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MAT4TREAT: A CHALLENGE FOR WATER DEPOLLUTION 

 

Mat4Treat is a H2020-MSCA-RISE-2014 project, grant agreement No.645551, with title 
“Enhancing water quality by developing novel materials for organic pollutant removal in 
tertiary water treatments”. 

Water tertiary treatments comprise a range of physical/chemical processes aimed at 
tackling pollution in waters, after secondary treatments. Over the past few decades, 
multidisciplinary research has been carried out to study a broad spectrum of approaches 
such as Advanced Oxidation Processes, filtration technologies, adsorption. Most of this 
investigation was devoted to understanding of process fundamentals, elucidation of kinetics 
and mechanisms, development of new materials, modelling, process integration and scale-
up. 

The development of new advanced technologies able to replace or improve conventional 
processes is necessary because of the increasing number of xenobiotics present in aquatic 
systems at low concentrations (typically µg/L or ng/L), whose removal efficiency with 
conventional waste water treatment processes is not always effective. These substances 
could therefore affect the aquatic ecosystems and human health at large; they comprehend 
pharmaceuticals, personal care products and others coming from farms, industries, hospitals 
and even domestic waste waters. 

Due to its importance, recently extensive research efforts have been focused on this topic. 
With this background, the main goal of the Mat4treaT project is to develop novel 
materials to be used in innovative integrated tertiary water treatment technologies through 
an exchange programme between partners of a network involving international and 
intersectoral dimensions (Figure 1). The advantages of the joint research are based on 
exploiting complementary expertises of the participants and on creating synergies between 
them, in order to increase knowledge and to produce long-term collaborations. 

 
Figure 1. Graphical view summarizing the Mat4treat partners 
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The academic part of the consortium is described in the following. 

University of Torino (UNITO) 

The University of Torino is one of the most prestigious Italian University. It hosts about 
70,000 students, 4,000 academic, administrative and technical staff, 1,800 post-graduate 
and post-doctoral students. With its 120 buildings in different areas in Turin and in key 
places in Piedmont, the University of Turin can be considered as “city-within-a-city”, 
promoting culture and producing research, innovation, training and employment. For more 
information see the official website (http://en.unito.it/). 

Department of Chemistry   
The Department of Chemistry was founded in 2012 as results of the union of three 
previous departments and it is active in several research fields, e.g. materials science, 
analytical and environmental chemistry, organic and inorganic synthesis, computational 
chemistry, industrial chemistry and metallurgy. The Nanostructured Interfaces and Surfaces 
(NIS) centre, to which belong some of the participant to Mat4treaT project, is one of the 
best research centres in Italy. 

Staff: 
Experienced Researchers (ER) Early Stage Researchers (ESR) 
Prof. Alessandra Bianco Prevot		
Prof. Paola Calza 
Dr. Enzo Laurenti 
Prof. Giuliana Magnacca 
Prof. Claudio Medana 
Prof. Maria Cristina Paganini 
Prof. Dominique Scalarone 
 

Gabriele Capilli (PhD student) 
Flavia Franzoso (PhD student)  
Dr. Roberto Nisticò (Post Doc)  
Marco Sarro (PhD student)  
Maria Laura Tummino (PhD student) 
Francesco Empolesi (Master student)  
Dr. Chiara Gionco (Post Doc) 
Anastasia Anceschi (PhD student) 

 

Politecnico di Torino (POLITO) 

The Politecnico di Torino was founded in 1859 as "Scuola di Applicazione per gli 
Ingegneri" (Technical School for Engineers) and now it is one of the most prestigious 
public institutions at both the International and the Italian levels concerning education, 
research, technological transfer and services in all sectors of architecture and engineering. 
It has 32,000 students, with 50% from outside the region - about 15% of which are foreign, 
the highest percentage in Italy - and around 1,600 of teaching and administrative staff. 
For more information see the official website (http://www.polito.it/index.php?lang=en). 

Department of Applied Science and Technology - DISAT 
The DISAT focuses on research and education involving the fundamental principles of 
matter and energy, their transformation and related engineering applications. It is one of the 
major Departments of the Politecnico and is structured into 7 Institutes, and 13 Research 
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Groups. The research group in polymeric materials, POLYMAT, has as main tasks the use 
of photopolymerization processes for the development of advanced functional polymeric 
materials and lithographic applications (direct lithography, soft lithography) or 3D printing. 

Staff: 
Experienced Researchers (ER) Early Stage Researchers (ESR) 
Prof. Alberto Tagliaferro		
Prof. Marco Sangermano 

Mian Mehmood Farrukh (PhD student)  
Antonio Amelio (Post Doc) 
Nicolò Razza (PhD student) 
Luigi Carlo Capozzi (PhD student) 

 

Universitat Politecnica de Valencia (UPV) 

Valencia Polytechnical University is a Spanish public educational institution with more 
than 36,000 students, and more than 5,000 staff persons. The University is composed of 9 
schools, 2 faculties and 2 higher polytechnic schools. It comprehends three campus: Vera, 
Alcoy and Gandia. For more information see the official website 
(https://www.upv.es/index-en.html). 

Department of Textile and Paper Engineering 
The Department of Textile and Paper Engineering (DITEXPA) is sited in the campus of 
Alcoy. It is composed of three research groups: electrocatalysis, electrochemical synthesis 
and characterization of polymers; comprehensive management on textile industry; 
advanced oxidation processes. The research group in advanced oxidation processes is 
devoted primarily to the investigation of alternative treatment of industrial wastewater 
using Advanced Oxidation Processes, alone or coupled with biologic treatments. The main 
research lines concern photocatalysts for the application of solar energy in the wastewater 
treatment and advanced oxidation techniques coupled to biologic processes. 

Staff: 
Experienced Researchers (ER) Early Stage Researchers (ESR) 
Ana M Amat 
Antonio Arques 
Rafael Vicente 
Rosa F Verche 
Margarita Mora 
Lucas Santos-Juanes 

Sara García Ballesteros 
Paula Garcia Negueroles 

 

Aalborg Universitet (AAU) 

Aalborg University has been providing students with academic excellence, cultural 
engagement and personal development since its inception in 1974. It offers education and 
research within the fields of natural sciences, social sciences, humanities, technical and 
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health sciences. More than 19,000 students are enrolled at Aalborg University, ranging 
from students at preparatory courses through doctoral-level candidates. For more 
information: http://www.en.aau.dk/. 

Department of Chemistry and Bioscience 
The Department of Chemistry and Bioscience has around 160 employees and is located 
in Aalborg, Esbjerg and Copenhagen. The Department is divided into five research 
sections: biology and environmental science, biotechnology, chemical engineering, 
chemistry, and sustainable biotechnology. In the frame of the Mat4reaT project, the Section 
of Chemistry at AAU designs and fabricates new silicon carbide and graphene oxide-based 
membranes for the removal of micropollutants from wastewater. The membranes are 
applied to real filtration systems and understanding of membrane perm-selectivity is 
developed. 

Staff: 
Experienced Researchers (ER) Early Stage Researchers (ESR) 
Prof. Vittorio Boffa Dr. Anil Suri (Post Doc) 

Usuma Naknikham (PhD student) 
 

Panepistimio Ioanninon (UOI) 

The University of Ioannina was founded in 1964. In 1970 became an independent Higher 
Education Institution, which grew rapidly in the coming years. Today, the University of 
Ioannina includes 17 academic Departments which altogether number 13,523 
undergraduate students. A number of organised postgraduate study programmes are on 
offer that combine taught and research elements both at Master's and Doctoral level. 
For more information see the official website (http://www.uoi.gr/en/). 

