, the latter being for industrial 
applications more interesting, as it avoids rig corrosion and problems of regeneration. 
The present work focuses the attention on new heterogeneous acid catalysts based on 
ordered mesoporous silica (OMS), in particular on SBA-15. These materials possess 
high surface area that guarantees a tight interaction between reagents and active phase. 
In heterogeneous catalysis, this aspect is crucial because the mass transfer is one of its 
main limitations. At the same time, low acidity is the main drawback for this application 
and therefore a deep modification of these materials was performed in order to 
overcome this issue. In order to provide strong acid active functionalities on silica 
support, the most common technique is to add sulfonic groups via direct sulfonation 
method. One-pot co-condensation approaches allowed to add a high loading of sulfonic 
acid on silica surface. However, the direct synthesis method in many cases leads to loss 
of pore structure, due to the strong synthetic conditions. Indeed, it is usually carried out 
in a concentrated sulfonic acid under heating.  
An effective alternative to the direct sulfonation method is the grafting technique. It 
consists in a post synthesis strategy, by which the active functionalities are anchored on 
the support surface via covalent bonds. 3-mercaptopropyltrimethoxysilane (MPTMS) 
was chosen as grafting agent and the schematic strategy is reported in Figure 1. In 
particular, this work focuses on the role played by different solvents.2 The traditional 
one is toluene, which is flammable and toxic. For this reason, investigation on a safer 
and environmental more friendly solvent is really attractive-: thus, hexane, toluene and a 
mixture of water and NaCl were evaluated.3 
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Figure 1. Mechanism of post-synthesis grafted method. 

 
It was found that the choice of the solvent highly affects both morphological and 
chemical features of the final materials. TEM, N2-physisorption and XRD were 
performed to understand how the treatment influences the morphological and structural 
features of SBA-15. TG-DTA and Raman spectroscopy techniques were used to 
evaluate the efficiency of the method, meanwhile titration and FT-IR were carried out to 
appreciate the acidity of the final materials both quantitatively and qualitatively. After 
material characterizations, catalytic tests were conducted in glucose hydrolysis using an 
autoclave under hydrothermal conditions in the 160 - 200 °C temperature range. The 
best catalytic results were obtained with the catalyst prepared using water and NaCl. 
This solvent mixture, which is also the most economic and sustainable one, guarantees 
the best distribution of sulfonic groups over the surface leading to the best acid catalyst, 
as demonstrated by characterization results. 
Moreover, with the best performing catalyst, effect of glucose and catalyst ratio was 
evaluated. 90 % of glucose conversion and 50 % of levulinic acid yield were obtained 
using unitary ratio between glucose and substrate at 180 °C for 7 h. 
 
 

References: 
1 Chen, S.S.; Maneerung, T.; Tsang, D.C.W.; Ok, Y.S.; Wang, C. Chem. Eng. J. 2017, 
328 246-273. 
2 Pirez, C.; Lee, A. F.; Manayil, J. C.; Parlett, C. M. A.; Wilson, K. Green Chem. 2014, 
16 4506-4510. 
3 Ziarani, G.M.; Lashgari, N.; Bafieri, A. J. Mol. Catal. A: Chem 2015, 397 166-191. 
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MATERIALS FOR FENTON OXIDATION PROCESSES 

Pedro Leo1, Gisela Orcajo2, Guillermo Calleja2, Fernando Martínez1 

1 Department of Chemical and Environmental Technology, Rey Juan Carlos University, 
Calle Tulipán s/n, 28933 Móstoles, Spain. 

2 Department of Chemical, Energy and Mechanical Technology, Rey Juan Carlos 
University, Calle Tulipán s/n, 28933 Móstoles, Spain. 

fernando.castillejo@urjc.es 

The worldwide concern about water pollution has encouraged the development of 
advanced oxidation treatments, such as Fenton-type processes, with high potential for 
the removal of biorecalcitrant organic pollutants in wastewaters.1 Although many efforts 
have been already made to use active heterogeneous Fenton catalysts based on iron-
containing materials, there is still the need to improve their structural stability and 
catalytic performance under acid and neutral pH.2 Metal-organic frameworks (MOFs) 
are an interesting type of inorganic-organic hybrid porous crystalline materials that are 
formed by metal-containing nodes connected by a large variety of organic ligands, 
showing high surface area, large pore volume and tunable topology and chemical 
composition.3 Iron-based MOF materials can provide iron active sites connected by 
organic ligands with different iron environments in a broader range of pH, leading to the 
flexibility of homogeneous iron complexes in conventional Fenton process. 
The materials Fe-bpydc, Fe3O(bpdc)3, MIL-88, MIL-88-NH2 were synthesized 
following the procedures previously described in the literature.4-7 The selection of the 
MOF materials was done with the purpose of evaluating the influence of the iron 
oxidation state in the structure, as well as the presence of amino groups in the benzene-
dicarboxylic ligand. The catalytic activity and stability of the synthesized materials was 
assessed in the methylene blue degradation as a model pollutant. The experiments were 
carried out in a discontinuous glass reactor, dissolving the methylene blue and hydrogen 
peroxide in water at room temperature. Additionally, the influence of reaction 
temperature, initial pH and hydrogen peroxide concentration were studied for most 
active and stable Fe-MOF material. 
Figure 1 shows the results of the elimination of methylene blue using the different Fe-
MOF materials at 30 °C. Among tested materials, the Fe-bpydc material containing with 
Fe (II) and 2,2'-bipyridine-5,5'-dicarboxylate organic ligand showed the highest activity. 
However, in the cases of Fe-bpydc and Fe3O(bpdc)3 materials, part of the structural 
iron was leached to the reaction medium, giving concentrations after 60 min of reaction 
of 50 and 46 mg / L, respectively. These results show a limited stability in the reaction 
conditions used for these two MOFs, which probably lead to a partial collapse of their 
structures. In contrast, the material MIL-88-NH2 constituted by Fe(III) and amino 
terephthalic acid showed an slightly lower catalytic perforamnce, but the concentration 
of iron in the reaction medium was almost negligible (1 mg/L), demonstrating a higher 
robustness respect to the previous materials. Besides, it also evidenced better catalytic 
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results than its homologue without amino groups, indicating the convenience of having 
electron donor groups in the organic liker. 

 
Figure 1. Methylene blue removal for Fe-MOF materials. Reaction conditions: Temperature = 30 °C, 
pH = 3, [H2O2]0 = 7.4 mmol/L and 0.6 g/L of catalyst.  

 
The recyclability of MIL-88-NH2 was also tested for three successive catalytic runs, 
maintaining invariable its activity and crystalline structure. In general terms, the 
coordination environment of the type of metal cluster and oxidation state seem to be 
determining factors in their catalytic performance and stability of the structure for 
application as heterogeneous Fenton catalyst. 
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Ferey, G.; Serre, C J. Am. Chem. Soc. 2011, 133, 17839. 
  

0 10 20 30 40 50 60
0

20

40

60

80

100

12 ppm
1 ppm

46 ppm

    MIL-88    MIL-88-NH2 
 Fe3O(bpdc)3  Fe-bpydc 

Time (min)

M
et

hy
len

e b
lue

 de
gr

ad
at

ion
 (%

)

 

 
50 ppm



 
 
 
 

183 
Session Fr-2 
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Due to the particular properties of zeolites, they have been used in many different fields, 
being the catalysis one of the most important. In particular, zeolites are used as 
heterogeneous catalysts in petrochemical industry, but also in emerging fields of 
research such as biomass conversion, fuel cell, air-pollution remediation and water 
purification.1 Although in many processes zeolites can be used without any 
modification, in many others, it is necessary to introduce metals as the active phase in 
the catalyst. Depending on the methods used for the metal introduction, different 
properties and various configurations of the active phase on the zeolites surface are 
obtained,2,3 resulting in different catalytic properties. In this work, some catalysts based 
on silver supported on zeolite have been prepared using different methods in order to 
obtain different species of silver. The nature of these species has been studied by the CO 
catalytic oxidation reaction.  
The catalysts have been prepared by different methods: incipient wetness impregnation 
of a silver precursor, ion exchange and thiolated-protected nanoclusters supported on 
the zeolite. Two type of delaminated zeolite ITQ-2 have been chosen as support, one 
with a Si/Al ratio of 10 and another without aluminum, this is a pure silica (PS) zeolite. 
The content of silver was 1 wt% in all catalysts. The materials were characterized by 
different techniques (UV-Vis, XRD and HRTEM) and by the CO oxidation reaction. 
The activity of the catalysts for this reaction was evaluated in a fixed-bed reactor loaded 
with 250 mg of catalyst and using a flow rate of 500 mL·min-1. The inlet concentrations 
were 0.5% CO, 4% O2 and N2 as balance gas. The CO2 formed was measured in the 
exhaust gas by infrared spectroscopy. 
The samples were pretreated under oxygen atmosphere and then, they were tested in the 
CO oxidation reaction (Fig. 1). As it can be observed, the best results are obtained with 
the catalyst prepared by the impregnation method (Agimp_O2), while the results 
obtained with the catalysts prepared with the ion exchange method and with Ag-
nanoclusters were practically the same. These results were quite surpresive as it was 
expected that in this catalyst, the silver species would be less disperse than in the other 
catalysts, suggesting that other silver species were formed in the catalyst where Ag was 
added by wetness impregnation. The Agimp_O2 catalyst was characterized by different 
techniques, observing that even after the treatment with O2 at 150ºC, silver was auto-
reduced to its metallic state. These results indicate that metallic silver is the active 
specie in the reaction. Furthermore, these results also show that the catalysts prepared 
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by the ion exchange method and with Ag-nanoclusters stabilize the cationic silver or 
form cationic nanoclusters that are not active for the reaction and that cannot be 
stabilized when the impregnation method is used. In order to confirm this hypothesis, 
another Ag-catalyst was prepared by wetness impregnation, but it was tested 
immediately after oxidation, keeping the sample at full darkness in order to avoid the 
silver auto-reduction and results are shown in Figure 1. As it can be observed, silver 
auto-reduction doesn’t occur and the catalytic activity decreases significantly. 

 

Figure 1. Study of silver species through CO oxidation reaction. 

Then, it can be confirmed that cationic Ag-nanoclusters were stabilized on the zeolite 
surface. The stability of these nanoclusters can be also evaluated by the CO oxidation 
reaction and it was observed that the activity of the catalysts increases after successive 
reactions made up to 450ºC, indicating that nanoclusters were being destroyed and 
metallic silver was being formed.  

It can be concluded that this reaction is an adequate method to investigate the stability 
of cationic silver on different supports. The results obtained also show that cationic 
species of silver can be stabilized on the zeolite surface and they could be used for 
catalytic reactions where cationic silver is the active phase.  

Financial support from the Generalitat Valenciana through the predoctoral research 
grants (ACIF 2017) is gratefully acknowledged.  
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The mesoporous material Al-MCM-41 is usually synthesized by using laboratory 
reagents as silicate sources and aluminium source. These laboratory reagents are still 
expensive and toxic for large scale production. The main aim of this work is to resolve 
this problem and to replace these expensive laboratory reagents by more cost effective 
ones. The Algerian bentonite low-cost mass clay materials are used as silicate and 
acuminate sources separately by adopting an alkaline fusion process to extract both 
silicon and aluminium. The natural bentonite used in this study was extracted from 
Maghnia mine (Hammam Boughrara, 600 km west of the capital Algiers. The main 
components of bentonite sample are silicon and aluminium, with fewer amounts of 
other elements including Fe, Ca, and Na. 
Figure 1 summarizes the XRD patterns of the bentonite (a) and the fused bentonite (b) 
at 823 K. It is deduced from XRD that the major mineralogical compositions that exist 
in bentonite are montmorillonite, quartz, illite and kaolinite. The silica (SiO2) content in 
the bentonite is predominant, and is about 60.49% followed by alumina (Al2O3), that is 
18.59%. Haematite (Fe2O3) was found to be the third in abundance with an average of 
2.29%. The two clay minerals, illite and kaolinite, were dominant and non-clay 
minerals, referred as ‘‘impurities’’ were found, including quartz.  
The powder XRD patterns of as-synthesized and calcined Al-MCM-41 samples are 
illustrated in Figure 2. According to the large 2θ range scanned (2θ = 10 - 40°), no 
characteristic peaks of amorphous silicon phase and impurity, which are usually present 
in the naturally occurring clay, were observed. Therefore, major amounts of silicon and 
aluminium extracted from the Algerian bentonite were consumed to produce Al-MCM-
41. The characteristic reflection (100) was observed in the low angle X-ray patterns, 
which is characteristic of a hexagonal pore structure typical of Al-MCM-41. Moreover, 
more appreciable characteristic reflections (110), (200) and (210) were observed which 
show a better structuring of the hexagonal channels of Al-MCM-41.1 
Figure 3 shows the N2 adsorption–desorption isotherm for Al-MCM-41 from Algerian 
bentonite and Table 1 summarizes the textural proprieties of this sample. The obtained 
isotherm is typical for Al-MCM-41 phase with a pore size at around 3.8 nm. The 
specific surface area of Al-MCM-41 was ca. 494 m2/g with a pore volume of 0.72 
cm3/g. 
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The TEM of the Al-MCM-41 synthesized from bentonite is presented on Figure 4. This 
image confirms that the material has a uniform pore system and clear hexagonal 
patterns of the pores or honeycomb-like structure. This result is well correlated with the 
XRD, and by the electronic diffraction, where the unit cell of Al-MCM-41 is well 
defined. The value of the unit cell is equal to 4.2 nm and agrees nicely with the one 
obtained by XRD with 4.4 nm.  

 
Figure 1. XRD patterns of the bentonite (a) and the 
fused bentonite (b) at 823 K. 

 

 
Figure 2. XRD patterns of the as-synthesis and 
calcined MCM-bentonite 

 
Figure 3. N2 adsorption–desorption isotherms for 
the calcined Al-MCM-bentonite 

 
 

Figure 4. TEM image of MCM-bentonite and 
selected area electron diffraction patterns. 

 
 
Table 1. Structural characteristics of the calcined Al-MCM-41from volclay and Algerian bentonite. 

 
In conclusion, it is shown that the Algerian bentonite can be used as an aluminosilicate 
source for the synthesis of Al-MCM-41.  
 
References: 
1 Ali-Dahmane, T.; Adjdir, M.; Hamacha, R.; Villieras, F.; Bengueddach, A.; Weidler, 
P. G. C. R. Chimie 2014, 17, 1-6. 
  

Sample Si/Al ao (nm) DDRX (nm)a SBET (m2/g)b Vp (cm3/g)c bp (nm)d 

MCM-bentonite 44 4.4 3.8 494 0.72 6.0 
a Pore diameter is given by: D = C x d100 [ρ Vp / (1 + (ρ Vp))]1/2, where Vp is the pore volume, ρ is the density of the 
pores walls, 2.2 cm3/g for silica materials, d100 is the interplanar spacing and C is a constant depending on the pore 
geometry (C = 1.213 for a cylindrical geometry).  
b Specific surface area.  
c Mesoporous volume.  
d Wall thikness, a0 – DDRX. 
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INVESTIGATION OF CATALYTIC ACTIVITY OF ZSM-5 BASED 
MICRO-MESOPOROUS ALUMINOSILICATES IN PRINS CYCLISATION 
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Compounds isolated from natural sources are a valuable feedstock for the synthesis of 
biologically active substances with a potential for use in medicine. It has been found 
that oxygen-containing heterocyclic compounds with tetrahydropyran structure exhibit 
anti-inflammatory and analgesic activity.1 Compounds with the desired tetrahydropyran 
structure can be obtained by the acid-catalyzed Prins cyclisation of homoallylic alcohols 
with aldehydes. Due to developed mesoporosity in micro-mesoporous aluminosilicates 
(MMAS), promoting accessibility of catalytically active sites for reactants, and presence 
of medium strength and strong acid sites, these materials can be promising catalysts in 
Prins cyclisation. Therefore, the aim of this work was to compare catalytic activity of 
ZSM-5 based micro-mesoporous materials in Prins cyclisation of (-)-isopulegol with 
benzaldehyde (Fig. 1) for synthesis of (2R,4R(S),4aR,7R,8aR)-4,7-dimethyl-2-phenyl-
octahydro-2H-chromen-4-ol (1). 