Department of Chemistry 
The Department of Chemistry was founded in 1976, constitutes a basic functional unit 
that covers the academic field of chemistry and boasts an team of research-active academic 
staff (51 Members) at the forefront of research in their respective fields. The Department is 
divided into four sections: Inorganic and Analytical Chemistry, Organic Chemistry and 
Biochemistry, Industrial and Food Chemistry and Physical Chemistry. The research 
laboratory of environmental and analytical chemistry conducts multidisciplinary research 
on the analysis and fate or priority and emerging pollutants as well as on the environmental 
technology. The main research activities are: 
a) Analytical Separations - development and application of miniaturized analytical methods 
for quantification of priority and emerging contaminants in environmental matrices, 
including food samples and biological samples 
b) Chemometrics-statistical treatment of data, experimental design 
c) Environmental Chemistry - Study of the environmental fate (kinetics and mechanisms) 
of organic contaminants and toxicity assessment 
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d) Environmental Technology and Advanced Water Treatment-Development of Advanced 
Oxidation Processes (AOPs) for the mineralization of organic micro-pollutants 

Staff: 
Experienced Researchers (ER) Early Stage Researchers (ESR) 
Prof. Triantafyllos Albanis 
Prof. Constantine Stalikas 
Assist. Professor Vasilios Sakkas 

Maria Kalaboka (PhD student) 
Eleni Makri (Master student) 

 

The companies of the consortium are ACEA Pinerolese Industriale (IT) e Liqtech 
International (DK). They are briefly described in the following. 

Acea Pinerolese SpA (ACEA) 

Acea Pinerolese Industriale SpA is an Italian multi utility company that manages different 
services concerning energy, environment, waste treatment and water distribution. For more 
information see the official website (http://www.aceapinerolese.it/). 

Acea finds his origin in 1856 when the first Italian-French society for gas supplying was 
established and in more than 150 years the company has continued its territorial growth, 
serving at the present time a user base of over 150.000 inhabitants for waste collection, 
200.000 inhabitants for clean water distribution and waste water management, and 800.000 
inhabitants for biowaste treatment. The shareholders of current Group, established in 2003, 
are represented by the 47 Municipalities situated in the North West of Italy. Within the 
environmental sector, ACEA manages the entire waste cycle from waste collection, street 
sweeping and cleaning to the development and administration of different waste treatment 
plants. Being ACEA a biogas plant highly connected with the adjacent facilities (landfill, 
wastewater treatment plant and composting plant), ACEA represents a virtuous example of 
integrated waste treatment district (Figure 2). 

 
Figure 2. ACEA waste treatment district. 

Currently, the ACEA group processes 60˙000 t y-1 of municipal bio-waste, implementing 
the anaerobic digestion process, characterized by a hydraulic retention time of 14 days at 



	 6	

thermophilic condition (55 ± 1◦C). Afterwards, the two bio-reactors (a third one is under 
development), with a total working volume of 5000 m3, allow the recovery of more than 
10˙000˙000 Nm3/y of biogas for the production of electricity and heating for the site itself 
and the surrounding area. In addition, the solid sludge recovered from the liquid-solid 
separation of the digestate is sent to the composting plant for the production of a high 
quality compost, registered as a CIC trademark.  

Since October 2014, alternatively to biogas combustion in combined heat and power units 
(for a total of 3 MWh), the biogas can be upgraded to bio-methane through several 
purification steps in order to serve a small fleet of vehicles and for methane grid injection in 
a near future (2019 expected). Figure 3 shows the plant unit utilized for the upgrading of 
biogas into bio-methane (50 Nm3/h of bio-methane), exploiting a water column and a 
membrane unit. 

 
Figure 3. Upgrading unit for the production of biomethane at ACEA premises. 

 In addition, in 2014 ACEA has started to invest in the future perspective of the circular 
economy concept hosting demo plants for the recovery of high-added value compounds 
and/or energy carriers within the Italian and EU research programme. Currently, ACEA is 
cooperating with Universities and research centre for the following European research 
projects: 
LIFECAB (http://www.lifecab.eu/) for the extraction of soluble bio-based lignin-like 
polymeric substances from compost through a completely green process developed at pilot 
scale, whose main core is the hydrolytic route in aqueous solutions at relatively mild 
temperature (< 140 °C). Due to their chemical-physical properties, these compounds can be 
used with advantage for myriads of industrial applications, from the formulation of 
detergents to the production of agriculture bio-stimulants, 
ENGICOIN (https://www.engicoin.eu/) for the production of high-added value compounds 
(lactic acid, polyhydroxyalkanoates and acetone) through the development of three 
engineered microbial factories, which exploit costless CO2 flue gas sources, renewable 
solar radiation or hydrogen, in the power-to-chemicals concept. 
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BIOROBUPLUS (http://bioroburplus.org/) for the production of renewable hydrogen by 
means of an auto-thermal reforming process which exploits a pioneering catalytic system 
PROGIREG for the production of “new soil” in the perspective of a post-industrial urban 
regeneration. 
Person in charge: Dr. Davide Mainero, Dr. Roberta Gamberini 

LiqTech International (LQT) 

LiqTech International is a technology company head quartered in Denmark. It is leader in 
the development, manufacturing and supply of revolutionary silicon carbide ceramic 
technology for the purification of liquids and gasses. From its facilities in Copenhagen 
LiqTech develops, manufactures and supplies its expanding network of sales offices around 
the globe. As such it retains full control of the development, manufacturing and sales 
process. For more information see the official website (http://www.liqtech.dk/).  

Persons in charge: Dr. Haris Kadrispahic, Dr. Victor Candelario 

 

As third party organizations: 

McGill University - McGill 

McGill University is one of Canada's best-known institutions of higher learning and one of 
the leading universities in the world. McGill was founded in 1821 and grown from a small 
college to a bustling university with two campuses, 11 faculties, some 300 programs of 
study, and 39,500 students. The University also partners with four affiliated teaching 
hospitals to graduate over 1,000 health care professionals each year. For more information 
see the official website (https://www.mcgill.ca/).  

Department of Mining and Materials Engineering 

The Department of Mining and Materials Engineering offers programs leading to the 
Bachelor of Engineering degree in Materials Engineering or Mining Engineering. The 
research group at the Biointerface Lab works on the phenomena occurring at the interface 
between synthetic materials and biological molecules. We are especially focused on 
biomineralization, and one of our main goals is to develop "surface interactive scaffolds" 
for soft and hard tissue regeneration, with a functional surface designed to induce or inhibit 
mineralization depending on the desired application, as well as a specific cellular response. 
Our surface-centered approach brings us to develop materials for drug delivery, dental 
applications, and (non bio-related!) energy and the environment. 

Staff: 
Experienced Researchers (ER) Early Stage Researchers (ESR) 
Prof. Marta Cerruti Richard Church (Master student) 
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Universidad Nacional de La Plata (UNLP) 

The National University of La Plata, founded in 1905, is one of the most prestigious 
universities of Argentina for its pioneer studies and advanced developments in science, art 
and culture. The university is located in La Plata city, Buenos Aires, Argentina. Currently, 
it has 17 Faculties and hosts 12,000 teaching, 3,000 administrative staff and 130,000 
students. Its academic offerings encompass more than 110 undergraduate and 170 
postgraduate degrees. Besides, the university has 154 Research Institutes and Laboratories. 
For more information see the official website (http://www.unlp.edu.ar/). 

Instituto De Investigaciones Fisicoquímicas Teóricas y Aplicadas (INIFTA) 

INIFTA is a Theoretical and Applied Physical Chemistry Research Institute sited on the 
premises of the Universidad Nacional de La Plata. It hosts around 100 researchers and 85 
doctoral and postdoctoral fellows. INIFTA is structured around research projects on the 
following fields: Energy Conversion and Storage, Kinetics and Photochemistry, Materials 
and Surfaces, Theoretical Chemistry and Physics, Nanotechnology and Physical Chemistry 
of Biological Systems. Information of researchers involved in the Mat4treaT project can 
be found in the website (https://lear.quimica.unlp.edu.ar/group.php). 

Staff: 
Experienced Researchers (ER) Early Stage Researchers (ESR) 
Prof. Fernando S. García Einschlag 
Prof. Mónica C. González 
Prof. Daniel O. Mártire 
Dr. Luciano Carlos 

Francisca Aparicio (PhD student) 
Andres Donadelli (PhD student) 
Bruno Caram (PhD student/Post Doc) 
Federico A.O. Rasse-Suriani (Post Doc) 
Fernando Diego Villarruel (PhD student) 

 

Stellenbosch University (SU) 

Stellenbosch University (SU) is home to an academic community of 29,000 students 
(including 4,000 foreign students from 100 countries) as well as 3,000 permanent staff 
members (including 1,000 academics) on five campuses. The University is amongst South 
Africa's leading tertiary institutions based on research output, student pass rates and rated 
scientists, and is recognized internationally as an academic institution of excellence. For 
more information see the official website (http://www.sun.ac.za/english). 

Department of Chemistry and Polymer Science 

The Department of Chemistry and Polymer Science is one of the pre-eminent research 
departments in Chemistry in South Africa, and is engaged in a wide range of research areas. 
The department also plays host to the largest research effort in Polymer Science in the 
country. It is also the only department at a South African university offering a BSc degree 
with a focus on textile and polymer science. Research in our group can be broadly 
characterized as investigations of the structure property-relationship in complex polymer 
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materials. We are interested in the synthesis of these materials as well as in the 
development of novel analytical approaches and techniques to characterize these materials. 

Staff: 
Experienced Researchers (ER) Early Stage Researchers (ESR) 
Prof. Peter E. Mallon  N. Prudence Gule 

 

The main results of Consortium collaborations are reported in the following pages.   
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1 - Magnetic hybrid nanomaterials based on bio-waste for the removal of 
pollutants from waters  

Magnetic nanomaterials have attracted growing interest in water treatments since they 
provide a simple approach for separating and removing the contaminants by applying 
external magnetic fields. In this study, magnetic iron oxides nanoparticles coated with low-
cost substances derived from bio-wastes have been developed and used as nanoadsorbents 
and photocatalysts for the removal of different pollutants from waters. Chitosan and bio-
based substances (BBS) obtained from composted urban waste were used as a low-cost bio-
based coating agents for the synthesis of magnetic nanoparticles via co-precipitation 
method. Chitosan is an amino polysaccharide derived from chitin and is one of the most 
abundant of bio-waste materials. BBS are lignin-derived substances with a very complex 
structure similar to humic-like substances extracted from composted urban public park 
trimming and home gardening residues. A multitechnique approach has been applied to 
investigate the morphology, magnetic properties, phase composition and thermal stability 
of the obtained hybrid nanomaterials, including TEM, SEM, XRD, FTIR, TGA, N2 
adsorption isotherm at 77 K (BET), zeta potential and magnetization curves. Below we will 
show some examples of application of these materials in water treatments. 

Iron oxide nanoparticles coated with BBS (Fe3O4-BBS) were used as adsorbent for the 
removal of crystal violet, CV, (a cationic dye) and Paraquat, PQ, (a cationic herbicide) 
(Magnacca et al. 2014; Ocampo 2017). In both cases, the results showed that the medium 
pH and Fe3O4-BBS dosage were the most significant parameters that rule the removal of 
the CV and PQ. For instance, the higher pH value the higher the removal degree, reaching 
95 % of CV and PQ removal at pH 10. Adsorption isotherm of both compounds on Fe3O4-
BBS were successfully fitted by the Freundlich sorption model. From the isotherms results 
can be derived: i) a high affinity of the CV or PQ for the adsorbent and ii) a high 
heterogeneity of active sites of the Fe3O4-BBS which could suggest the possibility of 
interacting through different mechanisms. In the other hand, Fe3O4-BBS nanoparticles were 
also used as a photocatalyst in photo-Fenton experiments for the removal of Caffeine, a 
model emerging pollutant (Franzoso et al. 2017). In this case, Fe3O4-BBS in the presence of 
H2O2 was able to abatement 5 mg/L of caffeine in 60 min under solar-simulated radiation at 
pH 6. The effect of the presence of BBS in the external part of these magnetic nanoparticles 
is twofold: on one side, favor their use in heterogeneous photo-Fenton processes, and on 
the other side, the introduction of organic coatings stabilizes the iron oxides, preventing 
oxidation of the surface and consequently loss of magnetism. This interesting result open a 
new field of application in AOPs for this hybrid nanomaterials.  

Iron oxide nanoparticles coated with chitosan (Fe3O4-Chit) were used as adsorbent for the 
removal of heavy metals such as Cu(II), Pb(II), and Ni(II) from aqueous solutions (Peralta 
et al. 2018). Adsorption isotherms fitted with Langmuir adsorption model exhibited high 
removal capacity for Cu(II) and Pb(II) with maximum uptakes of 229.6 mg g-1 and 220.9 
mg g-1 for Cu(II) and Pb(II), respectively. The results also show that the amino and 
hydroxyl functional groups of chitosan are involved in the adsorption process. Adsorption 
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experiments at different pH evidenced that the application of Fe3O4-Chit is limited at pH 
values lower than four probably due to chitosan solubilization in the acidic environment. 
However, the advantage of being easily magnetically separated from the aqueous media, 
recovered after washing step with an acid aqueous solution and reused up to six cycles 
highlights the interesting properties of Fe3O4-Chit as sustainable and renewable adsorbing 
material. 

In order to confer a more hydrophobic capacity to the magnetic hybrid nanomaterials a 
pyrolysis treatment at 550°C in inert atmosphere was carried out on both nanomaterials. 
This thermal treatment induced a conversion of the chemical structure of the bio-based 
substances into a carbon matrix without modifying the magnetic properties of the materials. 
These pyrolized nanomaterials were fully characterized and tested as adsorbents for 
polycyclic aromatic hydrocarbons (PAHs) removal from waters (Nisticò et al. 2018b; 
Nisticò et al. 2017). Anthracene was used a model PAHs in the adsorption experiments. 
Results from adsorption isotherms indicate higher sorption capacity for anthracene onto the 
pyrolyzed materials than onto non-pyrolyzed materials. In addition, adsorption experiments 
performed with a mixture of eight PAHs show that PAH molecules with higher 
hydrophobicity and more extended aromaticity have stronger sorption capacity. Removal 
capacities higher than 90% was obtained for Fluorine, anthracene, phenanthrene, pyrene 
and fluoranthene using the pyrolized materials. 

Finally, water remediation processes from arsenic (As) species (both inorganic and organic 
forms) were tested by using both hybrid materials with and without the thermal treatment 
(Nisticò et al. 2018a). The results evidenced that the best performances were reached by 
both materials obtained after pyrolysis with different adsorption capacity depending on the 
As species. Maximum uptakes of As(V), 101 mg g-1 and 53 mg g-1 for pyrolized Fe3O4-
BBS and Fe3O4-Chit, respectively, was obtained. Also, these pyrolized hybrid 
nanomaterials showed particularly good performances in strongly bonding dimethyl arsinic 
acid (DMA), which is generally scarcely retained by Fe and Al oxides. 