 
Figure 1. Reaction scheme for Prins cyclisation of (-)-isopulegol with benzaldehyde 
 
Micro-mesoporous aluminosilicates were obtained using three different synthetic 
approaches, namely the dual template method using sols containing ZSM-5 precursors, 
steam-assisted zeolitization of the mesoporous molecular sieves (SBA-15) and 
application of dual-functional templates. The samples obtained via the dual template 
method contain relatively uniform mesopores (Vmeso = 0.50 – 0.57 cm3/g, Dmeso = 2.3 – 
2.4 nm, Smeso = 815 – 1240 m2/g). Aluminosilicates SBA-15/ZSM-5, in contrast to the 
above mentioned samples, are characterized by the presence of micropores (Vmicro = 
0.14 – 0.16 cm3/g, Dmicro = 0.55 nm; 0.80 nm) in the amorphous walls of the SBA-15 
framework and ZSM-5 crystallites, as well as the presence of large mesopores (Dmeso = 
6.3 – 7.0 nm, Vmeso = 0.59 – 0.67 cm3/g, Smeso = 275 – 280 m2/g). The porous structure 
of the samples obtained in the presence of dual-functional templates includes 
micropores, which are typical for ZSM-5 zeolite, and relatively uniform in size 
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interparticle mesopores (Vmeso = 0.30 – 0.51 cm3/g, Dmeso = 2.5 – 25.0 nm, Smeso = 75 – 
250 m2/g) corresponding to the space between zeolite nanoparticles and nanolayers 
agglomerated during the synthesis. According to TPD-NH3 the partially zeolitized 
MMAS obtained by the first two methods contain predominantly medium strength acid 
sites (concentration is 81 – 154 μmol/g, maximum of NH3 desorption at 320 – 350 °C). 
Most of the acid sites are accessible for bulk molecules (accessibility index, the ratio of 
acid sites concentration determined by ad(de)sorption of DTBPy and pyridine, is 0.72 – 
0.83). Aluminosilicates of a zeolitic type obtained using dual-functional templates 
contain strong acid sites (122 – 217 μmol/g, 405 – 440 °C), similar to H-ZSM-5. These 
MMAS are characterized by an accessibility index of acid sites (up to 0.32) lower than 
partially zeolitized ones. Micro-mesoporous material containing ZSM-5 nanoparticles 
with the size of 36 nm (Fig. 2a) demonstrated a higher catalytic activity in Prins 
cyclisation of (-)-isopulegol with benzaldehyde than other investigated mesoporous 
zeolite and mesoporous molecular sieves AlSi-MCM-41 and AlSi-SBA-15. Thus a 
complete conversion was achieved after 2 h and selectivity towards the product with the 
tetrahydropyran structure 1 is 68 %. The results can be explained by a higher mesopore 
volume (0.51 cm3/g, Dmeso = 11 nm) in ZSM-5 with morphology of nanoparticles, 
compared to other MMAS of zeolite type, and the presence of catalytically active strong 
acid sites on the mesopore surface of the sample (concentration 25 μmol/g). ZSM-5 
exhibited a low catalytic activity in this reaction (conversion 17 % after 3 h) due to the 
spatial limitations of the microporous structure for the formation of bulk products. 
Dehydration and ring rearrangement of tetrahydropyran type product 1 resulted in 
formation of products 2 and 3, respectively. The highest selectivity to the desired 
product at 80 % conversion of (-)-isopulegol is achieved using MMAS with the ratio of 
Brønsted and Lewis acid sites (CB/CL) of 2.7 (Fig. 2b). A decrease in the selectivity 
towards the product 1 is associated with the formation of dehydration product 2 with a 
decrease of CB/CL ratio in MMAS. An increase of CB/CL ratio leads to lower selectivity 
towards 1 at the expense of dioxinol type product 3 formation. 

 
Figure 2. TEM images of mesoporous ZSM-5 with nanoparticles morphology (a) and dependence of 
selectivity to product 1 on the ratio of Brønsted and Lewis acid sites (b) 

Reference: 
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Korchagina, D. V.; Borisevich, S. S.; Volcho, K. P.; Salakhutdinov, N. F. Bioorg. Med. 
Chem. Lett. 2018, 28, 2061-2067.  
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Pharmaceuticals and personal care products are considered to be among the most 
common organic wastewater contaminants. Due to the widespread use and their slow 
natural degradation, the complete removal of these compounds from water is still a 
challenging task. Studies on conventional biological drinking-water treatment 
processes, such as biofiltration, have shown their largely ineffectiveness in 
pharmaceuticals removing.1 Instead, due to their high selectivity, rapid kinetics, reduced 
interference from salt and humic substances,2 as well as the excellent resistance to 
chemical, biological, mechanical and thermal stress, zeolites have proved their 
effectiveness when used as sorbent materials. Furthermore, synthetic zeolites can be 
regenerated through thermal treatment without loss of performances, thus giving more 
than a few advantages in terms of economy and environmental friendliness.3-4 In this 
work, the removal of two different pharmaceutical products (i.e., ibuprofen and 
atenolol) from aqueous solution by organophilic zeolite Y (i.e., Si/Al ratio=200) was 
investigated. Ibuprofen (ibu, C13H18O2) is a nonsteroidal anti-inflammatory drug with 
anti-inflammatory, analgesic, and antipyretic effects; atenolol (atn, C14H22N2O3) is a 
cardioselective beta-blocker that is widely used in the treatment of hypertension and 
angina pectoris. Both compounds are considered ubiquitous contaminants of waters and 
due to their chemical structure and molecular dimensions, the removal through 
conventional methods is not ensured. Zeolite Y is characterized by a pore structure that 
allows to very large molecules, like pharmaceuticals, the access within the so-called 
supercage. Based on this, it has been decided to study the Y zeolite sorption capacity 
toward ibuprofen and atenolol drugs by using neutron powder diffraction. Specifically, 
the aim was to determine 1) amount and position of adsorbed-drugs, 2) host-guest 
interactions of drugs molecules within the zeolite framework. Both drug-loaded zeolites 
were obtained ion exchanging the as-synthesized form with deuterated ibuprofen and 
atenolol in aqueous solution for 140 h at room temperature and then washing with D2O. 
Diffraction data were collected at the D2B beamline (ILL; Grenoble) at low temperature 
(4 K). Rietveld refinements were performed using the GSAS software,5 in the Fd-3 
space group. The extra-framework sites were firstly located by difference Fourier maps 
and then optimized using EXPO2014(ref. 6) in order to obtain reasonable bond lengths 
and angles and calculate the H atoms position. Results obtained from cell parameters 
analysis confirmed the presence of ibuprofen and atenolol within the supercage in both 
drug-zeolite systems. Indeed, compared to the bare zeolite lattice, the cell volume 
determined after drug adsorption is strongly increased (i.e., bare-Y= 24.291(1), ibu-
Y=24.323(1), atn-Y=24.337(1)). The Difference Fourier maps analysis allowed to 
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locate both molecules within the supercage and, in both cases, it was observed that 
drugs can statistically assume six different orientations. No co-adsorbed water 
molecules were detected. The refinement of extraframework occupancies revealed that 
Y zeolite was able to adsorb about 11.55 % of ibuprofen and 33.68 % of atenolol. In 
both cases, direct bond interaction between extraframework molecules and framework 
oxygen atoms were highlighted. Specifically, ibuprofen is directly bound to the O4 and 
O1 framework oxygens, whereas the atenolol only interacts with the O1. Finally, the 
analysis of structural parameters allowed to calculate ellipticity (ε) and Crystallographic 
Free Area (CFA) for both systems. The CFA calculated after molecules adsorption is 
higher than the unloaded zeolite (i.e., bare-Y=46.26, ibu-Y=56.58, atn-Y=48.16), while 
the ellipticity remains unchanged in the ibu-Y systems and increases in the atn-Y one. 
These structural results confirm the high flexibility of Y zeolite framework, which 
adapts its pores geometry and shape to host guest molecules without undergoing to non-
reversible structural distortions. All the results gained prove the high efficiency of the 
organophilic Y zeolite in the adsorption of pharmaceutical compounds characterized by 
high molecular dimensions, thus suggesting a possible use as sorbent material in water 
remediation processes. 

  

Figure 1. Molecules of ibuprofen (left) and atenolol (right) localized within the Y zeolite supercage. 
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Due to their unique catalytic performances in light hydrocarbon aromatization, gallium-
containing zeolites have been extensively investigated. Newest applications concern the 
conversion of biomass into biofuels and bio-based chemicals.1-2 Ga-zeolite catalysts can 
be obtained through hydrothermal crystallization in presence of the suitable template 
agent or postsynthesis treatments, such as galliation, recrystallization, impregnation, 
chemical vapor deposition (CVD) and ion exchange.1 (and ref. in) Although all the listed 
treatments are suitable to introduce gallium into both tetrahedrally coordinated 
framework and interstitial non-framework positions, the most used are impregnation or 
ion-exchange process. Incorporation of Ga+3 cations into framework positions is the 
main source of lattice charge defects, which give rise to Brønsted acidic Si-OH-Ga 
bridging hydroxyl group and, consequently, to the ion exchange properties. On the 
contrary, extraframework Ga3+ determines the presence of Lewis acid sites, which also 
are originated from oxo cations GaO+ in exchanged framework positions. Due to its 
size, gallium in framework positions is metastable; hence, the thermal treatment can 
cause the migration of Ga3+ to extraframework positions and its progressive aggregation 
in form of isolated, dimeric and polymeric species up to oxide nanoparticles.3-5 
According to this, gallium migration upon heating leads to the appearance of a different 
type of Lewis acid sites.6 As a consequence, after this treatment Ga-zeolites can possess 
both Brønsted and Lewis acid sites, which can work separately or in a synergistic way 
in acid catalyzed reactions.7-8 In spite of the growing interest on Ga-catalysts, it has 
been decided to characterize, from a structural point of view, a Ga-ferrierite zeolite by 
using X-ray powder diffraction analysis. The aim of the project was the characterization 
of the zeolite structure at ambient conditions, detection and quantification of Ga(+3) 
cations in framework and non-framework positions as well as the determination of 
water complex presence and their role in the completion of extraframework Ga(+3) 
coordination. The FER sample used in this work is a synthetic commercial siliceous 
ferrierite, purchased in its ammonium form from Zeolyst International (code CP914C, 
namely NH4-FER in this work). The SAR is equal to 20. The Na2O content is <0.05 wt. 
% and the surface area is 400 m2 g-1. Ga-substituted zeolite was obtained by using the 
batch method (i.e., solution containing Ga(NO3)3 10 mM and NaOH 1 M, in contact 
with zeolites at 40 °C for 24 h). The Ga-catalyst was then analysed through X-ray 
powder diffraction at Room Temperature (i.e., data collection on D8 ADVANCE 
DaVinci diffractometer of the University of Ferrara). A comparison of NH4-FER and 
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Ga-FER X-ray diffraction patterns (Fig.1) clearly highlighted that peak intensities are 
markedly different in the entire 2-θ region investigated. At the same time, diffraction 
peak positions are different, and consequently, unit-cell parameters are modified (Ga-
FER: a=18.8389(7) Å, b=14.0882(4) Å, c=7.4493(2) Å, V=1977.1(1) Å3; NH4-FER: 
a=18.8477(8) Å, b=14.1049(5) Å, c=7.4425(2) Å, V=1978.6(1) Å3). Moreover, the 
absence of I-centering forbidden peaks indicates that the space group does not change 
after Ga-exchange. Consequently, the Immm space group was also adopted in Ga-FER 
structure refinement, which was performed starting from the framework atomic 
coordinates reported by Martucci et al.9 for the same NH4-sample used in this work. 

  
Rietveld refinement revealed the incorporation of about 1.0 Ga ions per unit cell spread 
over two partially occupied sites (Ga1 and Ga2 sites, respectively), not detected in the 
precursor. At the same time, variations on both framework bond distances and angle 
suggested the incorporation of gallium in the tetrahedral sites. X-ray absorption 
spectroscopy with EXAFS (i.e., extended X-ray absorption fine structure spectroscopy) 
was used to investigate the local environment of Ga. Correlation between the Ga 
contents (molecules per unit cell), as determined by chemical and Rietveld analysis, and 
coordination numbers as well as bond distances to neighbouring atoms will be derived. 
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The Selective Catalytic Reduction with ammonia (NH3-SCR) reaction is one of the 
most important technologies for the abatement of NOx emissions from diesel engines. 
The reaction involves the reduction of NO with NH3 in presence of oxygen. Currently, 
Cu-exchanged chabazite materials are the catalysts of choice, with a good performance 
over a wide range of temperatures.1 The mechanism of the NH3-SCR reaction over Cu-
chabazite is still debated. In particular, the possible equilibrium between different CuII–
(N,O) species (Cu-nitrate and Cu-nitrite), and their reactivity with NO and NH3 to 
release N2 and H2O is still an intriguing research playground.2-6 This can involve the 
formation of an ammonium nitrate deposit by reaction of Cu-nitrates with ammonium 
ions, resulting in deactivation of the catalyst below 200 °C.2 On the other hand, the 
reaction of Cu-nitrites with NH3 leads to the formation of ammonium nitrite, which 
easily decomposes to N2 and H2O.3 
However, both standard and fast SCR cycles can be explained without invoking the role 
of these salts, so that both Cu-nitrates and NO+ have been proposed as reaction 
intermediates.4,5 Moreover, there is still a lack of information about mechanism in the 
low-temperature range, which is relevant for the performance in the cold start of diesel 
engines. In this context, we have applied in situ FTIR spectroscopy to follow the 
reactivity of CuII–(N,O) species (formed in NO/O2 flow) on Cu-CHA (Si/Al=15 and 
Cu/Al=0.5) with NO/NH3 at 50 °C.  
Our study shows that the exposure of the pre-formed CuII(NO3

-) chelating complexes to 
NO/NH3 at low temperature (50°C, from azure to orange curves in Figure 1, left hand 
panel), results in their gradual consumption, with formation of new and intense bands. 
These are mainly related to NH3 derived species (NH4

+ ions formed by interaction with 
residual Brønsted sites and NH3 coordinated to Cu ions, 1460 and 1625 cm-1, 
respectively), showing the NH3 is a strong ligand able to displace stable chelating 
nitrates from the catalyst surface. However, the band at 1320 cm-1 cannot be interpreted 
in terms of NH3 or NH4NO3 species and indicates the presence of monodentate nitrate 
ligands in the coordination sphere of Cu ions. This can be explained with the formation 
of mixed-ligand [CuII(NH3)3(NO3

–)]+ complexes (Figure 1, right part). 
This change of ligands in the coordination sphere of Cu ions was confirmed by in situ 
X-ray absorption and Diffuse Reflectance UV-Vis-NIR studies, complemented by DFT 
calculations. On the whole, these results clearly show the reactivity of framework-
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anchored CuII(NO3
-) complexes with the NO/NH3 mixture already at 50 °C, implying 

that they can be expected to be an active intermediate in the NH3-SCR reaction.  

 
Figure 1. In situ FTIR spectra measured on Cu-CHA at 50°C during NO/NH3 reaction (light gray: 
intermediates; orange: after 30 minutes) with pre-formed CuII(N,O) species (blue); The DFT optimized 
structure of the formed [CuII(NH3)3(NO3

–)]+ complex is also reported. 
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Among the zeolites, those with Brønsted acidity are the most used as catalysts in 
chemical processes on a large industrial scale. Interest in gallosilicates, and in particular 
by the [Ga]-ZSM-5, whose structural type (MFI) zeolite corresponds to a high Si/Ga, 
received a boost from 1990, when the UPO-BP (British Petroleum) introduced it as a 
catalyst for conversion process Cyclar short chain hydrocarbons in xylenes mainly 
aromatic compounds, which have a very favorable effect on gasoline for internal 
combustion engines, significantly increasing the octane.1,2 Also, the [Ga] -ZSM-5 is 
used as an industrial catalyst in the selective xylene isomerization and dehydrogenation 
in various processes, isomerization and cyclization of alkanes and alkenes in fine 
chemistry.2-5 
 
Aiming at studying their acidity, protonic gallosilicates [Ga]-ZSM-5 were synthesized 
following a hydrothermal procedure from gels having Si/Ga ratios of 25, 50 and 75. 
Likewise, for comparison, protonic zeolites [Al]-ZSM-5 having Si/Al ratios of 25 and 
50 were also prepared. Brønsted acidity of the structural Si(OH)Ga groups in the 
gallosilicates ZSM-5 type, were quantified by means of IR spectroscopy at a variable 
temperature (VTIR) using CO and N2 as probe molecules;6,7 this instrumental technique 
enables simultaneous measurement of the bathochromic shift of the stretching O−H 
mode (Δ�̅� ROH) of the Brønsted acid group interacting (through hydrogen bonding) with 
the probe molecule and the corresponding ΔH⁰ value of the CO and N2 adsorption 
process.  
 
The gallosilicates showed Δ�̅� ROH(CO)=−280 cm-1  and ΔH⁰=−23.6 (±2) kJ mol-1 for CO 
and Δ�̅� ROH(N2)=−103 cm-1 and ΔH⁰=−15.4 (±2) kJ mol-1 for N2, independently of their 
Si/Ga ratio. For the aluminosilicates, the corresponding values were found to be 
Δ�̅� ROH(CO)=−305 cm-1  and ΔH⁰=−29.3 (±2) kJ mol-1 for CO, and Δ�̅� ROH(N2)=−115 cm-1 
and ΔH⁰=−19.7 (±2) kJ mol-1 for N2; regardless of Si/Al ratio. These results clearly 
showed that the gallosilicates are significantly less acidic than the aluminosilicates, 
whichever acidity indicator is used; Δ�̅� ROH or ΔH⁰. 
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Hydrogen sulphide is a toxic compound present in several fuels such as crude 
petroleum, natural gas and biogas. It must be mandatory removed because it can cause 
corrosion of pipelines and poisoning of catalysts used in downstream processes even at 
a few ppm levels.1 Moreover, emission of sulphur compounds is responsible for acid 
rains.2 Among all techniques to remove H2S adsorption represents one of the most 
effective approaches due to the high removal efficiency coupled to low costs. 
Purification levels down to 1 ppmv H2S can be achieved using highly performing 
sorbents which can operate even at room temperature. They are generally based on 
metal oxides dispersed on porous supports as activated carbons or mesoporous silicas.3 
Encouraging results have been recently obtained at room temperature using AC-
supported ZnO–CuO sorbents.4 Copper and zinc oxides activate a reactive adsorption 
mechanism markedly enhancing the H2S capture capacity through the formation of 
several species including sulphates, elemental sulphur and sulphides. However, the 
oxidation mechanism, the type of products and the kinetics of the process are strongly 
affected by the possible presence of humidity and molecular oxygen in the gas stream. 
In fact, Zhang et al.5 reported good catalytic performance of mesoporous carbon 
impregnated with MgO for catalytic oxidation of H2S at room temperature in the 
presence of humidity. 
In this work the capture performance and the adsorption mechanism at room 
temperature of, ZnO, CuO, Cu0.5Zn0.5O and MgO dispersed on the same AC have been 
compared either in the absence and in the presence of O2 and H2O. The sorbents have 
been prepared by incipient wetness of a raw commercial granulated activated carbon 
(Darco G40, Norit) with solutions of metal nitrates followed by drying and calcination 
under N2 flow at 250 °C; the nominal loading is 10% wt for CuO and ZnO, and 10 or 
20 % wt for MgO. Dynamic adsorption tests have been carried out at 30°C with 
100ppmv H2S/N2, adding in some cases 2500ppm O2 with 50% relative humidity. The 
subsequent temperature programmed desorption of sulphur compounds has been used to 
gain information about both the adsorption mechanism and type of products formed, as 
well as on possible regeneration strategies.  
All oxide-promoted sorbents have a H2S capture capacity higher than raw AC. As 
shown in Figure 1 (left), under dry feed conditions, MgO/AC has a limited initial 
adsorption rate: the breakthrough time increases progressively in the order 
MgO/AC<ZnO/AC<CuO/AC< Cu0.5Zn0.5O, showing a clear synergic effect of mixed 
Cu-Zn formulation. Nevertheless, for longer times on stream, the MgO/AC sorbent 
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clearly showed a residual capacity to capture some H2S at a measurable rate, while all 
other samples tended to saturate. The TPD and XPS analysis of the saturated sorbent 
samples, revealed that all oxides dispersed on AC promoted a reactive adsorption of 
H2S with the formation of sulphates (inferred from SO2 emission profile). Nevertheless, 
in contrast with CuO/AC and ZnO/AC, desorbing a negligible amount of H2S, MgO/AC 
desorbed also unreacted hydrogen sulphide suggesting that a physical adsorption also 
occurred on this material under dry conditions. On the other hand, CuO/AC and 
ZnO/AC also formed thermally stable metal sulphides.  

 
Figure 1. (left) Breakthrough curves for H2S (100ppm in dry N2) capture at 30 °C under over a fixed bed 
of impregnated ACs at fixed metal content (10%wt); (right) effect of the co-presence of humidity (50% 
HR) and O2 (2500ppm) in the gas on the apparent H2S removal rate over 10 MgO/AC sorbent.  
 
The presence of O2 and humidity further promoted the capture rate at any level of 
sulphur loading on the sorbent (Figure 1 right). The outlet H2S concentration raised 
very slowly and did not achieve the inlet level, at least in the time-scale of the 
experiment. On the contrary, Cu and Mg containing sorbents appeared to reach a 
pseudo-steady state rate of H2S removal. The nature of this phenomenon was identified, 
through XPS and porosimetric analyses, as formation of elemental sulphur chains and 
organic sulphur species which tended to fill up the micropores of the activated carbon 
support. Zhang et al.5 proposed for MgO/AC that water and MgO promote the 
dissociation of H2S into HS- and H+ and that the more reactive HS- is oxidized to 
elemental sulphur. The oxidation to S0 was also promoted by copper whereas it did not 
take place for ZnO/AC, thus highlighting a catalytic effect on H2S oxidation of 
magnesium and copper. 
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In these last years, zeolites are finding an increasing number of applications as acid 
catalysts in a large number of hydrocarbon conversion.1,2 
This is due to the following main factors: i) internal acidity: directly related to catalytic 
activity; ii) ion exchange capacity: it allows performing different types of ion exchange 
reactions; iii) selective microporosity: the well-defined pore size of the crystal (where 
there is a greater concentration of the active catalytic sites) allows properties of 
molecular sieving and consequent confinement effects thus ensuring a high selectivity 
of the catalyst; iv) thermal stability: allows to withstand the severe reaction conditions; 
v) environmental compatibility far superior to that of alternative acid catalysts.3,4 
The catalytically active sites of zeolites can be of two types: Bronsted-type acid sites (Si 
– O(H) – Al) and Lewis-type acid sites (Al – OH and Si – OH). 
The acidity of zeolite can be described mainly using two distinct aspects: the molar 
number of Bronsted and Lewis acid sites of the crystalline structure and the strength of 
those sites themselves.3 In the various research work, it was found that there is a general 
tendency with respect to acid resistance: Si-OH-Al> Al-OH> Si-OH.5 
Knowledge of the position of active sites is of great interest for a detailed understanding 
of many catalytic processes involving zeolites. Mainly two families of analysis 
techniques are used for the determination and recognition of these acid sites: 
spectrometric techniques (mainly IR and NMR) and adsorption / desorption techniques 
(mainly calorimetry and TPD).  
In particular, in FT-IR spectrometric analysis, the acid hydroxyl groups of zeolites are 
well characterized by the presence of strong absorption bands in the region between 
3750 and 3200 cm-1 in which the stretching of the hydrogen bond of the groups is 
concentrated OH in the "nest" of the crystalline structure of the zeolite.4 
In addition, to obtain an overview of the different acid sites, their quantification and 
their behavior in zeolites, combined with the FT-IR technique, probe molecules can be 
used. These molecules are basic molecules and are absorbed by acid sites. The most 
commonly used probe molecules are pyridine and acetonitrile. Specifically, these 
molecules interact with the acid sites through the electronic doublet present on the 
nitrogen. 
Specifically in the IR spectrum, the adsorption of the probe molecules is reflected in the 
disappearance of the absorption of the acid sites between 3750-3200 cm-1 and with the 
appearance of the absorption of the stretching of the probe molecules at higher 
frequencies. In the specific case of acetonitrile, the stretching band of the CN group is 
about 2265 cm-1.7 
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Furthermore, by calculating the integral subtended by the absorption, it is possible to 
calculate the concentration of the acid sites using specific coefficients present in the 
literature, called extinction coefficients (ε) expressed in cm × μmol–1. 
This research work shows the possibility to quantitatively measure (through 
measurements acquired by FT-IR spectrophotometer) the acid sites present in some 
types of MFI zeolites at different Si / Al ratios, after a classic hierarchization treatment. 
These zeolites samples (at different Si / Al ratios) were desilicated with a solution of 
NaOH 0.1 M, at a temperature of 338 K and at different desilication times (15, 30, 60 
min). 
The hierarchical zeolites samples were studied by FT-IR spectroscopy with consequent 
acetonitrile absorption experiments. The purpose of the analysis is to evaluate the acid 
strength of the Si-OH-Al groups in function of the increase of the volume of the pores 
of the mesoporous crystal  and how the Bronsted acid sites vary according to the change 
from microporous to mesoporous zeolites.  
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The immobilization of metals in MOFs is a new challenge in supported catalysts, not 
only in terms of immobilization efficiency but also in the identification of the 
nanoparticles, clusters or even atoms isolated from the corresponding metal. As in other 
porous materials used as supports, it is intended to take advantage of the confined space 
of the pores of the MOFs to control the size of the metallic species in order to avoid 
their sintering.1 The resolution of the most advanced electronic microscopes allows, 
under certain conditions of acquisition, the direct observation of all the metallic species, 
even when they are encapsulated inside the pores of a material. The poor stability of the 
MOFs under the electron beam makes their study more complicated. Recently, we have 
shown evidence of the presence of Ag clusters trapped in the MOF MIL-100 (Fe) 
mesocavities.2 In this work, we have immobilized Ag by different techniques: i) solid 
state reaction, ii) wetness impregnation and iii) ion exchange. The objective is to 
identify which of these impregnation methods leads to a more efficient (within the 
pores) Ag distribution, more homogeneous and smaller in Ag@MIL-100(Fe) materials. 
 
The MOF MIL-100(Fe) was prepared at room temperature and under sustainable 
conditions.3 The impregnation of Ag on this material was carried out by three different 
methods: (i) solid state reaction (SR), the MOF and AgNO3 are simply mixed in a 
mortar until the resulting solid reaches a homogeneous brown color. The same 
procedure was applied for sod-ZMOF, with a negatively charged network, for 
comparative purposes. (ii) Wetness impregnation (WI), where the evacuated MOF is 
impregnated with an aqueous solution of pre-designed volume and concentration of 
AgNO3. (iii) Ion exchange (IE) in solution in which the MOF is suspended in an 
AgNO3 solution and subsequently recovered by filtration. In the three impregnation 
methods, a molar ratio of Ag: Fe of 1:1, 1:5, 1:10 and 1:100 was employed. Samples 
were characterized by XRD, diffuse reflectance UV-vis and, with particular effort, by 
transmission electron microscopy, with the FEI TITAN XFEG 300 kV microscope, 
equipped with a CEOS spherical aberration corrector. 
In all cases, samples Ag@MIL-100(Fe) presented the typical diffraction pattern of the 
MOF used as support and, depending on the Ag content and the impregnation method, 
in some cases Ag0 peaks were detected. Figure 1 shows representative STEM images as 
well as the distribution of Ag particle sizes for the samples with Ag/Fe molar ratio of 
0.1. For ES impregnation, the incorporation of Ag into the mesopores of the MOF (2.5 
and 2.9 nm in diameter) is not achieved, while in the other two methods of impregnation 
a distribution of nanoparticles is achieved bimodal, the smallest of which coincides with 
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the diameter of the largest of the cavities of the MOF MIL-100(Fe). Although the solid 
state method seems not to be adequate for the MIL-100(Fe), it showed much more 
efficiency for the Sod-ZMOF whose network is negatively charged offering cations 
exchangeable by Ag+. 
 

Figure 1. Particle size distribution of Ag0 (top) and representative STEM images of samples Ag@MIL-
100 (Fe) (below) prepared by impregnation by the SR (left), IW (center) and IE (right) methods. 

 
Transmission electron microscopy is an ideal technique for locating/identifying metal 
nanoparticles on the surface or inside the pores of the MOF. In this case, it has shown 
the benefit of incorporation methods by incipient humidity or ion exchange to the 
detriment of the solid state reaction in the case of MIL-100(Fe), a MOF with neutral 
network, but not in the sod-ZMOF whose network has a negative charge. 
 
This work has been funded by the AEI and FEDER Proyecto MAT2016-77496-R. 
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SYNTHESIS AND CHARACTERIZATION OF HIERARCHICAL ZEOLITES 
FOR ENVIRONMENTAL APPLICATIONS 
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Introduction. Zeolites are interesting materials that can be used as sieve, catalysts, 
supports and adsorbents in several chemistry engineering field. These materials have a 
defined structure with a fixed pores dimension. However, this characteristic could be a 
limitation because the zeolite can absorb only the species that can go through and react 
in its structure. For this reason, during recent years, new zeolites were studied: the idea 
is to create new pores with different dimensions inside the zeolite framework. This kind 
of zeolite are known as “hierarchical zeolite”.1 Thanks to this new structure, the 
hierarchical zeolite has new improved textural properties, such as pore volume and 
surface area. Moreover, the hierarchical material could be more effective for shape-
selective phenomena during reactions and, at the same time, the transport phenomena 
could be improved. 
Materials and method. The ZSM-5 (ammonium form, SiO2/Al2O3= 80:1, Alfa Aesar) 
was used as a starting material to obtain the hierarchical solid. 6g of ZSM-5 were added 
to NaOH solution and stirred at r.t. for 1 h. After a quench was prepared in order to stop 
the desilication process. Then, the sample was centrifugated (4500 rpm) for 20 min, 
dried overnight at 85 °C and, subsequently, calcinated at 550°C for 5 h. The obtained 
powder was labelled herein as “des-ZSM-5” After, a dealumination process was 
operated: the obtained powder was added to HCl solution and stirred at 70 °C for 6 h. 
Then the sample was centrifugated, dried overnight and calcinated (the conditions are 
the same as exposed for dea-ZSM-5). After, an ion exchange was performed with 
ammonium nitrate, a drying and calcination were followed. The sample obtained was 
labelled as “dea-ZSM-5”. 
Results and discussion. In Figure 1 are reported the results derived from XRD. As a 
whole, the treatment with NaOH and subsequently with HCl changed the structure: in 

Figure 4. XRD diffractograms of the sample studied, in particular with two different magnifications. 
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particular the structure of the dealuminated and desilicated sample has a shrinking in the 
diffractograms compared to ZSM-5. The results from N2 physisorption were shown on 
Figure 2. The dealumination process changed the isotherm of the ZSM-5 and thus, the 
physicochemical properties, as shown by the inset table on Figure 2A.  

There are no differences between the dealuminated and desilicated ZSM-5. Moreover, it 
is possible to observe a shift to higher pore width (Fig. 2B), thus the pore distribution of 
the two new sample changes: new pores are created by this method. Finally, on Figure 3 
were reported the FESEM and TEM images of the samples studied. 
By these images, is possible to see clearly how this treatment change the structure of 
ZSM-5: the hierarchical ZSM-5 is more porous compared to the starting material. The 
idea is to use them as support and have inside their structure the catalyst (CeO2 for 
example) in order to enhance the reactivity towards CO or soot oxidation reaction 
(currently under investigation). 

 
References 
1 Koohsaryan, E.; Anbia, M. Chinese Journal of Catalysis 2016, 37, 447–467. 
  

Figure 6. FESEM (on the top) and TEM images (on the bottom) of the ZSM-5 and the hierarchical ZSM-5. 

Figure 5. N2physisorption results (on left) and BJH desorption curves (on the right). 
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AND PHOTOCATALYTIC DEGRADATION OF SOME NITROGEN 