The results showed in this work clearly demonstrate that these hybrid iron oxide systems 
can be successfully used as a green, sustainable, versatile and low cost 
adsorbent/photocatalyst for the remediation of waters contaminated with inorganic and 
organic pollutants from different sources. 
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2- Bio-based substances-magnetic iron oxide hybrid nanomaterials (BBS-
MH-NPs)  

Bio-based substances-magnetic iron oxide hybrid nanomaterials (BBS-MH-NPs) have been 
synthesized and then tested for their pollutant degradation capability by means of 
heterogeneous Fenton and photo-Fenton approach.  

The BBS used for the preparation of hybrid nanomaterials originated from biomasses 
deriving from the treatment of urban bio-waste (UBW); this choice stems from the 
increasing environmental concern of our society with respect to UBW fate, yielding the 
need of developing sustainable processes able to decrease waste production or, 
alternatively, to valorise them for other uses. It was previously demonstrated that it is 
possible to extract from UBW, BBS featuring similarly to soil humic substances and 
showing moderate capability to induce organic pollutant photodegradation and suitable to 
be used as auxiliaries in Fenton and photo-Fenton processes at mild pH (ca.5.0). 

Moving to a heterogeneous process, where BBS can be used as coating of magnetic 
nanoparticles made of magnetite/maghemite, containing iron useful for (photo)Fenton 
reaction and suitable to be recovered and reused after the water treatment, represents a step 
forward. Magnetite/maghemite particles have been already proposed for (photo)Fenton 
pollutants degradation with promising results. Nevertheless, these oxides undergo oxidation 
in natural atmosphere, yielding non-magnetic hematite, and the addition of organic coatings 
(such as BBS) during the magnetite synthesis could also act as stabilizing barrier against 
iron (II) oxidation. 

In the present research phenol and caffeine have been considered has target pollutants; the 
first one has been recognized has standard reference molecule for testing advanced 
oxidation processes, while the latter has been chosen since it belongs to the so-called 
contaminants of emerging concern (CECs).  

The BBS hybrid iron oxide magnetic nanoparticles were produced through a co-
precipitation process using FeCl3·6H2O and FeSO4·7H2O dissolved into deionized water, in 
a molar ratio Fe(III): Fe(II) = 1.5. The solution was heated up to 90°C under mechanical 
stirring. Afterwards, two solutions were added simultaneously: i) 10 mL of an ammonia 
solution (30%), and ii) 50 mL of a BBS solution containing the desired amount of BBS. 
After 30 minutes at isothermal condition (90°C), nanoparticles obtained were magnetically 
separated by using a commercial neodymium magnet washing 5-6 times with fresh 
deionized water in order to remove the by-products of the reaction (i.e., ammonium salts). 
Finally, the obtained BBS-MH-NPs were deposited onto a glass Petri dish and dried at 
80°C overnight. Dried particles were crushed in a mortar. Samples thus obtained were 
coded depending on the BBS type and content in the solution used during the synthesis. 
Additionally, a reference material of pure magnetic iron oxide (coded M0) has been 
synthesized in the absence of BBS solution. 
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For phenol degradation BBS-MH-NPs were prepared using a BBS derived from urban 
public park trimming and home gardening residues aged for more than 180 days (green 
compost, GC); the material was coded MNP-BBS. 

Preliminary results indicated a higher efficiency of MNP-BBS when used in Fenton process 
compared to the photo-Fenton one and further experiments were therefore run in Fenton 
conditions. As can be observed in Figure 2.1 the phenol degradation kinetic is affected by 
both MNP-BBS and H2O2 concentration, being the latter the parameter yielding the more 
relevant effect. 

 
Figure 2.1. Degradation profiles for phenol (10 mg/L) with (a) different H2O2 concentrations and 

MNP-BBS 200 mg/L and (b) H2O2 5x10-4 M in the presence of different MNP-BBS concentrations. 

In the optimum conditions, the complete abatement of phenol is attained in only 5 minutes 

For caffeine degradation three different BBS-MH-NPs have been preliminary tested, i.e. 
MH0.1, MH0.2 and MH1.0, prepared using a BBS isolated from commercial composted 
urban biowastes following a standard procedure for the humic acids isolation from soils. 
Since MH0.2 featured the best results, it was used throughout the work. Moreover, no 
relevant caffeine abatement was observed using Fenton approach; therefore photo-Fenton 
was adopted. The effect of several experimental variables has been considered and 
assessed, and the reusability of MH0.2 has been checked. 

The caffeine degradation profile obtained under irradiation in the presence of MH0.2 and 
H2O2 was compared with data obtained by irradiating an aqueous caffeine solution in the 
presence of i) bare magnetite (M0) and H2O2 1.50x10-3 M or ii) H2O2 1.50x10-3 M alone. 
As can be seen in the Figure 2, in case i) and ii) almost the same kinetic was obtained, 
allowing to hypothesize that the degradation process is mainly driven by the photolysis of 
H2O2 yielding hydroxyl radicals (HO·) responsible for the caffeine degradation. On the 
other side the beneficial effect of having MH0.2 instead of bare magnetite clearly appears, 
thus allowing to envisage an active role of the organic moiety. 
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Figure 2.2. Caffeine relative photodegradation vs irradiation time in the presence of: H2O2 

(1.50x10-3 M) (blue diamonds); bare magnetite (M0, 200 mg L-1) and H2O2 (1.50x10-3 M) (red 
squares); MH0.2 (200 mg L-1) and H2O2 (1.50x10-3 M) (green triangles). Data reported considering 

an initial caffeine concentration of 5 mg L-1. 
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3 - Development of humic like substances from different food industry 
wastes. 

In this part of the work, the use of humic like substances (HLS) as complexing agents for 
iron in photo-Fenton process has been investigated. Analysis of excitation−emission-
matrices (EEM) has been employed to gain further insight into the characterization of 
humic like substances (HLS) isolated from urban wastes. In particular, complexation of 
these substances with iron and changes along a photo-Fenton process were studied. 
Recorded EEMs were decomposed by using parallel factor analysis (PARAFAC). Three 
fluorescent components were identified by PARAFAC modeling of the entire set of SBO 
solutions studied. The EEM peak locations (λex/λem) of these components were (310-330) 
nm / (400-420) nm (C1), (340-360) nm / (450-500) nm (C2), and 285 nm / (335-380) nm 
(C3). Slight variations of the maximum position of each component with the solution pH 
were observed. The interaction of SBO with Fe(III) was characterized by determining the 
stability constants of the components with Fe(III) at different pH values, which were in the 
order of magnitude of the ones reported for humic substances and reached their highest 
values at pH = 5 (see Table 3.1). Photochemical experiments employing SBO and Fe(III), 
with and without H2O2, showed pH-dependent trends for the evolution of the modelled 
components, which exhibited a strong correlation with the efficiency reported for the 
photo-Fenton processes in the presence of HLS at different pH values. 