CONTAINING EMERGING POLLUTANTS 

Francesca S. Freyria, Nicola Blangetti, Serena Esposito, Roberto Nasi,Marco 
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In this work, we focused on the synthesis of some nanostructured mesoporous titanium 
dioxide (TiO2) either containing mixed crystalline phases or doped with heteroatoms 
(e.g. Fe) with the aim of improving their photocatalytic activity. 
Particularly, nanoparticles of bare TiO2 containing mixed anatase/rutile/brookite phases 
and Fe-doped mesoporous TiO2 (containing 2.5 wt.% Fe) have been synthesized by 
different techniques. Recently, brookite-containing TiO2 mixed phases have been found 
to have improved photocatalytic activity under sunlight: electrons/holes separation is 
favored by brookite, as shown in the photocatalytic degradation of Rhodamine B.1,2 On 
the other hand, doping with transition metals is a recognized method to extend TiO2 
light absorption towards the Vis region, so making photocatalysis an actual tool for 
water remediation. To this end, Fe is used successfully with this purpose, as shown, for 
instance, during the photodegradation of Acid Orange 7, a model molecule of azo-dyes,3 
a common class of N-containing organic pollutants. 
N-containing pollutants are indeed particularly dangerous in fresh and drinking water, 
due to formation, during their mineralization, of ammonia, nitrites and nitrates, which 
may induce acute and/or chronic adverse effects both on human health and on the 
environment. On the other hand, some N-containing pollutants are also considered 
emerging pollutants (EPs),4 i.e. compounds that are not commonly removed, but might 
cause negative ecological and human health effects by entering the environmental 
system, even if in small amount. In this work, the photocatalytic degradation of two N-
containing EPs, namely simazine and n-phenylurea, was used as a test reaction. The 
former molecule is an herbicide of the triazines family that was banned more than 30 
years ago, but being very persistent, is still found in the environment. The latter is a 
model molecule of another class of herbicides, still largely employed. 
Three types of synthesis were adopted: bare TiO2 samples were obtained by using a 
template-free method based on pH adjustment and a mild calcination temperature (200 
°C), leading to mesoporous TiO2 with different polymorph percentage (anatase ~77% 
wt, and brookite ~23%wt) and a BET specific surface of ca. 210 m2/g (TiO2-200) Other 
two types of bare TiO2 were obtained by two sol-gel synthesis methods, differing, inter 
alia, in the used soft-template: when a triblock copolymer was used, a mesoporous TiO2 
with intraparticle porosity, pure anatase phase and a BET specific surface of ca. 150 
m2/g was obtained (Sample MT).3 The synthesis with the triblock copolymer was also 
adapted to obtain a mesoporous TiO2 doped with 2.5 wt.% Fe and a lowered band-gap 
(sample Fe-MT, see Table 1). 
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When a Brij-n polymer was used, reverse micelles formed, acting a microreactor where 
TiO2 nanoparticles grow, with a size of ca. 10 nm, BET surface area of ca. 75 m2/g and 
inter-particles porosity (TiO2-IP), characterized by the presence of brookite. The 
samples were characterized by means of XRD powder diffraction, N2 isotherms at -196 
°C, morphological analysis (TEM, SEM microscopies); Diffuse Reflectance UV-Vis 
spectroscopy and ζ-potential measurements. A sample of commercial Degussa P25 (81 
wt.% rutile and 19 wt.% anatase, BET specific surface area of ca. 50 m2/g) was used for 
comparison.  
Different degradation yields were obtained by working with the different samples under 
either UV light or simulated solar light. As a whole, the presence of brookite positively 
affected the activity of bare TiO2. Fe-doping was also found to have a positive effect, 
due to a better exploitation of the solar light. 
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The study of the thermal behaviour of zeolites is of fundamental importance since their 
most relevant properties, such as catalytic activity, adsorption capacity, and molecular 
sieving can be exploited when zeolites are in their dehydrated/calcined form. Moreover, 
zeolites, and in particular the one in their acid form, are widely used in catalysis and 
these kind of processes, such as hydrocarbon cracking, require quite high temperatures. 
The zeolite thermal behaviour is influenced by several intrinsic chemical and structural 
factors (i.e. framework topology, Si/Al ratio, charge-compensating cations, coordination 
of bare cations, crystal size, heating rate, etc.).1-3 The interplay of the factors listed 
above renders difficult the thermal stability prediction of any given zeolite. Ideally, the 
effect on the thermal stability of varying the framework Si/Al ratio is best evaluated in a 
series of isostructural zeolites having different Si/Al ratio. In particular template 
burning (or calcination) of the as-synthesized material is a key step in their activation 
for its application as a catalyst. Among them the ZSM-5 (MFI topology) is one of the 
most famous and largely used as solid acid because of its unique 3D framework 
structure with a dual-interconnecting channel system showing important catalysts 
application in the industrial and fine chemistry fields. Actually, its importance is 
growing also in different areas, such as biomedical, pharmaceutical fields and as sorbent 
material for the amino acid separation process. For this reason, the knowledge of its 
thermal behaviour, the kinetics of the water and template desorption process and 
consequent structural modifications is essential.  
In this work, the step by step thermal dehydration process of four ZSM-5 zeolites with 
different Si/Al ratio, has been studied in situ by synchrotron radiation powder 
diffraction. Samples of ZSM-5 were prepared starting from the following reactants 
mixture: TPABr (98%, Fluka), NaOH (97%, Carlo Erba Reagenti), Al(OH)3 (98%, 
Fluka), precipitated silica gel (100%, Merck) and distilled water.4 In order to achieve 
different Si/Al ratio in the sample, the molar composition of the starting gel was 
changed by varying the amount of Al2O3 in the following starting mixture: 
0.08Na2O−0.08TPABr−xAl2O3−SiO2–20H2O where x ranges from 0.01 to 0.02 (i.e., 
the Si/Al [mol/mol] is equal to 11, 15, 26, 42, respectively).4 The time-resolved 
experiment was performed at the MCX beamline at Elettra. For this study, powder 
samples of ZSM-5 were placed in a quartz-glass capillary using a gas blower to control 
the sample temperature. The evolution of the structural features was monitored through 
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36 structure refinements in the temperature range from 25 to 800 °C by full profile 
Rietveld analysis. 
The time-resolved experiment, performed at the MCX beamline at Elettra allowed to 
monitor the evolution of the lattice parameters, the framework modification, together 
with the degradation of the TPA+ and the release of water up to 800 °C through 
structure Rietveld refinements. In general, although the different chemistry of the 
framework, reflected in a slightly different template and water content, all the sample 
maintain a good crystallinity up to 800 °C and no amorphization or phase transitions are 
registered. So all the patterns were refined with the Pnma space group. Structural 
characterisation of samples having different Al content revealed no significant 
differences in the thermal stability. On the contrary, the beta angle variation was found 
to be affected by the Si/Al ratio. Specifically, the higher the Silicium content the greater 
the beta angle. In Figure 1 is reported the evolution of the unit cell volume increasing 
the temperature. In particular, up to 200 °C, a slight expansion of the volume is 
detected; then up to 800 °C, the structure undergoes to a continuous negative thermal 
expansion (NTE). 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Evolution of the cell volume during the heating for all the ZSM-5 investigated. 

Looking at the extraframework content, the structure refined reveals that the TPA+ does 
not interact with the framework but only with the H2O molecules through weak 
hydrogen bonds. In the 200-400 °C temperature range, the TPA+ degrades and the 
framework shows the most important modification in particular the 10 MR became 
more circular and the CFA tends to decrease. These changes are reflected by the 
contraction of the cell volume due to a relaxation effect. The water molecules showed a 
linear decrease increasing the temperature. The zeolite at 400 °C resulted empty. 
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We have recently discovered a novel zeolite family with expanding complexity and 
embedded isoreticular structures, denoted the RHO family (Fig. 1).1 This zeolite family 
starts from zeolite rho (framework type RHO) consisting of double 8-ring (d8r) and lta 
cages. Its scaffolds are extended by inserting an extra pair of d8r and pau cages between 
the lta cages along each unit-cell edge, which increases the isoreticular dimension by 
approximately 10 Å per generation. The space between the scaffolds is filled by four 
types of embedded cages (t-plg, t-oto, t-gsm, and t-phi) to form fully tetrahedrally-
connected frameworks. The natural zeolite paulingite (PAU) and the synthetic zeolite 
ZSM-25 (MWF) are the third (RHO-G3) and fourth (RHO-G4) generations of the RHO 
family, respectively. We have predicted several more complex members (i.e., PST-20 
(RHO-G5), PST-25 (RHO-G6), PST-26 (RHO-G7), and PST-28 (RHO-G8)) and 
synthesized them via a rational approach.2 However, although the second generation 
(RHO-G2) with one pau and two d8r cages per unit-cell edge was first proposed in 
1966, it has remained a missing member of the RHO family so far.  
Here, we report the synthesis of this missing generation of the RHO family, denoted 
PST-29, using N,N′-dimethyl-1,4-diazabicyclo[2.2.2]octane (Me2-DABCO) as an 
organic structure-directing agent in the presence of both Na+ and K+.3 The structure of 
PST-29, solved by using both single-crystal and powder X-ray diffraction, was 
confirmed to be consistent with the proposed hypothetical RHO-G2 structure (Fig. 2a). 
 

 
Figure 1. Framework representations of cross-sections (ca. 12 Å thick) of RHO-G1 to RHO-G8 in the 
RHO family of embedded isoreticular zeolites.  

However, this PST-29 zeolite, synthesized without using seed crystals, lost its structural 
integrity when calcined at 550 oC, probably due to the high framework Al content (Si/Al 
= 3.5). Therefore, to overcome the poor thermal stability, we have also developed 
another synthesis method to crystallize PST-29 with a higher Si/Al ratio: a decrease in 
OH- concentration of the synthesis mixture, when combined with the use of PST-29 
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seed crystals, allowed us to obtain PST-29 with a higher Si/Al ratio (4.5) that is stable 
not only after calcination but also after conversion into its proton form. From the single-
crystal XRD analysis, it was found that the organic cations are located only within the 
pau and t-plg cages in PST-29 (Figure 2b). However, because the Me2-DABCO ions 
are located in the high-symmetry pau cages, they can adapt different orientations and 
are disordered within the pau cages. The Na+ ions are located not only at both sides (8-
ring windows) of d8r cages, but also at 8-ring windows between the t-oto cages and the 
pau or t-plg cages (Figure 2c).  
The CO2 uptake of the Na+-exchanged and calcined PST-29, i.e., Na-PST-29, is cage-
based small-pore zeolite was 4.3 mmol g-1 at 1.0 bar that is comparable to the value (4.5 
mmol g-1) of Na-rho and its CO2 uptake at 70 oC remains unchanged over 50 
adsorption-desorption cycles. This zeolite also exhibits high CO2 selectivities (30 and 
30, respectively) over N2 and CH4 that are somewhat lower than those observed for Na-
rho or TEANa-ECR-18. However, its CO2/CH4 selectivity is significantly higher 
compared to Na-X, Na-A, or K-chabazite, mainly due to the so-called trapdoor effect, 
like the case of the other RHO-family members.1,4 It is also remarkable that as seen in 
Figure 2d, Na-PST-29 achieves equilibrium much faster (ca. 2 min  vs 2 h) at 25 °C and 
1.2 bar than Na-rho. Given its selective CO2 adsorption, fast kinetics, and long-term 
stability, this cage-based small-pore zeolite is of potential interest as a CO2 adsorbent. 

 
Figure 2. The (a) three-dimensional framework structure of Me2-DABCONa-PST-29 and its (b) refined 
Me2-DABCO position within the t-plg cage and (c) Na+ positions. The locations of Me2-DABCO ions 
within the pau cages are not given here, because of their disordered nature. Si, Al, or O, blue; C, purple; 
N, orange; Na, pink. (d) CO2 adsorption kinetics at 25 oC and 1.2 bar of Na-rho (pink), Na-PST-29 
(navy), TEANa-ECR-18 (green), TEANa-ZSM-25 (orange), TEANa-PST-20 (violet). Inset: zoom of the 
CO2 adsorption kinetics for the first 5 min. 
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The catalytic properties of zeolites are strongly dependent on the distribution and 
concentration of Al.1 Although the distribution of such actives sites cannot be obtained 
from X-Ray diffraction, it is possible to use a multiple quantum magic angle spinning 
nuclear magnetic resonance (MQMAS NMR). NMR parameters such as isotropic 
chemical shift (δiso), quadrupolar coupling constant (Cq), and asymmetry parameter (η) 
are very sensitive to the Al distributions, which can then be accurately determined. The 
interpretation of NMR can be supported by theoretical calculations, which can provide 
useful insight on the local atomic environment that cannot be generally probed by 
experimental means.2 Reliable theoretical investigation requires time-averaging of 
calculated NMR signals, however, they are typically performed simply based on a 
single ideal athermal structure obtained by geometry optimization under the ultra-high 
vacuum conditions. To include dynamical aspects we calculate the 27Al MAS NMR 
spectra of a large set of structures obtained from the ab initio molecular dynamics 
trajectories. In this way it is possible to build a statistically significant ensemble that 
takes into account the dynamics of the system under particular realistic environment 
(e.g. water content, pH and temperature). 
To verify this approach, we choose a relatively simple zeolite (high-silica CHA) which 
has only one symmetry independent Al site. Time-averaged NMR characteristics are 
compared with the results obtained with the static models and experiments. We believe 
that the relationship between aluminium distribution and NMR spectra can give a 
detailed understanding of structure/activity relationship in an important class of zeolite-
based catalysts.  
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Several modifications (structure, texture and composition) can be carried out in the 
MWW zeolites. The catalysts so formed, is very effective in Knoevenagel condensation. 
In the present work different routes of modification of MCM-22 and pillared MCM-36 
zeolites has been investigated. Several types of basic species located in zeolite 
structures: cesium cations, cesium oxide and 3-aminopropyl-trimethoxysilane (AP) have 
been generated. A comparative study of the effectiveness of different basic centers 
loaded on MWW zeolites have been done in Knoevenagel condensation between 
benzaldehyde (BA) and ethyl cyanoacetate (ECA) or ethyl acetoacetate (EAA). Special 
consideration has been done on the role of Brønsted acid sites (BAS) in zeolites. 
MCM-22 zeolite was obtained according to the method previously described.1 MCM-36 
zeolite was synthetized by the modification of MCM-22 precursor in two steps. Both, 
(MCM-22, MCM-36) were modified by grafting of 3-aminopropyl-trimethoxysilane 
(AP) and with cesium using two different post synthesis methods. 
The solids were totally characterized by different technics; ICP-OES, N2 adsorption, 
XRD, XPS, TG/DTA, FTIR combined with pyridine adsorption, 2-propanol 
decomposition, for evaluation of chemical, structural and surface properties. All 
materials were used in Knoevenagel condensation of benzaldehyde with ethyl 
cyanoacetate and ethyl acetoacetate. 
Knoevenagel condensation of benzaldehyde with ECA and EAA was carried out on 
Zeolites.  

Acknowledgements. Spanish Ministry (project no. CTM2014-56668-R) and National 
Research Centre in Poland (project no. UMO-2018/29/B/ST5/00137) are acknowledged 
for the financial supports. 
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In the recent years, nanostructured zinc oxide has received great attention as a drug 
carrier due to its unique physical and chemical properties, low cost, non-toxicity, 
biocompatibility and antibacterial properties.1,2 In this work, clotrimazole (CTZ), a 
poorly water-soluble drug used in topical formulation for the treatment of fungal 
infections,3 was incorporated into mesoporous zinc oxide (Meso-ZnO) in order to 
enhance CTZ water solubility, bio-availability and permeability through the skin. 
The Meso-ZnO nanoparticles were synthesized by the precipitation method using zinc 
acetate dihydrate as a metal precursor. The material was characterized by hexagonal 
wurzite structure, specific surface area of about 56 m2/g, pore size of 10 nm and pore 
volume of about 0.14 cm3/g. Morphological analysis, performed by Field Emission 
Scanning Electron Microscopy (FESEM), showed that the material was composed of 
aggregates of interconnected spherical nanoparticles.  
Since the release of zinc ions is considered one of the mechanisms that are responsible 
for the antibacterial activity of zinc oxide, in vitro Zn2+ release from Meso-ZnO was 
carried out. The measurement was performed using a vertical Franz diffusion cell and 
synthetic skin. The results showed that the material was able to release Zn2+, evidencing 
the possibility of using Meso-ZnO as an antibacterial agent.  
The adsorption of CTZ onto Meso-ZnO was performed using supercritical carbon 
dioxide (ScCO2) as a solvent. The process parameters were 100 °C, 25 Mpa and 12 
hours. With the purpose of evaluating the stability of zinc oxide in the presence of 
carbon dioxide, in a preliminar test Meso-ZnO was treated in scCO2 in absence of CTZ. 
After the treatment, the sample was characterized by XRD and FT-IR spectroscopy. The 
FT-IR spectrum revealed the presence of surface carbonate species, but no evidence of 
new bulk carbonate phase was observed in the XRD pattern, which revealed that the 
sample treated in ScCO2 maintained the hexagonal wurzite structure.  
The Meso-ZnO loaded with CTZ (CTZ@Meso-ZnO) was characterized by X-ray 
(XRD), Fourier Transform Infrared Spectroscopy (FT-IR), nitrogen adsorption analysis. 
The amount of incorporated drug was evaluated by means of extraction with solvent and 
it resulted to be about 8.45 % w/w. The XRD pattern of CTZ@Meso-ZnO evidenced 
the typical hexagonal wurzite structure and no new peaks were observed. This result 
suggests that CTZ in CTZ@Meso-ZnO is in amorphous form. The FT-IR spectrum of 
CTZ@Meso-ZnO revealed the presence of vibration modes typical of CTZ. Nitrogen 
adsorption analysis showed lower values of specific surface area, pore volume and pore 
diameter with respect to Meso-ZnO. This result confirms the presence of CTZ 
molecules on the surface and inside the pores of the material. 
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In vitro release study was carried out in order to investigate the ability of the 
CTZ@Meso-ZnO to release the drug. The test was performed by means of 
multicompartment rotating cells and hydrophilic dialysis membrane. A Phosphate-
Citrate buffer was used as a release medium. A fast release of CTZ from the material 
was observed in the first 30 minutes. The amount of CTZ delivered in these 30 minutes 
was about 58% of the total amount released in 8 hours.  
The results of this study show that Meso-ZnO is a potential carrier of CTZ to be used 
multifunctional drug delivery systems.  
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Glucaric acid (GA) is one of the building blocks derived from sugar biomass with 
higher added value and better perspective for future exploitation.1 GA can be 
synthesized by oxidation of D-Glucose (Glu) and it can be employed for many uses; for 
instance, it is a precursor of adipic acid, a monomer for Nylon-6,6.2 Nowadays, GA can 
be produced by oxidation of D-Glucose with either stoichiometric oxidants, or by means 
of electrochemical or biochemical synthesis. However, these processes show drawbacks 
from either the environmental or the economic viewpoint.3 Therefore, the study of a 
more sustainable process to produce GA from D-Glucose is of great scientific and 
practical interest using supported metal nanoparticles (Fig. 1). 
 

 
Figure 1. Reaction pathway of glucose oxidation. 

 
We investigated the oxidation of D-Glucose in aqueous solvent with molecular oxygen, 
and solid catalysts based on supported tailored Au nanoparticles (NPs) with specific 
preformed particle size using colloidal methods. We prepared mono metallic NPs 
supported on a range of supports (activated carbon and other metal oxides with nominal 
metal loading of 1 % wt) to study the influence of acid/base properties and metal-
support interaction. The catalytic performance of the synthesized materials in terms of 
activity, yield was evaluated in a batch autoclave reactor. A systematic study was 
carried out to investigate the effect of different reaction parameters (temperature, 
glucose concentration, reagent molar ratio).  
At first it has been studied how the nanoparticles size can affect the reaction behavior, 
preparing Au NPs with three different methods: Au/AC, AuPVA/AC and AuW/AC. The 
effect of Au particle size was evaluated in terms of activity and yield and the 
experimental data showed that with Au particle size of 4.1nm the undesired Gluconic 
acid (GO) degradation to lighter carboxylic acids prevailed over its selective oxidation 
to GA.4 These results are shown in Figure 2; GA yield was slightly increased from 25% 
to 27% with the decrease of Au nanoparticles dimension, and the yield to Other 
products was 51%.  
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Figure 2. Catalytic results obtained supporting Au/AC prepared with different method. 