Table 3.1. Values of log K for the HLS with C1 and C2 with Fe(III) at pH 3, 5 and 7 

pH Log K 
C1 C2 

3 5.79 6.04 
5 6.57 6.77 
7 5.18 5.18 

 

In addition, other types of HLS were isolated from olive oil mill solid wastes (OMW).  The 
OMW-HLS isolation encompassed the OMW basic hydrolysis followed by ultrafiltration 
and drying.  OMW-HLS structural features were investigated by means of laser light 
scattering, fluorescence, size exclusion chromatography and thermogravimetric analysis; 
moreover the capability of OMW-HLS to generate reactive species under irradiation was 
investigated using spin-trap EPR. Caffeine was employed as model compound to evaluate 
the ability to drive photo-Fenton at mild conditions. The caffeine degradation by means of 
photo-Fenton process driven at pH=5 was significantly increased by the addition of 10 
mg/L of OMW-HLS (Figure 3.1). Under the mechanistic point of view it could be 
hypothesized that singlet oxygen is not playing a relevant role, while other oxidants (mainly 
OH radicals) can be considered the key species in promoting caffeine degradation. 
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Figure 3.1. Photodegradation of caffeine (5 mg/L) in solar simulator at pH=5, [Fe2+]= 5 mg/L and 

60 mg/L of  H2O2 under different conditions:  in the absence of  HLS (♦), with 10 mg/L of SBO 
(p); with 10 mg/L de of raw OMW-HLS (¢ ); and with 10 mg/L of dialyzed OMW-HLS (� ). 

Mechanistic studies for the HLS-driven photo-Fenton process 

The optimum ratio iron-SBO was determined by monitoring the generation of hydroxyl 
radicals in a Fenton-like process by using Electronic Paramagnetic Resonance (EPR). The 
amount of iron was fixed at 5 mg/L (∼0.1 M) at a pH of 5, while the concentration of the 
complexing agent (SBO) varied from absence to 50 mg/L. Hydrogen peroxide was added in 
a concentration of 34 mg/L (1 M) ensuring its presence during all the experiment. Finally 
the compound 2-hydroxy-5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was added to form 
the adduct measured with EPR (see Figure 3.2 for results) 

 
Figure 3.2. EPR associated with the ·OH generation by the photo-Fenton system 

At this pH conditions and in the absence of the complexing agent, iron tends to form 
insoluble no catalytic compounds and the generation of hydroxyl radicals remains low. 
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Only when the concentration of the SBO exceeds 10 mg/L, the effect of the complexation, 
and therefore, the increase in the generation of hydroxyl radicals becomes evident. An 
increase in the SBO complexant concentration produces a progressive increase in the signal 
DMPO-OH. Values of SBO concentration above 30 mg/L produce minor improvement of 
the signal tending to an asymptotic value.  

Coupling ZVI with (photo)-Fenton 

The possibility of coupling ZVI with photo-Fenton seems a promising alternative to treat 
pollutants that are difficult to oxidize. First, decolourization of the azo-dye acid black 1 
(AB1) by ZVI-assisted Fenton systems was investigated. The mechanism involved in such 
degradation have involved reductive or oxidative pathways as well as a mix of them. Their 
relative importance depends on operative conditions such as the presence of oxidants, 
amount of ZVI added, initial pH and the presence of salts. AB1 was followed by UV-Vis, 
HPLC, CGMS, TOC and LVF. Also pH, H2O2, Fe(II) and Fe(III) profiles were measured. 
In the absence of oxidants, AB1 was degraded by electron transfer from ZVI, and in the 
presence of oxidants Fenton reaction is the main degradation pathway at acidic pH. In all 
cases ZVI took place, and became more important as pH rises.  

 
Figure 3.3. Plot of the relative concentration of 4-nitrobenzoic acid and 4-aminobenzoic acid along 

a combined process consisting a reductive phase (ZVI) followed by an oxidation (photo-Fenton) 
upon H2O2 addition. 

The ability of combining reductive and oxidative phases by tuning experimental conditions 
was also explored. In a first step, zero-valent iron (ZVI), added as steel wool, was used to 
reduce those pollutants reluctant to oxidative processes in an illuminated reservoir. Then, 
the iron released in the solution was employed, upon addition of hydrogen peroxide, to 
drive a photo-Fenton process. This procedure has been checked with a mixture of five 
pollutants, namely p-toluensulfonic acid, benzoic acid, p-nitrobenzoic acid, acetaminophen 
and caffeic. p-nitrobenzoic acid resulted to be the most reluctant against oxidation but it 
was reduced in the absence of H2O2 to form 4-aminobenzoic acid; the presence of salts (e.g. 
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tap water) was required and best results were reached at neutral pH. As p-aminobenzoic 
acid can be more easily oxidized than p-nitrobenzoic, combination of both phases is 
meaningful: a ZVI-based reduction followed by a photo-Fenton like-oxidation was 
employed to remove this pollutant from tested solutions (Figure 3.3). 

Coupling bio-processes with photo-Fenton 

A hybrid method that combined an enzymatic process and Fenton was also investigated. 
Soybean peroxidase (SBP) was employed for the treatment of aqueous solutions containing 
pentachlorophenol (PCP) in the presence of hydrogen peroxide at pH range 5-7. Reaction 
carried out with 1 mg/L of PCP, 4 mg/L of H2O2 and 1.3 x10-9 M of SBP, showed a fast 
initial elimination of PCP (ca. 30% in 20 min), but the reaction stopped when 50% removal 
of the initial concentration of PCP was reached. Modification in SBP and PCP amounts did 
not change the reaction profile and higher amounts of H2O2 were detrimental for the 
reaction. Addition of Fe(II) to the system resulted in an acceleration of the process to reach 
nearly complete PCP removal at pH 5 or 6, most probably due to a synergetic effect of the 
enzymatic process and Fenton reaction. However, experiments developed in tap water 
resulted in a lower PCP elimination, but this inconvenience can be partly overcome by 
leaving the tap water overnight in an open vessel before reaction. 

Novel approaches in the combination of photo-Fenton and membrane technology 

First a screening of suitable membrane technologies in order to separate iron from an 
effluent was performed; in particular membrane distillation and nanofiltration were 
considered (see Table 3.2). Water permeability and retention of pollutants and Fenton 
reagents were tested. Caffeine was selected as model pollutant, and Fe (III) an humic acids 
from Sigma Aldrich were tested. The results obtained were better when caffeine was used 
in presence of humic acids (see Figure 3.4) 

Table 3.2. Experiments performed in order to select the best membrane technology 

Nanofiltration 
polisulfone membrane 

Ceramic nanofiltration 
membrane ZrO2 

Direct Contact 
Membrane Distillation 
(DCMD) 

Destilled water 
permeability 

Destilled water 
permeability 

Destilled water 
permeability 

Fe (III) pH 2.8 Fe (III) pH 2.8 Fe (III) pH 2.8 
HA pH 5 HA pH 5 HA pH 5 
Fe (III)+HA pH 5 Fe (III)+HA pH 5 Fe (III)+HA pH 5 
CAF pH 5 - CAF pH 5 
CAF+HA pH 5 - CAF+HA pH 5 
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Figure 3.4. Presence of caffeine in the feed solution and the retentate using selected technologies. 

The methodology of coupling membranes and photo-Fenton would be useful to treat 
scarcely soluble pollutants in the presence of HLS.  For this purpose, HLS extracted from 
urban wastes were tested as auxiliaries for the photo-Fenton removal of thiabendazole 
(TBZ) under simulated sunlight. Experimental design methodology based on Doehlert 
matrices was employed to check the effects of hydrogen peroxide concentration, HLS 
amount as well as TBZ loading; this last parameter was studied in the range 25-100 mg/L, 
to include values below and above the limit of solubility at pH = 5. Very satisfactory results 
were reached when TBZ was above solubility if HLS and H2O2 amounts were high. This 
could be attributed to an interaction of HLS-TBZ that enhances the solubility of the 
pollutant. Additional evidence supporting the latter interaction was obtained by 
fluorescence measurements (excitation emission matrices) and parallel factor analysis 
(PARAFAC). 
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4 - Oxide membranes 

Nanofiltration (NF) membranes have pore size in the range between 1-2 nm and can be 
applied as a molecular sieve for water desalination and detoxification. The current 
commercial NF membranes consist of polymeric materials, which often suffer from poor 
mechanical and chemical resistance. Their inorganic counterparts have higher durability, 
but they are also more expensive, and the control of their pore structure is more difficult. In 
this project, novel oxide membranes were fabricated by the sol-gel method, optimized, and 
tested. Fig. 4.1 depicts the SEM cross-section of one of these membranes. We can observe 
the membrane support consisting of a macroporous α-alumina substrate coated with 
mesoporous γ-alumina. A defect-free NF film lays on-top of  this support. 