 
Indeed, the catalytic tests using a range of supports (inert and reducible) suggest that 
metal-support interaction, influence of particle size, metal dispersion, porosity and 
nature of ligand have a strong influence in the activity and yield to the desired product. 
The best catalytic performance was shown by the carbon-supported Au catalyst, 
showing the greater surface area and average NP size close to 4 nm. With this latest 
catalytic system, we obtain the complete conversion of glucose and a GA yield of 31% 
(Figure 3). Structure-activity relationships will be presented and discussed emphasizing 
on the role of Au particle size and support. 

 
Figure3. Catalytic results obtained supporting Au over different materials;  
Condition: Sol Glu 5% wt, Glu:Au:NaOH = 500:1:1500, PO2 = 10bar, T = 60°C, t = 3h. 
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The so-called ZSM-5 zeolites have a MFI-type structure, and are characterized by an 
Al-doped siliceous framework (Fig. 1), with the Si/Al ratio ranging from 10 to infinity; 
when this ratio exceeds 1000, the zeolite is typically known as “Silicalite-1”. The ZSM-
5 zeolites exhibit a complex polymorphism, as they may crystallize either in the 
orthorhombic P212121 space group, or in the more common orthorhombic Pnma and 
even in the monoclinic P21/n11 space groups (usually referred to as ORTHO and 
MONO, respectively). A monoclinic (P21/n11)-to-orthorhombic (Pnma) phase 
transition (hereafter MOPT) has been reported in ZSM-5 zeolites,1,2 in response to 
different variables. 

 
 

Figure 1. (left) The MFI- framework (oxygen atoms in 
red, silicon atoms in blue) viewed down [010]. 

 

Figure 2. (right) Merging of the diagnostic reflection 
due to the MOPT at high pressure. 
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Several variables, such as temperature, pressure, framework chemistry, concentration of 
defects, as well as the nature and the concentration of the sorbate, may stabilize the 
Pnma or the P21/n polymorphs.3-6 In particular, the temperature and pressure at which 
the MOPT occurs largely depends on the framework composition. In order to obtain 
new insights into the mechanism of the MOPT at varying chemical and pressure 
conditions, we synthesized six chemically distinct MFI-zeolites, with framework-Si 
partially replaced by Al or B (counterbalanced by Na or H as extra-framework cations, 
see Tab. 1). Then, by in situ synchrotron X-ray powder diffraction experiments with a 
diamond-anvil cell, the high-pressure behavior of the synthesized MFI-zeolites has been 
studied using methanol and silicone oil as pressure-transmitting fluids. All the 
investigated zeolites crystallized in the monoclinic P21/n11 space group and 
experienced the MOPT during compression. The Na-Silicalite-1 (Table 1), for example, 
underwent the monoclinic-to-orthorhombic phase transition at ~ 0.5 GPa in silicone oil 
and at ~ 0.4 GPa in methanol. A preliminary analysis suggests that, when compressed in 
the non-penetrating silicone oil, the doped MFI zeolites experience the MOPT at lower 
pressures than the Na-SiO2 silicalite. 
Table 1. Chemical composition of investigated materials. 

Sample Chemical fomula  Sample Chemical fomula 

Na-Al-MFI Na2.51Al0.81Si95.19O192  H-B-MFI Na0.02B1.20Si94.80O192 

H-Al-MFI Na0.05Al0.87Si95.13O192  Na-Fe-MFI Na1.31Fe0.89Si95.11O192 

Na-B-MFI Na2.84B1.35Si94.65O192  Na-Silicalite-1 Na3.37Si96O192 
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Water pollution is strongly dependent from chemical compounds used in agriculture, 
specially for fertilizers and pesticides. Heavy metals such as As and Cr are considered 
the most toxic pollutants due to their mutagenic as well as carcinogenic effect in human 
beings. The progressive industrialization of developing nations will probably lead to an 
increase of their presence, which will cause potentially serious environmental problems 
throughout the world.1 Several techniques have been developed to remove As and Cr 
from water: adsorption, ion exchange and reverse osmosis are some of the commonly 
used techniques.2 Due to both their cost of use and to a relatively easy way to be 
performed, there is now a raising interest about adsorption methods that look like the 
most promising way to remove heavy metals from water sources.3 
Several materials have been studied for the adsorption of As and Cr from water 
including sandy soils,4 activated carbon,5 and activated alumina.6 Recently, Surface 
modified natural zeolites (SMNZ), particularly clinoptilolite and phillipsite, modified 
with cationic surfactant, were used to remove different contaminants from water.  
On these basis, the aim of the present research is to verify a possible use of a phillipsite-
rich tuff (NYT) from Marano (Naples, Italy) modified by sorption of cationic 
surfactants HDTMA-X (with X = Br- or Cl-), as an alternative adsorbent for removing 
arsenate and chromate from wastewater. 
In order to verify the SMNZ ability to remove As(V) and Cr(VI) from water, kinetic 
and thermodynamic experiments were carried out using batch equilibrium techniques. 
The surface modified natural zeolite (SMNZ) samples were prepared using HDTMA-Br 
and HDTMA-Cl as surfactants; SMNZs were obtained under dynamic conditions by 
circulating the solution through packed beds of zeolite until the HDTMA concentration 
in the effluent became constant. After saturation with HDTMA, solid and liquid phases 
were separated, then the SMNZs were washed with distilled water, to remove any 
excess of surfactant, and dried at room temperature. Ion exchange equilibrium data were 
obtained by allowing 2.5 g of SMNZ-X (X = Br- or Cl-) in 30 mL polyallomer 
centrifuge tubes to react with 20 mL solutions containing different amounts of As(V) or 
Cr(VI) at increasing concentrations ranging from 1 to 500 mg/l, at T = 25°C and under 
continuous stirring. At equilibrium, solid and liquid were separated and liquid analyzed 
via ICP-OES to determine As(V) and Cr(VI). 
Kinetic studies were carried out in batch experiments at room temperature and under 
continuous stirring, by shaking appropriate amounts of each sample with 1L of As(V) or 
Cr(VI) solution (concentration 100 mg/l), placed into batch system. At fixed time 
intervals, samples were withdrawn, centrifuged, and unadsorbed amount of As(V) and 
Cr(VI) were determined by ICP-OES. 
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Equilibrium isotherms data show a higher anion uptake for the PHI-SMZ modified with 
HDTMA-Br (6.7 mg/g and 2.2 mg/g for chromate and arsenate respectively) when 
compared with the HDTMA-Cl modified sample (4.9 mg/g and 0.9 mg/g). This is due 
to the presence of Br- as counter-ion; in this case the bilayer on the zeolite surface is 
completely formed, allowing SMNZ to have better ion exchange performances. 
 

 
Figure1. Chromate exchange isotherms for SMZ modified with HDTMA-Br (red) and HDTMA-Cl (blue) 

 
Figure 2. Arsenate exchange isotherms for SMZ modified with HDTMA-Br (red) and HDTMA-Cl (blue) 

Due to the different anionic structure of analyzed elements, both HDTMA-Br and 
HDTMA-Cl modified sample show a better affinity for chromate than arsenate. 
Moreover, kinetic studies demonstrated As(V) and Cr(VI) removal is very fast: it 
reaches 80 % in 1 hour and 100 % in 2 hours for both anions. 
The results presented in this work showed that adsorbents, having good efficiency for 
As(V) and Cr(VI), could be prepared by appropriate surface modification of natural 
zeolitic tuffs with HDTMA-Br and HDTMA-Cl. 
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Heavy metal pollution of water is one of the greatest concerns connected to industrial 
development. Chromium, in particular, can exist in water mainly in two oxidation 
states, namely trivalent chromium Cr(III) and hexavalent chromium Cr(VI). Since 
hexavalent chromium has significant carcinogenic and teratogenic properties, its 
removal from water is an absolute priority. Different Cr(VI) removal techniques have 
been considered, however, each method has some limitations, such as low efficiency, 
high cost, and generation of secondary pollutants. Among the different possible 
approaches, adsorption has been shown to be one of the most promising since it can 
allow to reach the very low limits mentioned above with relative ease, and thus has 
received extensive attention. Recently, metal–organic frameworks (MOFs), a class of 
microporous materials formed by the coordination of metal ions or clusters with organic 
linkers, have gained considerable attention. Among other MOFs, MIL–101(Cr), a 
chromium terephthalate solid first synthesized by Ferey et al. in 2005 has shown 
exceptional stability in air, in water and in presence of several organic solvents.1 An 
amino–functionalized variety of MIL–101(Cr) has recently been synthesized by Lin et 
al.2 and has been shown to have very good adsorption properties towards heavy metals 
available in solution as cations.3 
Amino–functionalized MIL–101(Cr) (henceforth: AFMIL) was synthesized via the 
hydrothermal process proposed by Lin et al.2 The main features of the synthesized 
AFMIL were investigated by X–ray diffraction (XRD), Fourier Transform Infrared 
Radiation (FTIR) and scanning electron microscopy (SEM). The specific surface area 
(SBET) was obtained by adsorption/desorption of nitrogen at 77 K using a 
Micromeritics™ ASAP™ 2020. 
The Cr(VI) adsorption experiments were carried out in batch conditions. Two kinds of 
experiments were performed. In the first, which was aimed at evaluating the kinetics of 
the adsorption process, 1000 ml of the K2Cr2O7 solution was used with 1 g of AFMIL, 
and at prefixed times (t=1–120 min) small aliquots (3–4 ml) of the solution were 
removed from the beaker. In the second kind of experiments, which was aimed at 
determining the adsorption isotherms, 200 ml of the K2Cr2O7 solution was used with 
0.2 g of AFMIL, and a triplicate sampling was carried out at t=120 min. Finally the Cr 
concentration in the solution was determined by ICP.  
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The adsorption kinetics were studied in three experiments at initial Cr(VI) concentration 
of 70 mg·L-1, pH kept at 4.0±0.1 and temperature fixed at 25°, 45° and 60°C 
respectively. The data indicate that, in the experimental conditions considered, about 30 
min are requested to reach equilibrium. To have more information on the adsorption 
mechanisms, several models, and namely the pseudo–first order, pseudo–second order 
and intra–particle diffusion models have been tested, leading to the conclusion that the 
last one best describes the adsorption kinetics in the experimental conditions 
considered.  
The adsorption isotherms for Cr(VI) on AFMIL relative to T=25°, 45°, and 60°C were 
obtained by contacting AFMIL with dichromate solutions for 120 min. A significant 
dependence of the adsorption capacity on temperature appears, indicating a definitely 
exothermal phenomenon. The highest adsorption capacity for the experimental 
conditions considered is close to 45 mg·g-1, and has been observed at T=60°C for a 
liquid phase concentration of hexavalent chromium Ceq=140 mg L-1.  

 
Figure 1. Adsorption isotherms for Cr(VI) on AFMIL. 

In order to describe the available data, the Langmuir and the Dubinin–Radushkevich 
isotherm models were tested. In conclusion, in the present work an amino–
functionalized variety of MIL–101(Cr) MOF, has been tested to remove Cr(VI) anions 
from water solutions, demonstrating good performances and very promising qualities 
thus to be considered, among the other adsorbents, one of the most interesting for using 
in Cr(VI) removal processes. 
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Introduction. The activity and selectivity of catalysts based on gold nanoparticles 
(AuNPs, d > 1nm) and nanoclusters (AuNCs, d< 1nm) for oxidation reactions depends 
among other factors of the preparation method.1 We have developed a two-liquid phases 
system for the synthesis of these Au entities by using essential oils as organic phase, 
which has been inspired by historical procedures escribed in the XVIII century.2 The 
resulting AuNCs can be immobilized on SH-containing mesoporous materials (SBA-
15), and it has been found that if these groups remain unaltered during the 
immobilization process, the resulting Au-materials are poor catalysts for the 
cyclohexene oxidation with O2, but they are active if they are oxidized to SO3-groups 
during the process. Moreover, in this last case it has been observed that the AuNCs 
evolve to AuNPs during the reaction.3 These results suggest that the interaction AuNCs-
functional group regulates the activity and stability of the AuNCs. Then, we have 
prepared analogous catalysts on NH2-SBA-15, because of the lower N-Au interaction 
compared to S-Au,4 whose properties and catalytic behavior are reported here.  
Experimental. Samples of SBA-15 functionalized with aminopropyl groups were 
prepared by co-condensation of tetraethyl orthosilicate and different amounts of 
aminopropyltrimethoxysilane in the presence of the non-ionic surfactant P123.3 The 
occluded surfactant was removed by treatment with ethanol at 90ºC. The AuNCs were 
prepared by contacting in static conditions a gold solution (1.7.10-2 M) in aqua regia 
(HNO3 (65 wt%): NH4Cl, 4:1 w/w) with rosemary essential oil (2:1 w/w) in a 100 mL 
decanting funnel. Aliquots of the organic upper layer were taken after 8 days, dissolved 
in ethanol and contacted with the mesoporous materials for Au immobilization. 
Catalysts with N content in the range 0.61-1.30 mmol.g-1 and Au 0.067-0.70 wt% were 
thus prepared. Some samples were pretreated with ozone before Au deposition. The 
oxidation of cyclohexene was carried out at 65 ºC and P atm with O2, and 1.23 wt% of 
catalyst referred to cyclohexene, and the products analysed by GC. The samples were 
characterized by chemical analysis, XRD, TGA, N2 adsorption, UV-Vis spectroscopy, 
NMR and TEM. 
Results and discussion. 13C and 29Si MAS NMR evidence the presence of the -NH2 
functional groups in the solid, whose content parallel that in the gel. The Au content 
increase with that of -NH2 groups, but this increase is more evident in the sample that 
was pretreated with ozone, which removes all the -O-CH2-CH3 groups formed during 
surfactant extraction. The as-made catalysts do not show the plasmon resonance band at 
520 cm-1 characteristic of AuNPs (Fig. 1), which suggests the presence of AuNCs. 
Indeed, STEM shows the presence of monoatomic gold species (Fig. 2). The catalytic 
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activity increases in general with the Au 
content (Fig. 3), and it is much higher 
than that of catalysts containing sulfonic 
groups,3 whereas those containing –SH 
groups are barely active. Moreover, it can 
be noticed that for the Au-NH2 supported 
catalysts, UV-Vis spectroscopy do not 
show the presence of AuNPs in the used 
catalysts (Fig. 1), which have been 
nevertheless always observed when the 
Au entities are supported on SBA-15 
containing sulfonic groups,3 which 
suggests higher stability of the Au entities 
in the former. Therefore, this indicates 
that the Au-NH2 configuration is stable 
enough to avoid an excessive growth of 
the Au entities during reaction, but at the 
same time they are active in the catalytic 
reaction. This suggests that the lower 
apparent activity of the -SO3-bearing Au 
catalysts is due to an excessive growing 
of the AuNCs during reaction.5 Fig. 3 
also evidences that the intrinsic activity 
of the AuNCs is not affected by the 
density of –NH2 groups of the support at 
least for the N and Au contents reported 
here. The catalysts are very selective to 
the allylic oxidation of cyclohexene 
(90%) as compared with epoxidation. 
Cyclohexenyl hydroperoxide is the major 
product for conversion < 20%, while 
cyclohexenol and cyclohexenone are the 
stable products. The one/ol ratio (= 1.6) is 
lower than that found for AuNPs 
immobilized on SO3-bearing SBA-15,3 
which suggests an influence of the size of 
the Au entities on the selectivity. 
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5 nm 

Figure 2. Cs-corrected STEM-HAADF images of Au-
SBA-NH2-8 catalyst. The arrows indicate monatomic 
species of gold. 

Figure 3. Catalytic conversion (t=24h) of catalysts 
containing –NH2, -SO3 and –SH groups vs. Au 
content. 
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Clay materials, especially cationically exchanged and/or pillared clays, have proven to 
be potent catalysts in various types of organic reactions, usually those requiring Lewis 
or Brønsted acidic conditions.1-4 As a part of our long term research, concerning 
screening various materials as a catalysts for various industrially or synthetically 
interesting reactions, our group is systematically studying vermiculite-catalyzed 
nucleophilic attacks on various carbonyl-containing compounds in multiple solvents. 
During our screening we have observed that some etheric solvents, normally 
nonreactive, are incompatible with reaction mixtures containing benzaldehyde.  
The nature of chemical incompatibility of benzaldehyde and etheric compounds in 
presence of vermiculite catalysts appears to be a concurrent reaction between 
benzaldehyde and solvent. In that respect, we decided to investigate the reaction 
between benzaldehyde and dioxane in various ratios to further characterize and resolve 
the nature of the reaction. Dioxane was selected as the solvent/reactant in this system 
for three basic reasons: (i) It is relatively inexpensive and widely used etheric solvent. 
(ii) It has a potencial of forming more chemical variability than other similar chemical 
solvents. (iii) It has very little recorded reactivity with benzaldehyde. Apart of 
interesting chemistry between those two reactants in presence of copper(I)-based oxidic 
catalysts,5-7 there is to our best knowledge no mention in the contemporary chemical 
literature, that those two species in absence of any third compounds are capable of 
reacting with each other. Moreover, reaction taking place (Scheme 1) differs 
significantly from other aforementioned reactions. 
 

O

O

O
+

OO
+ Minor products

VMT-catalysts OHO

Main product Main impurity

+

 
Scheme 1. Reaction of benzaldehyde and dioxane on VMT-based catalysts. 
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In this contribution we describe products of clay-catalyzed reaction of benzaldehyde 
with 1,4-dioxane (Scheme 1) on six types of cationically exchanged vermiculites (Ni2+ 
VMT, Mg2+ VMT, Fe3+ VMT, Al3+ VMT, Sn4+ VMT, Zr4+ VMT) and on a wild-type 
vermiculite. The main product of the reaction has consistently been observed as 2-
phenyl-1,3-dioxolane, the benzoic acid has been often present in presence of the air as 
the main impurity. The individual catalysts differed in the composition of other products 
and byproducts as well as in the selectivity and yield of dioxolane product. 
This new reactivity occurring on the relatively chemically simple system is to our best 
hope the proof of the concept that inexpensive, simply modified clay catalysts can offer 
a route from simple compounds to high chemical variability.  
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Emerging contaminants, which are widely present in each environmental matrix, are 
mainly represented by two macro-categories: VOCs (Volatile Organic Compounds) and 
POPs (Persistent Organic Pollutants). Particularly, aquatic environment are seriously 
compromised by both these pollutant classes which resulted toxic for human (regarding 
drinking water) and the biotic communities. In light of this, many methods and 
technologies have been test in order to remove and/or lower the concentration of these 
hazardous pollutants. For instance, several studies are conducted on zeolites as an 
alternative eco-friendly environmental remediation which can contribute to the organics 
(e.g. VOCs and drugs) removal from water.1-3 In this context, zeolites could be test also 
to investigate their adsorption capability on pesticides which are belonging to the POPs 
class. Pesticides (e.g. herbicide, insecticides and fungicides) often penetrate in soil or 
surface and groundwater by  runoff and leaching. Their high accumulation in terrestrial 
and aquatic ecosystems is due both to their extensively used in the agricultural field and 
to their resistance to the biological and chemical degradation process which occur in 
soil or water. The Stockholm Convention in 2001 has recognized the toxicity of POPs 
and has impose not only firm measures to prevent or control the release of them,4 but 
also severely restriction on the production and use of a large number of pesticides. In 
particular, pesticides belonging to the Triazine group have replaced by chloroacetanilide 
compounds. However, some herbicides pertain to the chloroacetanilide family still 
contribute of all water quality problems. For example, there are evidence of 
bioaccumulation in food of (s)-Metolachlor, that is derivative of aniline and produced 
from 2-ethyl-6-methylaniline, as well as its adverse effect on human health. Just 
because of its bioaccumulation capacity in food and its potential carcinogenicity for 
human, the removal of this chemical from water matrix is of relevant interest concern. 
On the basis of above statements, the main challenge of this work is to test different 
zeolite topologies in order to find the best material for the removal of (s)-Metolachlor 
from water solutions. Preliminar test have done on MTW, MFI, FAU and  BEA zeolite 
samples with different SiO2/Al2O3 oxide-ratio (from 25 to 280 SAR). Firstly, samples 
have been investigated by chromatographic (High Performance Liquid 
Chromatography-HPLC) in order to identify the best (s)-Metolachlor adsorber. The (s)-
Metolachlor concentration in water solution has been varied in the 5, 20 and 100 ppm 
range. A contact time between zeolite samples and water solution that contains the 
herbicide of 1 and 24 hours was employed. Among the tested zeolites, the best 
performance was achieved by FAU zeolite sample that showed an adsorption until 100 
ppm of (s)-Metolachlor. In light of these results, thermal and diffractometric analysis on 
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FAU loaded with (s)-Metolachlor sample (Y-MTC) were carried out. Thermal analysis 
were performed from RT to 900°C using a 10°C/min heating rate while XRPD data 
were collected in 3-130 2theta range using Cu Kα radiation. Thermal analysis, which 
have shown a total weight loss close to 20 wt%, joint with the unit cell variations 
obtained using the Le Bail method (a = 24.259(4)Å, V = 14277.1(4)Å3 and a = 
24.289(6)Å, V = 14329.1(8) Å3 for FAU has synthetized and Y-MTC, respectively) 
have suggested the (s)-Metolachlor incorporation. For this reason, the location (s)-
Metolachlor molecules, through the study of Difference Fourier Maps, were 
investigated. To sum up, all the experimental evidence gathered allowed us to conclude 
that zeolite FAU is a good candidate for the removal of the herbicide examined. 
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Introduction. Zeolites’ structural and compositional diversity makes them suitable for a 
very wide and versatile range of applications.1 The presence of trivalent elements in the 
framework, such as aluminum, generates negative charges that are compensated by 
cationic species and, when these charge compensation cations are protons, Brönsted 
acid sites are generated.2 Consequently, the acidity of a zeolite depends on the 
framework Si/Al ratio. 
 
STW is a medium pore size zeolite containing helical channels of 10 membered rings. 
In the last decade, it has been the focus of multiple studies due to its chiral structure.3 It 
was firstly obtained as a mixture of the two enantiomorphs with silicogermanate 
composition. Recently, Davis et al. have described their preparation also as 
silicogermanate using organic structure directing agents designed to selectively obtain 
one enanthiomer or the other.4 On the other hand, it is also possible to synthesize this 
structure as purely siliceous,5 as well as aluminosilicate,6 allowing its use in adsorption 
and catalytic processes. However, the STW zeolites in the form of aluminosilicate 
described contain low amount of Al,6 or this is not fully incorporated in the framework.7 
Our objective is to synthesize and characterize the physical-chemical properties of STW 
zeolites with variable aluminum content and in pure silica composition for further use in 
catalytic processes and alcohol adsorption. 
 
Experimental. STW zeolite has been synthesized using 2-ethyl-1,3,5-
trimethylimidazolium as structure directing agent (SDA), which was prepared from 
methylation of 2-ethyl-5-methylimidazole with iodomethane. The iodide anion (I-) was 
finally exchanged by hydroxyl (HO-) employing an anion exchange resin (Amberlite 
IRN-78, Supelco). The synthesis of the materials was carried out at 160 °C and 175 °C 
for 18 days, using stainless steel autoclaves, under rotation (60 rpm), obtaining a final 
gel composition of 1 SiO2: 0.5 SDA(OH): x Al2O3: 0.5 HF : 4H2O where x ranged 
between 0 ≤ x ≤ 0.02. 
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Figure 1. Synthesis of SDA(I)2. 
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Results and discussion. Zeolites with high aluminum content require the addition of 
seed crystals (Si/Al=100) previously prepared. Materials were converted into their 
proton forms by calcination in air at 550 °C for 8h. All synthesized materials were 
characterized by powder X-ray diffraction (XRD), atomic emission spectrometry (ICP-
AES), thermogravimetric analysis (TG), scanning electron microscopy (FE-SEM), 
adsorption of N2 and Ar, nuclear magnetic resonance in solid state: 13C, 29Si, 19F, 27Al 
(MAS-NMR) among other techniques, in order to fully characterize their 
physicochemical properties.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Powder X-ray diffraction (XRD). (b) Nuclear magnetic resonance in solid state 27Al (MAS-
NMR). 

The materials synthesized show high stability when exposed to thermal treatment and 
the crystalline structure remains after calcination at 550 °C, as observed in the X-ray 
diffraction patterns (Fig. 2a). The textural properties obtained from the adsorption of N2 
confirm the good crystallinity observed by XRD. The NMR study of 27Al indicates that 
aluminum is incorporated in the zeolite framework in a tetrahedral environment, before 
and after calcination, showing only a minimum proportion of Al in octahedral 
coordination after calcination (Fig. 2b). 
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Introduction. Heterogeneous photocatalysis has been widely investigated as a novel 
technique for environmental detoxification either in water and air. However, some part 
of the literature researches  are devoted to its utility in mild conditions organic 
synthesis. Direct oxidations by O2 are very unselective because of the high exotermicity 
of the reactions. Furthermore, in gas or liquid phase processes, unrestricted mobility of 
the free radical intermediates results in indiscriminate attack on starting hydrocarbon 
and primary oxidation products.1 Activation of O2 and hydrocarbon is photoinduced by 
electron transfer from the hydrocarbon to the oxygen molecule to form a radical cation 
and O2

– (superoxide). The use of a cation-exanchanged zeolite could lead to generate 
the radical cation-O2

– pair in mild condition and to control the chemistry of radicals and 
primary oxidation products.2 It has been reported that cation-exchanged Y zeolite (such 
as NaY and BaY) shows photocatalytic activity for the selective oxidation of 
cyclohexane to cyclohexanone and cyclohexanol with molecular oxygen by using a 
slurry reactor.3,4 In this study, we investigated the photooxidation of cyclohexane with 
ferrierite and ferrierite-supported MoOx in a gas-solid continuous flow reactor. 
 
Experimental. Na,K-FER (Si/Al ratio of 8.4, by Engelhard) was used. Ferrierite was 
ion exchanged to ammonium form with 1 M solution of ammonium nitrate in order to 
obtain the NH4 form (NH4FER). Powdered catalysts MoOx/NH4FER were prepared by 
wet impregnation of NH4FER with aqueous solutions at different amount of ammonium 
heptamolybdate (NH4)6 Mo7O24·4H2O, followed by drying at 393 K for 12 hours and 
calcination in dry air at 673 K for 3 hours. An aqueous slurry of catalyst powder was 
used to coat in situ quartz flakes used as filler of annular section of a quartz continuous 
flow reactor followed by drying at 393 K for 24 hours. The amount of deposited catalyst 
was evaluated by weighing the reactor before and after the coating. Oxygen and 
nitrogen were fed to the reactor, nitrogen being the carrier gas for cyclohexane 
vapourised from a temperature controlled saturator. The gas flow rates were measured 
and controlled by mass flow controllers. The reactor inlet or outlet gas was fed to the 
analytical section, consisting of an on-line modified quadrupole mass detector and a 
continuous CO-CO2 NDIR analyser. The reactor was equipped with 14 or 40 W UV 
lamps. Both photoreactor and lamps were covered with reflectant aluminum foils. An 
analog-digital board was employed for computer acquisition of concentration data from 
the analysers. 
 
Results. In Figure 1, cyclohexane and carbon dioxide concentration as a function of 
time during a photocatalytic test are reported. Loading 20 g of NH4FER and feeding 
1000 ppm cyclohexane and 3% oxygen in N2 (total flow rate: 500 Ncc/min) to the 
reactor in the absence of irradiation, adsorption of cyclohexane was observed. When the 
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lamps were switched on, the cyclohexane outlet concentration immediately decreased of 
about 20% with respect to the inlet value and then progressively increased with run 
time, reaching a steady state value corresponding to about 15% cyclohexane conversion 
after about 120 minutes and CO2 concentration of 220 ppm. No partial oxidation 
products were detected. The photocatalytic tests on MoOx/NH4FER (5 and 10 wt% of 
MoO3) were also carried out. The loading 10 g of MoOx/NH4FER at 10 wt% of MoO3  
feed with 500 ppm cyclohexane and 4500 ppm oxygen in N2 (total flow rate: 500 
Ncc/min), in the steady state, resulted in a lower cyclohexane conversion (1%), but the 
analysis of the reaction products disclosed the presence of benzene and cyclohexene, as 
identified from the characteristic fragments m/z = 78 and 81, 82 respectively (reported 
in Fig. 2). These results suggest the occurrence of photocatalysed cyclohexane 
oxydehydrogenation to cyclohexene and benzene, previously observed on Mox/TiO2 
catalysts [5], whereas NH4FER alone exhibits high activity only for total oxidation to 
carbon dioxide but no activity for conversion to benzene. The influence of Mo loading 
on NH4FER on cyclohexane conversion and benzene production was also evaluated. 

  
Figure 1. Cyclohexane and carbon dioxide concentration profiles with NH4FER. 
Figure 2. Mass 78 (benzene), and 81, 82 (ciclohexene) mass signals as function of run 
time in the presence of  MoOx/NH4FER. 
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Introduction. Zeolites are microporous materials of catalytic interest,1 which have a 
wide use in the field of catalysis, including environment protection, from the plastics 
degradation to the reduction of nitrogen oxides.2 There are different characterization 
methods of zeolites, which serve to determine properties of interest such as their 
structures or catalytic activity.3 Among these, the determination of textural properties, 
and in particular the porosity, is widely used. The mesoporous area and volume are 
usually related to crystal size, but they also depend on the specific treatment of the 
zeolite.4 The transformation of 1,3-diisopropylbenzene (DIPB) has been proposed as 
catalytic reaction model for the characterization of large and extra-large pore zeolites.5 
In this work, we have used this reaction to explore the catalytic activity of zeolite Beta 
with different crystal sizes. The results show that, in general, there is a good correlation 
between the selectivity to the disproportionation products (1,3,5-triisopropylbenzene 
and 1,2,4-triisopropylbenzene) and the surface area. This correlation allows us to 
propose the use of this reaction as a method to characterize Beta zeolites. 
Experimental. Different samples of Beta zeolites were prepared with different crystal 
size but maintaining similar chemical composition. (Table1). Samples of Beta zeolites 
were obtained by hydrothermal synthesis in fluoride medium, following the procedure 
previously described.6 The reaction with 1,3-DIPB has been carried out in a fixed-bed 
glass reactor at atmospheric pressure, collecting the reaction products at regular 
intervals and analyzing them by gas chromatography. The reaction temperature was 200 
°C, the amount of catalyst and the flow of the reagent was varied to keep W/F between 
0.55 - 4.90 g·h/mol.  
Table 1. Chemical and textural properties of the different beta zeolites. 

Results and discussion. Figure 1 shows high activity for the 1,3-DIPB reaction with 
beta zeolites presenting larger mesoporous surface and smaller crystal size, although 
Beta ALZB02, which has a higher aluminum content, stands out slightly. Catalyst 
ALZBM4 presents a lower conversion, which can be due to its smaller external surface, 
larger crystal size and lower aluminum content. 

Samples Si/Al 
Crystal 

Size 
(µm) 

External Surface 
(mesopore) (m2/g) 

Micropore 
Volume 
(cm3/g) 

Total 
Surface 
(m2/g) 

Beta-Commercial 19.9 0.25 142 0.17 707 
Beta-R38-5A 15.9 0.07 289 0.21 807 
Beta-ALZB02 11.5 0.30 144 0.24 726 
Beta-ALZBM4 20.0 3.50 83 0.22 643 
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Figure 1. Catalytic activity for the transformation of the 1,3 DIPB for the different beta zeolites. 

Figure 2 shows the isomerization to disproportionation ratio (I/D). It is observed that the 
commercial and ALZB02 zeolites produce similar values for the I/D ratio, both having 
similar external surface and crystal size. On the contrary, sample R38-5A results in 
lower I/D values, which indicates a greater selectivity to disproportionation products. 
This can be attributed to its higher mesoporous surface and smaller crystal size. 

 
Figure 2. Isomerization/disproportionation ratio vs conversion for the different beta zeolites. 

Conclusions. A relationship has been found between the external surface, or 
mesoporous area, and the selectivity in the disproportionation of 1,3-DIPB, being 
especially notable for 1,3,5-TIPB. The mesoporous area is in turn related to the crystal 
size of the zeolite, the smaller this is, the larger external surface. The transformation 
reaction of 1,3-DIPB seems to be adequated for the characterization of Beta zeolites 
with small crystal sizes and high mesoporous surfaces. 
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Introduction. Aromatic compounds, especially benzene, toluene and xylenes (BTX) 
are base molecules for many important chemical processes. At present, more than 90% 
of these compounds are obtained expensive and not sustainable processes from 
reforming petroleum fractions.1 During the last decade, the so-called "methanol 
economy" has been proposed as a typical system of circular economy to obtain, from 
methanol, in a sustainable way, not only fuels but also chemical compounds of interest 
such as olefins (MTO process) or aromatics (MTA process).2 In this sense, several 
studies have been published, using zeolite based catalysts for these processes, based on 
the chemical, textural and structural properties of the zeolites, and their high thermal 
and hydrothermal stability. Specifically, for the MTA process, interesting results in 
activity and selectivity to the BTX fraction have been obtained with catalysts based on 
zeolite ZSM-5 modified with different metals (Zn, Ag, etc.).3 Although some relevant 
results in this line have been recently published, it is still necessary to improve the 
activity and lifetime of the catalyst in the MTA reaction.4 To this end, in this 
contribution, various Zn/ZSM-5 catalysts have been synthesized, trying to analyze the 
influence of some of their physical-chemical properties, specifically the zeolite crystal 
size and the way to incorporate the Zn, in their behavior in the methanol reaction, 
especially in terms of selectivity, stability and resistance to deactivation. 
Experimental procedure. Two series of catalysts based on ZSM-5 zeolites have been 
prepared, with different crystal sizes and Si /Al ratios, synthesized in the laboratory 
following procedures previously described in the literature.5 The synthesized zeolites 
were exchanged with zinc nitrate solutions and subsequently calcined to obtain the final 
catalyst. The characterization of the catalysts was accomplished by the usual physical-
chemical techniques. The catalytic studies were carried out in a fully automated 
equipment (Microactivity of PID Eng & Tech) with a fixed bed glass reactor, at 
temperatures between 400 and 450 °C, analyzing online the reaction products by GC. 
The results presented in this work refer specifically to two series zeolites with crystal 
sizes of between 2 and 8 μm in one case and of about 60-80 nm in the other (Fig. 1), 
with Si / Al ratios of 25 and 50, exchanged with Zn in both cases. 
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Results and discussion. The characterization of the catalysts shows negligible 
structural and textural differences between the parent zeolites (HZ25 and nano HZ25) 

and those exchanged with Zn, regardless of the 
crystal size or the Si / Al ratio. 
The conversion of methanol is maintained 
around 100% in all the catalysts throughout the 
entire reaction process at 400 °C. However, an 
increase in the reaction temperature drastically 
reduces the stability of the catalysts, so that at 
450 °C all the catalysts lose activity within a 
few hours of reaction. 