 
Fig. 4.1. Asymmetric structure of one of the novel MAT4TREAT oxide membranes. 

The membrane active layer consists of a silica network, which was stabilized by doping 
with transition metal ions. Cetyltrimethylammonium bromide (CTAB) was used not only as 
pore-forming agent, but also to control the reaction rate of the dopant alkoxide. Here we 
reports two examples of the optimization of the membrane material that we performed in 
this project.  

In the first example, silica powders containing different amount of titania (namely from 0 to 
33%) were prepared, characterized and tested to evaluate their hydrophilic features in order 
to design a good membrane material for water purification. Material stability in alkaline 
solutions was clearly enhanced by adding TiO2 to the silica material. Microcalorimetric 
data allowed to describe the energetic features of the water adsorption giving interesting 
information on the microscopic environment of the adsorption sites. Titania-doping can 
increase membrane hydrophilicity as shown by the water uptake (Fig. 4.2a) and by the heat 
of adsorption (Fig. 4.2b). Thus the material was applied to water detoxification with good 
results. 

 
2	µm	

α-alumina	

γ-alumina	 NF	top-layer	
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Figure 4.2. Titania-silica membranes: (a) surface coverage by water molecules (σH2O) for different 
steam relative pressures  (p/p°) as a function of the TiO2 loading in the materials; (b) Molar heat of 
water adsorption at zero coverage (q0), at high surface coverage (q#), and their difference (Δq), as a 

function of the TiO2 loading in the material. 

 

In the second example, the surfactant to oxide ratio (S/O)  was optimized to maximize 
water permeation (Fig. 4.3a) and rejections towards salts and model organic pollutants (Fig. 
4.3b). Filtration of model solutions showed that the optimized membranes can combine a 
relatively high water permeability (1.1-2.3 LMH bar -1) with a high rejection for salts (74% 
for NaCl, and > 95% for MgSO4 and Na2SO4) and organic pollutants (about 98% for 
caffeine). Even higher rejection values were observed when a real wastewater effluent was 
filtered. The performance of such membranes provides new possibilities for designing 
inorganic NF membrane for water filtration applications. 

 

 

 

 

 

 

 

 

Figure 4.3. Effect of the surfactant to oxide ratio (S/O) on water permeability (a) and selectivity (b) 
of the MAT4TREAT silica-alumina membranes. 
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5 - Cerium doped ZnO and ZrO2: mixed oxides or solid solution? 

In the last years, the scientific community is focusing its efforts on the study of 
semiconductor oxides as promising material that can help the humanity to fight against the 
climate change. Indeed, since their unique optical and electronic features, non-toxicity and 
low cost, semiconductors are, on the basis of the renewable energies, like solar cell and fuel 
cell devices.  

Among this promising class of material, ZnO and ZrO2 are emerging with ever more 
relevance, beside to the most known TiO2. The main problems shown by these materials in 
order to be adopted as photocatalyst are the weak reductive potential of photogenerated 
electrons in the conduction band of the solid and the width of oxides band gap, which 
makes UV light needful in order to obtain charge carrier separation. In order to overcome 
these limitations, it has been reported that the photocatalytic performance of a 
semiconductor can be improved by doping with certain cations, which can act as electron 
trapping agent to decrease the electron-hole recombination rate. The state of the art about 
the significant enhance of the ZnO and ZrO2 photocatalytic activity is represented by 
doping with the lanthanide ions having 4f configuration: among them, the insertion of 
Cerium shown the most promising performances. The efficiency of the doping with RE 
ions produce a significant improvement in the charge separation between photogenerated 
electrons and holes7. The mechanism behind this enhance is still under debate and it works 
differently according to the structure of the two oxides. In general, it seems that the f 
orbitals play a crucial role during the light harvesting trapping photogenerated electrons and 
increasing the lifetime of photogenerated charge carriers that in this way can reach the 
surface and react with pollutants molecules.  

Experimental 

Pristine and doped ZnO and ZrO2 were produced via hydrothermal synthesis method.  

The precursor for ZnO was Zn(NO3)2*6H2O and that one for ZrO2 was ZrOCl2·8H2O, both 
were mixed with H2O and successively NaOH 4M was added to the solution, in order to 
reach a pH of 10-11. The formed solution was put in the autoclave and situated in a stove at 
175°C for 15 hours. Finally, the samples were left to dry in a stove at 70°C. Lastly, the 
sample containing Zirconium was grinded and calcined at 500 oC for two hours. The doped 
samples were synthesized according to the receipt used for the bare oxides with the addition 
of 1% molar Ce salt.  

The synthetized samples have been characterized from a structural and morphological point 
of view using X-Ray Diffraction (XRD) and Transmission Electron Microscope (TEM). 
Diffused reflectance UV-Visible spectroscopy (DRS) were employed to reveal the electron 
transfer occurring in the material. All the prepared sample were also characterized by 
Electron Paramagnetic Resonance Spectroscopy (EPR). All the prepared materials were 
tested in their catalytic activity.  
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Results and discussion 

For what concerns XRD analysis, it is possible to observe in Fig. 5.1A that the 
diffractogram of ZnO shows the pattern of the wurtizic hexagonal phase. The diffractogram 
of Cerium doped Zinc Oxide is identical respect that of ZnO expect for a broad, barely 
appreciable reflection, due to the presence of CeO2 phase, at 28 degrees. In Fig. 5.1B the 
ZrO2 samples showed a crystalline structure, with two polymorph variations; the tetragonal 
and the monoclinic phase. The sample does not show the presence of diffraction peaks 
assignable to the formation of cerium oxide phases, indicating that likely the dopants were 
successfully inserted in the ZrO2 matrix. 
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Figure 5.1. XRD diffractograms of different oxides 

Since these first analysis it is clear that the behavior of the two oxides is completely 
different towards the dopant. Also the results obtained from other characterization put in 
evidence these differences. In particular, SEM and TEM analysis showed that cerium is 
able to enter into the Zirconia structure, forming a real solid solution, even with higher 
amount of cerium (up to 10% molar). On the opposite site ZnO is not able to host cerium 
into its lattice, and for this reason, in this case, we observed the formation of two different 
phases. These results have been already published in our previous work. 

ZnO presents a band gap of about 3.4 eV and zirconia about 5.1 eV, in both cases they are 
insulators, and they do not absorb visible light. The addition of cerium underlines the 
different nature of the two oxides and their behavior in the forming or not a solid solution, 
nevertheless in both cases the presence of cerium enhances the photocatalytic activity of the 
bare oxides. 

We tested ZnO and cerium doped ZnO in the abatement of phenol and of ace sulfame K. 
We obtained significant results with irradiation in UV and even in visible light. In the case 
of cerium doped ZnO (1%molar), the abatement efficiency in visible light was even higher 
respect to P25, universally considered as a classic benchmark. In the case of ZrO2, at the 
moment we performed only preliminary test to evaluate the charge separation efficiency of 
the doped materials. What we demonstrated is that even if the band gap of the zirconium 
oxides is very high (5.1 eV), when it is doped with cerium oxides we observed the 
formation of holes and electrons irradiating the sample with visible light. These results have 
been obtained with the EPR spectroscopy and have been already published. Moreover, this 
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sample has been tested also in the abatement of industrial waste waters containing 
methylene blue. The abatement of this pollutant was reached with the use of visible light. 