Regarding the selectivity, it can be seen (Fig. 2, right) that the incorporation of Zn into 
the material increases the selectivity to BTX aromatics, because of the flavoring paper 
of the metal. On the other hand, it has been observed for all the catalysts that an increase 
in the reaction temperature causes an increase in the selectivity towards the aromatic 
products (BTX and higher). 

 
 
 
 
 

 

 

 

Figure 2. Conversion of methanol (left) and selectivity to BTX (right) as a function of the reaction time 
for the different zeolites. Reaction conditions: WHSV = 9.48 (gCH3OH / h) / gcat; 400 °C. 

Conclusions. ZSM-5 zeolite synthesized with nanocrystalline size has been shown to 
have better performance in the methanol transformation reaction. Specifically, the best 
results in terms of aromatic compound selectivity were obtained for the nanoHZnZ25-i 
catalyst at 400 °C and a WHSV of 9.48 (gCH3OH / h) / gcat. 
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1 Fahim, M. A.; Alsahhaf, T. A.; Elkilani, A. Fundamentals of Petroleum Refining. Elsevier 
2010, 95. 
2 Olah, G. A.; Goeppert, A.; Prakash, G. K. S. Beyond Oil and Gas: The Methanol Economy 
(3rd Ed.). Wiley-VCH 2018. 
3 Bi, Y.; Wang, Y.; Chen, X.; Yu, Z.; Xu, L. Chin. J. Catal., 2014, 35, 1740–1751. 
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Figure 1. TEM images of the samples of 
nano HZnZ25-i. 
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The industrial production of maleic anhydride is achieved either by the selective 
oxidation of benzene or the selective oxidation of n-butane. The first one is the oldest 
process and present some disadvantages, in term of cost (n-butane: 750 €/ton; benzene: 
1000 €/ton) and safety (benzene is a proven carcinogenic compound); since the 70’s, n-
butane has gradually been replaced benzene as reactant for the synthesis of maleic 
anhydride and nowadays approximately 80% of this compound is produced starting 
from n-butane. The major incentives of the C4 hydrocarbon are the lower cost and the 
lower environmental impact, that render n-butane an inexpensive and non-toxic 
feedstock. 
 
As show in Figure 1, the reaction is catalyzed by V/P/O based catalysts, namely the 
vanadyl pyrophosphate (VPP), with formula (VO)2P2O7. 

+ 3,5 O2
V/P/O

O

O

O

+ 4 H2O

 
Figure 7. Selective oxidation of n-butane to maleic anhydride. 

Various structural and morphological characteristics affect the catalytic behavior of the 
V/P/O system, but the most important one is the presence of a slight excess P with 
respect to the stoichiometric amount required for the vanadyl pyrophosphate formation. 
In this regard, it has recently been reported that the key factor to obtain a moderately 
active but highly selective catalyst is the in-situ generation, under reaction conditions, 
of a discrete amounts of δ-VOPO4 on the vanadyl pyrophosphate surface, and that the 
generation of this V5+ phosphate is favoured in the presence of the P excess.1,2 In order 
to further improve the catalytic performance of the industrial catalyst, the vanadyl 
pyrophosphate has been doped with controlled amounts of a Nb5+ compound, precursor 
for the generation of either a Nb or a mixed Nb/V5+ phosphate.  
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The role and the amount of Nb was investigated by means of both reactivity 
experiments and in-situ Raman spectroscopy. As shown in Figure 8, it was found that 
the promoting effect shown by Nb occurred already for a very low amount of it, i.e., for 
a V/Nb atomic ratio as high as 150, and that a moderate amount of Nb  may favour, 
under specific conditions, the generation of a discrete amount of  the desired δ-VOPO4 
compound, developing the optimal V5+/V4+ on the surface, and its performance was 
improved over that of the undoped vanadyl phyrophosphate.3 
 

  
Figure 8. Catalytic tests and Raman spectra on Nb-doped VPP.  
1.7% n-butane in air (17% O2, remainder He), contact time W/F 1,33 g·s/ml, temperature range 360-
440°C. 
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The gradual decrease in fossil fuel has urged a shift to biomass valorization as an 
alternative to secure the energy and chemical supplies. Chemocatalytic conversion can 
be categorized into homogeneous and heterogeneous reactions. However, the practical 
applications raise concerns on reactor corrosion, waste generation, and limited 
recyclability. Therefore, heterogeneous catalysis has attracted increasing attention in the 
applications for biomass conversion in view of its recyclability and easy separation 
from a reaction mixture.1 The formation of valuable chemicals from glucose involves a 
series of complex reactions which require different types of characteristics such as 
hydrothermal and mechanical stability, chemical and active functionalities and high 
surface area and pore structure. SBA-15 as an Ordered Mesoporous Silica is particularly 
interesting because of both their high specific surface areas and ordered pore structures. 
Considering the stability aspect, in order to overcome the SBA-15 lack of both 
hydrothermal and mechanical stability, the silica support has been modified by the 
introduction of titanium dioxide as structural promoter. TiO2 was chosen due to its 
cheap nature and stronger mechanical stability with respect to the silica material.2 
Particularly, two different synthesis procedures and various Ti amounts have been taken 
into account. In the first synthesis method, tetraethylorthosilicate (TEOS) and titanium 
oxychloride (TiOCl2) were used as silica and titania precursors, respectively, in the 
presence of triblock copolymer P123, as a structure-directing agent. The resultant 
materials were designated as %Ti-SBA15, where % = 5, 10 or 15 is the Ti molar 
amount in the gels. In the second synthesis method, Titanium(IV) butoxide was used as 
titanium precursor. It was added to the silica solution after reaction with acetylacetone 
(AcAc) as chelating agent, in order to slow down its hydrolysis rate. Triblock 
copolymer P123 was used as templating agent. The as-made samples were named 
%TiAcAc, where % = 5, 10 or 15 corresponds to the Ti molar amount in the gels. 
Mechanical stability of catalysts was investigated by pressing them (6250 bar) for 5 
minutes. In addition, to investigate hydrothermal stability of the synthesized materials, 
the samples were examined under batch condition in an autoclave stainless still reactor 
at 200 °C for 2 h in a N2 inert atmosphere. Also, the catalysts were tested in the glucose 
and fructose hydrolysis; batch tests were carried out in an autoclave stainless still 
reactor at 180 °C for 5 hours, under 10 bar of N2 inert atmosphere. 



 
 
 
 

242 
Poster Session 

Isotherms of both the pristine silica, %Ti-SBA15 and %TiAcAc series are reported in 
Figure 1. The SBA-15 hysteresis is a H1-type while that of %Ti-SBA15 are more 
similar to H3-type ones, indicating slit-shaped pores. Moreover, a widening of the 
hysteresis loops suggests there may be some narrowing of the pore openings following 
the addition of Ti salt form. Also, for %TiAcAc, no changes in the pores’ conformation 
took place after the Ti addition but the SBET values were increased. After the mechanical 
stability test, the isotherm proved SBA-15 is not mechanically stable. For %Ti-SBA15 
samples, the addition of Ti in the salt form seems to have improved the mechanical 
stability of the samples. In addition, for 5TiAcAc sample, after the mechanical test a 
slight modification of the pores’ conformation occurred. Figure 2 displays the XRD of 
SBA-15 and the Si-Ti samples synthesized using both methods. For %Ti-SBA15, after 
the Ti addition, no well-defined diffraction peeks are detectable in the low angle region, 
implying that the Si-Ti samples do not display well-ordered structures while for 
%TiAcAc, the SBA-15 ordered structure is retained after the Ti addition. The pristine 
silica support (SBA-15) and the best mixed Si-Ti system (10Ti-SBA15) were tested in 
the aqueous glucose hydrolysis. The major reaction product was 5-HMF in both of the 
cases. Additionally, the 10Ti-SBA15 catalyst, presented a slightly higher carbon 
balance which leads to a lower production of undesired products such as humins.3 
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Water is one of the human basic needs, and the quality control of water resources is 
crucial in order to avoid short- or long-term problems derived from water pollution.1 

Advanced strategies to reduce the negative effects that industrial and human activities 
have on the environment are essential for the quality control of water. In this sense, the 
development of materials for the degradation of environmental pollutants is a promising 
alternative. 
Metal-organic frameworks (MOFs) are crystalline materials based on the coordination 
of metal ions with bridging organic linkers.2 Due to their large surface area, low density, 
and tunable composition, MOFs have been widely studied as materials for catalysis, gas 
storage, drug delivery and for the extraction and degradation of different environmental 
pollutants.3 MOFs have been used recently as precursors to obtain nanostructured 
materials like porous carbons and metal oxides.4 By a simple thermal treatment at high 
temperature in an inert atmosphere, the organic linkers of MOFs are transformed into a 
carbonaceous structure and the metal ions in metal or metal oxide nanoparticles 
homogeneously distributed on the carbon. On the other hand, if the calcination of MOFs 
is carried out in air, results in a porous metal oxide (Scheme 1). 

 

 
Scheme 1. Preparation of porous carbons and metal oxides derived from metal-organic frameworks. 
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A procedure for the remediation of water pollution is the degradation of environmental 
pollutants by heterogeneous photocatalysis. Among photocatalysts, TiO2 stands out due 
to its high photochemical stability, low toxicity and capacity to carry out the 
degradation of a large number of organic pollutants.5 
Bearing these in mind, in this communication, we report on the preparation of titanium 
metal-organic frameworks and their use as precursors to obtain derived carbons and 
oxides by a simple calcination step. Their structure, morphology, porosity and band gap 
energy were studied using powder X-ray diffraction, electron microscopy, nitrogen 
adsorption-desorption isotherms measured at 77 K and UV-vis diffuse reflectance 
spectroscopy. The prepared materials were evaluated for the batch photocatalytic 
degradation of organic dyes from aqueous solution under visible light irradiation. 
 
Acknowledgements. We thank the Spanish Agencia Estatal de Investigación (AEI) and 
European Funds for Regional Development (FEDER) for financial support through 
Project CTQ2016-77155-R (AEI/FEDER, UE). N.C. acknowledges the support from 
the Spanish Ministerio de Educación y Ciencia (FPU pre-doctoral fellowship). 
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Zeolites are very important group of solid acidic heterogeneous catalysts.1 Their 
catalytic properties depend on the nature, number and strength of their Brønsted acid 
sites (BAS). Depending of structural framework type, nature of heteroatom and 
composition of the framework, the zeolitic materials exhibit remarkable diversity of 
catalytic activities. Much effort has been focused on explaining this diversity and 
clarifying the structure-reactivity relation. The attempt to find relationship between 
strength of acid sites and their catalytic activity has shown that catalytic activity of the 
solid acids is not given only by the strength of the acid sites but also by the other effects 
associated to microporosity (size and shape of the channels and cavities). Therefore, 
there is great demand to find quantitative descriptors of acid-site reactivity allowing 
predicting the catalytic properties of the material in the intended reaction from its 
framework structure and composition. 
In this contribution, the acidity of selected high-silica zeolites like MFI, FER, MWW 
and MOR were investigated. Properties and strength of Brønsted acid sites was studied 
by measurement of (i) the rate of H/D isotopical exchange between ethane and OD 
groups on zeolite and (ii) frequency shifts of the IR band related to Al(O-H)Si 
vibrations and its intensity changes under various temperatures. Information on acidity 
of BAS (ability to dissociate) obtained from IR study was correlated with catalytic 
activity of individual zeolites in dehydration of ethanol as a probe acid-catalyzed 
reaction. 
Activated degassed zeolite was first exchanged to deuterated form using D2O (20 mbar, 
150°C for 30 min). The typical OH band at around 3600 cm-1 disappeared and new band 
of OD vibrations appeared at around 2660 cm-1. Then deuterated sample was exposed to 
the 50 mbar of ethane at various temperatures and time-resolved IR spectra 
(accumulation of 40 scans, optical resolution of 4 cm-1) measurement was carried out 
(see Fig. 1). After background and gas phase subtraction, the kinetic rate constant was 
estimated from time-dependent intensity of OH and OD vibrational bands by 
application of pseudo-first order kinetics.2  
The equilibrium between the undissociated and dissociated form of OH and OD groups 
was evaluated from the changes of intensity of appropriate vibrational band with 
temperature by application of van't Hoff equation.  
Ethanol dehydration reaction, especially bioethanol dehydration, is an emerging 
alternative process to the fossil-based ethylene production on one side and frequently 
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studied probe reaction for testing activity of catalysts in Brønsted acid-catalyzed 
reaction. The catalytic experiments were performed in plug-flow fixed-bed tubular 
reactor at 1 bar on a feed of C2H5OH/ He = 5 / 95vol. % with a total flow of 100 cm3 
min-1 STP at 275 °C range. Conversion of ethanol was not exceeded 10% to allowing 
evaluation of reaction rate and specific reactivity (TOF) of BAS in investigated zeolites. 
 

 
Figure 1. Time-resolved IR spectra of deuterated zeolite MFI with Si/Al = 30 in contact with ethane at 
395 °C. 

Obtained kinetic parameters of isotopical exchange reaction, dissociation enthalpies of 
BAS and rates of ethanol dehydration reaction over investigated zeolites were compared 
and discussed in broader context. Reported experimental data proved, that isotopical 
exchange technique could be useful tool for evaluating of acidity/reactivity of the 
zeolitic Brønsted acid sites. 
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For 2 recent decades germanosilicate zeolites have deservedly gained much attention 
not only from fundamental but also from an applied point of view. Indeed, the most of 
extra-large pore zeolites being of high interest for oil industry and synthesis of specialty 
chemicals were prepared as germanosilicates.1 Moreover, germanosilicate zeolites 
characterized by the unidirectional location of Ge-enriched D4R units were recently 
discovered as perfect precursors for engineering novel nanoporous materials via ADOR 
(the abbreviation stands for multistep process of Assembly-Disassembly-Organisation-
Reassembly) synthesis protocol.2 However, despite being highly attractive for 
purposeful catalytic applications, both germanosilicate and ADORable zeolites suffer 
from the high cost of Ge limiting their practical use. Recent investigations indicated that 
low hydrolytic stability of Si−O−Ge and Ge−O−Ge bonds can be exploited for 
regulation of acidic and catalytic properties of germanosilicate zeolites by the post-
synthesis isomorphous substitution of Ge for TIII and TIV elements.3 However, despite 
its obvious advantages, post-synthesis method still produced expensive zeolites since 
Ge was substituted without any 
recycling treatment.  
In this contribution, we propose 2 
step post-synthesis approach (i.e. 
1) leaching and subsequent 
recycling of Ge, followed by 2) 
incorporation of heteroelement 
generating catalytically active sites 
into de-germanated zeolite) as a 
method for cost efficient 
production of the catalysts based 
on germanosilicate zeolites 
(Scheme 1).  
The influence of the treatment 
conditions (i.e. acid concentration, 
temperature and duration of the 
treatment) and characteristics of parent germanosilicate (i.e. micropore and crystal size) 
on the degree of Ge leaching was carefully addressed to optimize Ge recovery from 
ITH, IWW and UTL zeolites up to 94%.Successful recycling of recovered Ge in the 
synthesis of new batch of IWW zeolite (IWWrecycl) was confirmed by XRD, N2 
adsorption/desorption, SEM, chemical analysis (Figure 1 and Table 1).  

Scheme 1. Post-synthesis approach for cost efficient 
production of catalytically active materials based on 
germanosilicate zeolites. 
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Figure 1. XRD patterns (a) and SEM images (b) of calcined IWW zeolite, IWW-recycl zeolite made 
from recycled Ge.  

Table 1. Textural properties and chemical composition of IWW and IWWrecycl zeolites. 

Sample 
Textural properties Chemical composition, mol. % 

Si/Ge 
Vmicro, cm³/g SBET, m2/g Si Ge 

IWW-5 0.17 474 84.1 15.9 5.3 

IWWrecycl 0.18 454 80.8 19.2 4.2 

 
Post-synthesis incorporation of Al, Ti, Sn into hydrolyzed IWW zeolite was shown to 
produce hydrolytically stable microporous acid catalysts with variable nature of active 
centres. Preservation of the structure in resulting materials was controlled by XRD and 
adsorption methods, while the concentration and coordination state of the introduced 
atoms was evaluated using FTIR of adsorbed pyridine and UV-Vis spectroscopy. The 
results indicate that TIV atoms incorporated in zeolites under optimized conditions are 
isolated and located in the framework positions. Thus, post-synthesis isomorphous 
substitution in germanosilicate zeolites can be regarded as an efficient tool for 
fabrication of single-site Lewis-acid zeolite catalysts.  
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Hydrothermal liquefaction (HTL) of biomass is currently investigated as a promising 
process to produce a renewable biofuel. Nevertheless, a key point in its development is 
the valorization of side aqueous streams, that contain up to 30% of the carbon in the 
feed and whose disposal has a high cost. In this work, we screened seventeen 
compounds present in the aqueous phase post HTL of lignin, binary and ternary 
synthetic mixtures, as well as a real stream. The hydrogen yield increased in the 
investigated temperature range (230-270 °C) thanks to higher conversion to gaseous 
products, without affecting the selectivity. The study of the synthetic mixtures showed 
competitive adsorptions that can affect the global carbon conversion. Finally, the reuse 
of the catalyst was investigated, showing severe deactivation with the real stream. 
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1. INTRODUCTION 

Catalytic pyrolysis technology is a promising alternative route for the valorization of the growing 

amounts of plastic wastes in Europe. By selecting the operating conditions (mainly temperature) 

and catalyst properties, it is possible to maximize the production of an oil enriched with aromatics 

that can be used as fuels or as chemicals upon being properly extracted
1
. However, most research in 

this field has been carried out using pure plastics as feedstocks, disregarding the interferences that 

additives, contaminants and the heterogeneous intrinsic composition of real plastic wastes might 

produce in the process
2
. In this work, the catalytic pyrolysis of real Waste Electrical and Electronic 

Equipment (WEEE) over a nanocrystalline ZSM-5 zeolite is approached. The influence of the main 

reaction variables (temperature, catalyst/feed ratio) and the role of the zeolite properties on the 

products distribution has been studied.  

2. EXPERIMENTAL 

Reactions were performed in a downdraft fixed-bed stainless steel reactor with two independently 

heated zones (pyrolysis and catalytic zones). The feedstock, a real WEEE supplied by R.ED.EL. srl, 

was milled to sizes around 1 mm and thermally pretreated under N2 flow at 350 ºC for 30 min to 

extract chlorine from the PVC existing in the waste composition. ZSM-5 catalyst was a commercial 

nanozeolite (Si/Al = 42) purchased to Clariant. Reactions were carried out at atmospheric pressure. 

Before starting, the entire system was inertized by flowing N2. The outgoing vapours were 

condensed and incondensable gases were collected in a sampling bag. Different analytical 

techniques (CHNS/O, GC, GC-MS, XRF) were applied for the characterization of both the 

feedstock and pyrolysis products. Acidity and textural properties of n-ZSM-5 zeolite were also 

determined. 

3. RESULTS AND DISCUSSION 

The use of different characterization techniques revealed that real WEEE samples are 

heterogeneous comprising different types of PE (low- and high-density), PVC, plasticizing 

additives and inorganics. By thermal pre-treatment of the waste at 350 ºC, most chlorine intrinsic to 

PVC, as well as some additives, were removed. This allowed to protect the catalytic system and the 

pyrolysis oil from poisoning with Cl and even Br elements. When the pre-treated waste was 

subjected to thermal pyrolysis, only waxes and a partially decomposed solid was attained without 

any oil fraction being detected. On the contrary, placing the n-ZSM-5 zeolite in the bottom zone of 
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the reactor dramatically changed the products distribution. Gases, organic oil, some char and coke 

on the catalyst were produced, in proportions dependent on the reaction conditions. Char was 

always around 1 wt.% and corresponded mainly to the inorganics and ashes present as impurities in 

the waste.  

As an example, Figure 1 shows the products distribution of the oil obtained at 500 ºC and using a 

catalyst/feed ratio of 0.4. The vast majority of compounds were non oxygenated aromatics, 

followed by aliphatics. Just very small amounts of halogenated compounds were detected, 

according to the effective WEEE thermal pre-treatment. It is remarkable that most aliphatics and 

aromatics were monocyclic compounds and just small proportions of byciclic or PAHs were 

detected. Moreover, very significant amounts of toluene and xylene were detected, which are 

important petrochemical materials. The combination of acidity and improved surface area of ZSM-5 

due to its nanocrystalline character facilitates the catalytic cracking of the plastic constituents, even 

promoting aromatization reactions while hindering polymerization ones which are detrimental to 

the oil quality and its potential applications.  

 

Figure 1. Distribution of compounds in the oil fraction obtained by catalytic pyrolysis over n-ZSM-

5, grouped in families. 

4. CONCLUSION 

Catalytic pyrolysis reactions assayed on real WEEE using nanocrystalline ZSM-5 zeolite as catalyst 

evidenced the high potential of enhanced surface area ZSM-5 for the thermochemical valorization 

of plastics to valuable fuels or chemicals, as high yields of monoaromatics can be attained by 

selecting the proper operating conditions.  

References: 
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Environmental Protection. 2016, 102, 822-838. 



 

 

 
 
 
 
 
 

 



 
 
 
 

AAUUTTHHOORRSS  IINNDDEEXX  

AA  
Abate S. 171 
Abdo S. F. 29 
Aguilar-Pliego J. 237 
Agúndez J. 225 
Airi A. 139 
Ali-Dahmane T. 187 
Aloise A. 47, 109, 201 
Alonso B. 49 
Alonso-Doncel M. 71 
Aprea P. 221, 223 
Aquilanti G. 193 
Ardit M. 107, 209 
Ardu A. 155 
Areán C. O. 197 
Arletti R. 73, 129, 145 
Armandi M. 87, 97, 161, 
 207 
Ashbrook S. E. 43 
Atzori L. 155 
Awoke Y. 167 

BB  
Banchero M 215 
Barakov R. 189 
Barrabés N. 183 
Bellettato M. 51 
Bellussi G. 21, 51 
Beltrami G. 141, 163, 
 191, 193, 209 
Belviso C. 105 
Bengueddach A. 187 
Bensaid S. 59, 205, 249 
Berenguer A. 175 

Berlier G. 195 
Bisio C. 89 
Blangetti N. 207 
Blasco T. 49 
Bocchini S. 249 
Boccia F. 177 
Bonaccorsi L. 65 
Bonelli B. 87, 97, 161, 
 207 
Bonino F. 139 
Bonura G. 109 
Bordiga S. 139, 195 
Borfecchia E. 131, 195 
Bortolomiol G. 241 
Bossola F. 115 
Botas J. A. 123 
Botella E. P. 39 
Brahmi L. 187 
Briones D. 83 
Brivio F. 213 
Brundu A. 147 
Bulanek R. 55, 245 
Busca G. 41, 135 

CC    
Cabello C. P. 197, 243 
Caldarelli A. 239 
Calleja G. 83, 181 
Calvino-Casilda V. 214 
Cametti G. 75 
Campanile A. 33 
Campisi S. 115 
Canaleta Safont A. 197 
Cannilla C. 109 
Capelli S. 93 
Caputo D. 199, 221, 223 
Carati A. 51 
Caselli A. 89 

252 
Authors Index 



 
 
 
 
Castoldi L. 121 
Catizzone E. 47, 77, 163, 
 219 
Cattaneo S. 93 
Cavalcante F. 105 
Cavani F. 61, 63, 139, 
 217, 239 
Cavattoni T. 41 
Cavuoto D. 99 
Čejka J. 22, 111, 165 
Centi G. 47, 67, 171 
Ceotto M. 95 
Cepollaro E. M. 199 
Cerrato G. 179 
Cerri G. 147 
Cerveny L. 53, 159 
Chebude Y. 167 
Chenet T. 125, 163, 191, 
 193, 229 
Choi W. 211 
Choi H. J. 211 
Churakov S. V. 75 
Cimino S. 177, 199 
Collier J. 113 
Comboni D. 77, 219 
Confalonieri G. 73, 129 
Consolo R. 89 
Corma A. 23 
Coronado J. M. 175 
Crocellà V. 139 
Cruciani G. 51, 107, 179, 
 241 
Cucciniello R. 63 
Cumplido M. P. 169 
Cutini M. 195 
Cutrufello M. G. 155 
Cvejn D. 227 

DD  
Dalena F. 201 
Daou J. T. 129 
De Castro E. I. 149 
De Gennaro B. 221 
Dell'Agli G. 161 
Di Bonaventura G. 149 
Di Pompilio A. 149 
Di Renzo F. 73, 141, 145 
Di Serio M. 161 
Diaz U. 81 
Díaz I. 167, 203 
Díaz-Cabañas M. J. 169 
Dimitratos N. 217, 239 
Dosa M. 205 
Dubini I. 121 

EE  
Eliášová P. 119 
Erigoni A. 81 
Esposito S. 87, 97, 161, 
 207 
Evangelisti C. 115 

FF  
Fabbiani M. 73, 145 
Fajula F. 141 
Fidlerova B. 53 
Fino D. 205 
Fiorenza R. 35 
Flytzani-Stephanopoulos M. 41 
Fois E. 73, 129 
Frattini A. 59 
Freyria F. S. 87, 97, 207 
Frontera P. 65 
Frusteri L. 109 

253 
Authors Index 



 
 
 
 
Frusteri F. 109 

GG  
Gadhi T. A. 87 
Galloni M. G. 115 
Galzerano B. 221 
Garbarino G. 41, 135 
García C. 183 
García L. 123 
García-Ruiz M. 237 
Gargani E. 89 
Gargiulo N. 199 
Gatta G. D. 77, 219 
Gazzoli D. 155 
Germinara G. S. 89 
Gervasini A. 115 
Ghedini E. 179, 241 
Gianotti E. 81 
Gigli L. 137, 163, 193, 
 209 
Giliberti C. 63 
Giordana A. 179 
Giordano G. 47, 77, 163, 
 201, 209, 219 
Giorgianni G. 171 
Gómez-Hortigüela L. 151 
Gómez-Pozuelo G. 123 
Grajciar L. 43 
Grande-Casas M. 235, 237 
Grzesinska A. 214 
Guarnaccio A. 105 
Guidotti M. 89 
Gutiérrez-Rubio S. 175 
Guzmán J. L. 127 
Guzman-Castillo M. 141 

 

HH  
Haines J. 73 
Halder A. 67 
Hamacha R. 187 
Hanfland M. 77, 219 
Heard C. J. 43 
Henkelis S. E. 165 
Hernandez S. 87 
Hernández A. 127 
Hernando H. 123 
Hinojosa L. 127 
Hong S. B. 211 

JJ  
Jalayeri H. 223 
Janssens T. V. W. 195 
Jouve A. 93 

KK  
Kholkina E. 189 
Kotera J. 245 
Kubů M. 55, 79, 245 

LL  
Lacný Z. 227 
Landaeta-Pérez A. 235 
Lanzafame P. 47, 171 
Lee H. 211 
Leo P. 83, 181 
Lettino A. 105 
Lietti L. 121 
Lisi L. 177, 199 
Lomachenko K. A. 195 
López-Arbeloa F. 151 
López-Hernández I. 183 

254 
Authors Index 



 
 
 
 
López-Renau L. M. 123 
Lotti P. 77, 219 
Lozachmeuer C. 189 
Lu S. 213 
Lucarelli C. 239 
Luciani S. 239 

MM  
Mahugo R. 203 
Mäki-Arvela P. 189 
Malara A. 65 
Mancinelli M. 149 
Manna L 215 
Marchese L. 81 
Márquez-Álvarez C. 167, 237 
Martaus A. 227 
Martausová I. 227 
Martín-Aranda R. 214 
Martínez F. 83, 181 
Martínez-Ortigosa J. 49 
Martra G. 73, 95, 145 
Martucci A. 125, 137, 141, 
 149, 163, 191, 
 193, 209, 229 
Matarrese R. 121 
Mato A. 225 
Mauriello F. 61, 65 
Maurino V. 95 
Mayoral A. 203, 225 
Mazur M. 79, 165 
Mazzoni R. 63 
Meloni D. 155 
Mendiola S. Y. 127 
Menegazzo F. 179, 241 
Mezzapica A. 109 
Migliori M. 47, 77, 109, 
 163, 201, 209, 
 219 

Miletto I. 81 
Millini R. 27, 137 
Mino L. 95 
Mohamed S. S. Y. 215 
Monaci R. 155 
Montanari E. 51 
Monti E. 217 
Morandi S. 121 
Moreno I. 175 
Moriggi F. 95, 
Morreale C. 217 
Morris R. E. 43, 165 
Murzin D. Yu. 189 

NN  
Nachtigall P. 43, 213 
Nasi R. 87, 97, 207 
Nedom J. 227 
Negri C. 195 
Nieto D. 151 
Nova I. 113 
Nunziante G. 137 

OO  
Ochoa-Hernández C. 175 
Onida B. 155, 215 
Opanasenko M. 103, 175, 247 
Orcajo G. 83, 181 
Orlando S. 105 

PP  
Pagliaro F. 77, 219 
Palomino C. 127 
Palomino G. T. 197, 243 
Paone E. 61 

255 
Authors Index 



 
 
 
 
Paone E. 65 
Papanikolaou G. 47, 171 
Pappalardo V. 99 
Parker Jr. W. O. 51 
Parodi I. 141 
Passalacqua R. 67 
Pasti L. 125, 149, 163, 
 191, 193, 229 
Paterova I. 53 
Paul G. 81 
Pecorari M. 229 
Pedrotti J. J. 149 
Pellegrino F. 95 
Peluso A. 221 
Peluso A. 223 
Pepe F. 233 
Peral A. 71 
Perathoner S. 47, 67, 171 
Perego C. 27 
Pérez-Pariente J. 151, 225, 235 
Pietropaolo R. 61 
Pipitone G. 59, 249 
Pirone R. 59, 249 
Piumetti M. 205 
Pizarro P. 175 
Pizzolitto C. 179, 241 
Plaisier J. R. 137, 163, 209 
Polisi M. 145 
Pollastri S. 193 
Pollesel P. 27 
Pollitt S. 183 
Prati L. 93 
Přech J. 111, 175, 227 
Psaro R. 89 
Pugh S. M. 43 
Puzzo F. 239 

 

QQ  
Quartieri S. 73, 129, 145 

RR  
Rappuoli R. 89 
Ravasio N. 99 
Rey García F. 39, 49, 81, 
 183, 231 
Riani P. 41, 135 
Rice C. M. 43 
Rivolo P. 87 
Rizzo A. M. 249 
Rizzo C. 51 
Roca M. P. 39 
Rodeghero E. 125, 137, 229 
Rombi E. 155 
Ronchetti S. M. 215 
Rosatelli G. 149 
Ruggeri M. P. 113 
Rupprechter G. 183 
Russo N. 205 

SS  
Sáenz-Vaque R. 237 
Sajad M. 55 
Sala A. 231 
Sale E. 147 
Sánchez N. C. 243 
Sánchez-Sánchez M. 203 
Sanjurjo-Tártalo D. 237 
Sannino D. 233 
Santacesaria E. 91 
Sanz R. 71 
Sarti E. 125 
Sastre E. 235 
Segarra C. 81 

256 
Authors Index 



 
 
 
 
Sekerová L. 159 
Serrano D. P. 71, 123, 175 
Setti L. 239 
Shamzhy M. V. 119, 247 
Shcherban N. 189 
Shin J. 211 
Signoretto M. 179, 241 
Signorile M. 139 
Šimáčková D. 159 
Simancas J. 49, 
Sini M. F. 155 
Solís-Casados D. A. 237 
Solmi S. 217 
Spiridigliozzi L. 161 
Spoto G. 95 
Stucchi M. 93 

TT  
Tabacchi G. 73, 129 
Tabanelli T. 61, 63, 139, 
 217, 239 
Taghavi S. 241 
Thompsett D. 113 
Todaro S. 109 
Toran E. 151 
Tronconi E. 113 
Truttmann V. 183 
Turco R. 161 
Turnes G. 127 

VV  
Vásquez P. B. 61 
Vaculík J. 245 
Vaiano V. 233 
Vajda S. 67 
Valencia S. V. 39, 231 
van Bokhoven J. A. 133 

Vavra M. 53 
Veselý O. 119, 227 
Vezzalini G. 73, 129, 145 
Vidal-Moya J. A. 49 
Villa A. 93 
Villamaina R. 113 
Villieras F. 187 
Vyskočilová E. 53, 159 

WW  
Wojtaszek-Gurdak A. 214 

YY  
Yang T. 211 
York A. 113 
Yue Q. 103 
Yue Q. 247 

ZZ  
Zaccheria F. 99 
Zanardi S. 51 
Zecchina A. 28 
Zhang J. 247 
Zhang Y. 55, 79 
Zhou Y. 247 
Ziolek M. 214 
Zoppi G. 59, 249 
Zou X. 211 
 

257 
Authors Index 


	bp (nm)d
	Vp (cm3/g)c
	SBET (m2/g)b
	DDRX (nm)a
	ao (nm)
	Si/Al
	TEMPLATE-REMOVAL-ASSOCIATED STRUCTURAL MODIFICATION OF ZSM-5 ZEOLITE WITH DIFFERENT Si/Al RATIO BY IN SITU SYNCHROTRON POWDER DIFFRACTION