The different behaviour of the two oxides in hosting cerium in the lattice crystal or as a 
segregate phase at the surface is due to the different structure of the pristine material. The 
mechanism on the base of the photo activity of the two material is radically different. 

In the case of ZnO, cerium doped leads to the formation of a new phase, CeO2. The two 
oxides interact, at their interfaces and these zones seem to be responsible for the activity of 
the material. On the contrary in the case of ZrO2, the presence of cerium, with its empty f 
orbitals available to host electron, inside the structure in a substitutional position leads the 
sample to be able to use even solar light to promote electron from the valence band to the 
conduction band.  

The following Figure 5.2 describe the behaviour of the two oxides.  

 

   

 

 

 

 

 

 

Figure 5.2. The case of ZrO2 doped with cerium and forming a solid solution and the case of ZnO 
and CeO2 two coupled phases forming interfaces. 
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6 - Mesoporous silica systems for water purification and mediated 
transport of chemicals 

In the Mat4Treat project an intense research activity was carried out aimed at the 
realization and characterization of mesoporous silica and hybrid materials with tunable pore 
size, surface chemistry and retention properties for applications ranging from water 
purification to microfluidics and drug delivery. In particular, two different membrane 
systems, originally proposed for microfiltration, were explored: screen-filters and depth-
filters. 

Screen filter systems are characterized by well-ordered straight pores through which the 
filtration occurs by a sieving mechanism governed by chemical species and/or particles 
size. Within the Mat4Treat project large-mesopore silica thin films with controlled porosity 
were prepared by sol–gel reaction of a silicon oxide precursor (TEOS) and using high 
molecular weight PS-b-PEO copolymers as structure-directing agents  and pore-forming 
templates. Mixed TEOS/PS-b-PEO micellar solutions in the range of composition 95:5-
75:25 were tested and in particular one of the formulations (TEOS/PS-b-PEO 93:7) resulted 
suitable for membrane application, allowing the formation of large mesopores spanning the 
film from top to bottom (Figure 6.1). The length of polymer blocks, the solvent ratio and 
the effect of a PS homopolymer addition were also considered as variables to tune the size, 
shape and hierarchical organization of the mesopores in the final silica films. The 
systematic analyses by transmission electron microscopy of the changes in the morphology 
of the porous systems evidenced a second-order polynomial dependence between the 
hydrophilic/hydrophobic ratio of the two polymer blocks and the size of the final silica 
pores.  

 
Figure 6.1. TEM micrograph of 93TEOS/7PS567-b-PEO704 calcined mesoporous silica film. In the 
insert: magnification evidencing the spatial organization of the pores. (Adapted from Nisticò et al. 

2014) 
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An alternative membrane system to screen-filters is given by depth-filters, which are 
characterized by a tortuous disordered porous network. Even if the real mechanism of 
separation is not clear yet, particles are generally supposed to be retrained within the filter 
bulk through adsorption and mechanical entrapments. A possible approach for obtaining 
depth-filter membranes is the coating of 

macroporous supports (microsieves) with nano- or mesoporous functional layers. 
Following this approach silica colloidal nanoparticles were spin coated onto commercial 
Si3N4 microsieves. The silica nanoparticles were obtained by soft-templating, starting from 
mixed TEOS/PS-b-PEO micellar solutions and working at the reverse micellization regime 
with the formulation TEOS/PS-b-PEO 75:25. After calcination, aggregates of individual 
silica nanoparticles with an average diameter of 25–30 nm were obtained, forming a 
homogeneous layer covering the macroporous support. In detail, pores present a bimodal 
distribution, with the presence of meso/macroporosity in the range 15–200 nm, probably 
due to interparticle voids (i.e., depth-filter porosity), together with a certain degree of 
microporosity in the range 1–2 nm, probably due to intraparticle voids. Moreover, 
permeability and size-selectivity were studied by monitoring the diffusion of different 
probe molecules under standard conditions and under the application of an electric field as 
external stimulus. 

Following this same approach, i.e. depth-filter porous organization, porous packed particle 
beds were prepared from hybrid silica nanoparticles or organo-silica microparticles grafted 
with Poly(N-isopropylacrylamide) (PNIPAM). Thermoresponsive properties of PNIPAM 
and its copolymers have been extensively studied and recently various grafting procedures 
of PNIPAM on silica nanoparticles have been proposed and optimized. PNIPAM-grafted 
silica nanoparticles were prepared, packed in solid phase extraction (SPE) cartridges and 
tested as hybrid sorbent materials with thermo-switchable surface chemistry and pore size 
for fast extraction of environmental pollutants. The results show that the transport of the 
selected molecules across the SPE beds prepared from PNIPAM-grafted nanoparticles can 
be regulated by adjusting the temperature above or below the lower critical solution 
temperature of PNIPAM, that is around 30-32 °C. Differences in the retention of analytes at 
20 °C and 40 °C can be achieved since temperature controls the opening and closing of 
interparticle voids given by the transition of PNIPAM chains from hydrophilic to 
hydrophobic (Figure 6.2).  

Similarly, vinylated silica microparticles (SiMPs) grafted with PNIPAM were synthetized 
and used to prepare particle-packed composite membrane systems which possess thermally 
triggered permeability. The thermo-regulated permeation of the solutions of model 
compounds across the beds was studied showing that the grafted-PNIPAM chains are able 
to block water access to the pores or open it depending on the temperature. 

These hybrid thermoresponsive porous systems with thermally triggered gating mechanism 
can be potentially used as components of advanced filtration or separation devices or as 
flow regulators of aqueous solutions. 
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Figure 6.2. Pictures showing SPE cartridge preparation and its various components. Porous SPE 

disc formed by packed thermoresponsive poly(N-isopropylacrylamide)-grafted silica nanoparticles 
and its mechanism of action. (Reprinted with permission from Jadhav et al. 2018) 
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7 - Polymeric membranes 

Membrane technology has acquired significant importance in a variety of applications such 
as water treatment, health sector and food industry. Nevertheless there is a growing demand 
of more functional and stable membranes. Within Mat4Treat project we focused our 
attention in improving solvent stability of polysulfone based membranes without 
compromising the flux properties.  

Polysulfone (PSF) is a widely used membrane material for ultrafiltration process because 
PSF can be easily fabricated into highly porous structure via non–solvent induced phase 
separation (NIPS). Such a structure is imperative for ultrafiltration process as efficiency of 
filtration largely depends upon the size of pores and overall porosity of membrane. 
Generally membranes made of pristine PSF have good chemical and mechanical stability 
but can be dissolved in many organic solvents.  

In order to increase the solvent stability, an approach based on UV induced acrylic 
functionalization of PSF was described. A two-steps method of membrane fabrication, 
involving NIPS and UV curing, was established (see Figure 7.1).  

 
Figure 7.1. Scheme of the membrane preparation base on solvent induced phase separation and 

UV-Curing 

At first the acrylic functionality was introduced on the backbone of polysulfone chain 
through synthesis of methacrylated polysulfone (PSF–DM) macro-monomer. The thin films 
of PSF-DM containing phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (BAPO) 
photoinitiator cast on the glass plates were subjected to UV curing and NIPS processes to 
prepare the membranes. The reverse process i.e. NIPS followed by UV curing was also 
applied. The developed membranes were thoroughly characterized and the flux properties 
were evaluated in a dead–end filtration apparatus. The solvent stability was good in DMSO 
and acetone. Regardless of sequence of operations the average flux values were in the range 
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of tight ultrafiltration. The sequence UV–NIPS resulted into more uniform and structurally 
stable membranes. 

The next approach was based on incorporating acrylic functionality in a way that a 
diacrylate monomer was added into pristine PSF solution in DMF and the membranes were 
fabricated following the previously established method i.e. UV curing followed by NIPS. 
For this purpose two structurally different di-acrylates, Bisphenol-A-ethoxylate diacrylate 
(BEDA) and Poly-(ethylene glycol)-diacrylate (PEGDA) were incorporated and in order to 
study the effect of concentration, different amounts of acrylic resins were investigated. The 
acrylic double bond conversions were studied through FTIR and ATR–FTIR. The 
viscoelastic properties were analyzed via dynamic mechanical thermal analysis (DMTA) 
and morphological properties were studied through field emission scanning electron 
microscopy (FESEM).  

 
Figure 7.2. FESEM immages of the top (left) and cross-section (right) PSU membrane obtained in 

the presence of 10 wt% of PEGDA. 

The solvent stability was analyzed by immersing the membranes cutouts in a number of 
solvents for 120 hrs at room temperature. The flux properties were evaluated in a 
pressurized stirred cell apparatus and the rejection of 27 nm polystyrene particles was also 
collected. Almost all the formulations came up with excellent solvent stability in DMF, 
DMSO, THF, Acetone, Toluene and Ethyl Acetate. The 10 % BEDA functionalized PSF 
membrane exhibited the best flux properties, i.e. very close to that of pristine PSF, along 
with good rejection (>90 %) of 27 nm polystyrene particles.  

The UV cured acrylic functionalized PSF membranes were further applied to specific 
contaminant removal. The previously developed best UF membranes were coated with 
polydopamine (PDA) in order to combine the rejection of ultrafiltration membrane with the 
adsorption of contaminant by PDA layer. As BEDA cross-linked membranes were 
developed through UV curing followed by NIPS so the strategy of PDA coating was 
coupled with NIPS either as a separate action next to NIPS or in a more facile and 
advantageous one–step method where NIPS and PDA coating occurred at the same time. In 
order to study the increased adsorptive behavior of PDA coated membranes, methylene 
blue (MB) was taken as a model contaminant. The removal of MB was investigated both in 
batch and continuous filtration (curves reported in Figure 7.3). The Zwitterionic behavior of 
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PDA was effectively exploited and the coated membranes released MB in acidic condition 
thus regenerated for next adsorption. The cyclic stability of several adsorption and 
desorption cycles was studied. 

 

 
Figure 7.3. Specific mass adsorbed of MB for the 1-step and the 2-step membranes. 

Finally, we designed a reactive electrospinning setup where electrospinning was coupled 
with online UV irradiation. The same BEDA functionalized PSF formulation was taken as 
feed solution. All the parameters of electrospinning and UV curing were thoroughly 
investigated, optimized and correlated so the optimum curing of acrylic monomer and 
production of nano fibers take place simultaneously (Figure 7.4). All the UV cured mats 
were fully characterized and solvent stability was assessed in the same way as reported 
before. 

 
Figure 4. FESEM image of the electrospunned membrane and the relative dimension distribution 
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8 - Chemometrics 

Risperidone 

Chemometric tools were employed to optimize materials and to simulate the photocatalytic 
process using the synthetized materials and to define the significance of the various 
operating variables. To be more specific, response surface methodology and ANNs were 
employed to simulate the photocatalytic performance of the synthesized hybrid materials 
(reduced graphene oxide—TiO2) at three different ratios with respect to the photocatalytic 
performance of risperidone (RS) under visible light in three aqueous matrices (tap, river, 
lake water). The photocatalytic efficiency of the tested materials for RS degradation under 
simulated solar light follows the order: TiO2–rGO20> TiO2–rGO10> TiO2–rGO5. The higher 
photocatalytic degradation rates of TiO2–rGO composites under visible light illumination 
can be attributed to the increased surface area and the adsorption capacity of these 
materials, as well as to the active role of the carbon phase acting as sensitizer. 

 
 

 
 
 

 
 

Figure 8.1 3D response surface plot and architecture of the artificial neural networks applied for the 
photocatalytic degradation of RS with TiO2-rGO hybrids 

Stevioside  

With respect to the investigation on the significance of the various operating variables, 
Nested design was employed in order to explore the source of variation for the 
photocatalytic degradation of another emerging contaminant, the stevioside  under different 
conditions. For this reason, a stepwise separate ANOVA was performed in order to assess 
the variation of the catalytic process for each factor (matrix, substrate concentration, 
triplicates). These interpretations are based on F-tests, estimation of the variance and 
expressing these variances relative to the sum of all variances. Our findings indicate that 
water matrix, initial STE concentration, as well as, their interaction, are significant model 
terms. Νormal probability plot of the studentized residuals show that the data are normally 
distributed (Fig. 8.2) indicating a good fit for the model. 
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Figure 8.2 Residual plots for fitted model and Scatter plot of photocatalytic degradation of 

stevioside under different conditions 

As clearly seen, the extent of degradation decreases in the order distilled water > river 
water > lake water and this may be attributed to (i) the increased organic matter content of 
natural water samples (lake water, 12.8 mg/L, river water, 2.6 mg/L, distilled water 0.0 
mg/L)) which is expected to decrease stevioside conversion and (ii) the presence of various 
species (e.g. Cl−, HCO3

-, CO3
2−) and other reactive moieties competing for OH radicals 

(scavengers) and photocatalyst surface sites. 

Photocatalytic water treatment 

Chemometric studies were also employed for the modeling of the photocatalytic water 
treatment in natural environmental conditions 

The photocatalyzed degradation of the sweetener stevioside (STE) was investigated in tap 
water (TW), as well as, sewage wastewater effluent (WWEff) under natural sunlight 
irradiation conditions at pilot plant (Ioannina NW Greece, June-July 2017). Experiments 
were followed, on a CPC pilot plant consisting of a borosilicate tubes mounted on curved 
aluminium reflectors running from East to West in a closed circuit with continuous stirring. 
Chemometrics tools such as Analysis of Variance (ANOVA) were employed in order to 
define the significance of the water matrix composition on the photocatalytic treatment of 
STE. Tap water and wastewater effluent were spiked and homogenized for 20 min, before 
the addition of the catalyst. After catalyst was added the suspensions were allowed to stay 
in the dark for 45min under stirring, to reach adsorption equilibrium on the TiO2. Several 
samples from 0 to 360 min were taken during the natural irradiation period, from 11.00 to 
17.00 h. Experiments were also carried out without TiO2 (direct photolysis). Under natural 
irradiation, STE degraded very slowly (approx. 20% removed at 360 min) compared to the 
reaction rates obtained using TiO2 (Fig. 8.3).  
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Figure 8.3 Kinetics of STE degradation under different conditions 

The photodegradation process followed pseudo-first order kinetics in all cases. The extent 
of degradation decreases in the order tap water > wastewater effluent. The photocatalytic 
efficiency varied significantly within each water matrix (Fexp = 44.9 > Fcritical = 7.7, p 
value = 0.0026). This can be mainly attributed to the increased natural organic matter 
content of wastewater effluent compared to tap water. The effect of NOM in such processes 
is well documented in the literature and maybe attributed to the decrease in contaminant 
adsorption, decreased generation of reactive oxygen species, direct competition for reactive 
oxygen species and radiation attenuation. The possible interference of inorganic ions, 
which can cause deactivation of the catalyst surface, or the presence of species (e.g. Cl−, 
HCO3

−, CO3
2−) and other reactive moieties competing for OH• radicals (scavengers) should 

also be considered.  

 


